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”The universe is a big place, perhaps the biggest” 
 

- Kilgore Trout  
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Introduction 

Mate choice is a ubiquitous feature of organismal biology and it is a central 
concept in fields such as evolutionary biology, behavioural ecology, popula-
tion biology and molecular ecology. Scientists and fellow man have always 
been intrigued and fascinated by the formation of pairs but nevertheless, as 
these behaviours and their underlying evolutionary mechanisms are studied 
in the era of genomics, it seems that we are only beginning to understand the 
complex nature and dynamic variability of mate choice evolution.  

Importantly, understanding the nature of mate choice is not only of aca-
demic interest. Human activities of all sorts ultimately reduce and/or destroy 
the natural world and in due course, this leads to an erosion of biodiversity at 
every scale (from genes to biomes). Efforts are made in the direction to pre-
serving nature, for example in the forms of legislation or laws, the estab-
lishment of national parks and nature-reserves and initiation of conservation 
management programs. For such programs to be effective, it is be of indis-
putable importance to understand the nature mate choice.  

Important tools for conservation management are captive and supportive 
breeding programs with the goals and value to temporarily buffer popula-
tions from negative effects of small population sizes, i.e. inbreeding (e.g. 
Wang and Ryman, 2001; Frankham et al., 2002). The fish used in the ex-
periments presented here originates from the River Dalälven in central Swe-
den. Before the construction of a hydroelectric dam the salmonids in this 
drainage had access to a great river with accompanying tributaries extending 
some 520 km from the source near the Norwegian border to the mouth in the 
Baltic Sea. From 1915 and onwards, however, the anadromous fish have 
been constrained to a 10 km reach between the dam and the rivermouth.  

To compensate for the loss of natural reproduction caused by the dam, the 
studied populations have been stocked in compensatory breeding programs 
on a yearly basis (Petersson and Järvi, 1993; Johnsson et al., 1996; Petersson 
et al., 1996; Jansson and Öst, 1997). This is a common practice for many 
salmonid populations affected by dam constructions but unfortunately, the 
goals of these programs would not primarily be to restore the natural popula-
tions, but rather, to improve stocks for fisheries (Fleming and Petersson, 
2001; Dannewitz, 2003). There might be several impeding long-term conse-
quences of such supportive breeding, and in particular the genetic conse-
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quences are difficult to predict and therefore widely unknown (Ryman and 
Laikre, 1991; Ryman et al., 1995; Grahn et al., 1998; Hedrick et al., 2000; 
Wang and Ryman, 2001; Frankham et al., 2002; Wedekind, 2002; Wedekind 
et al., 2007). Among other important goals, maladaptive hybridisations 
should be avoided and concern for keeping effective population sizes as 
large as possible taken. Further, populations would probably benefit from 
more nature like settings in breeding programs. Hence, common practice in 
many hatcheries is still to mate fish randomly from a breeding stock and rear 
the fish under conditions favouring survival before release into the wild, 
with little consideration to natural processes such as spawning behaviours 
and mate choice. 

A series of mate choice experiments was performed during 2000-2005 at 
Älvkarleby Research station using a population of brown trout (Salmo trutta 
L.) with a history of long-term stocking. Here, I with focus on some Mhc 
based mating behaviours during these experiments. The major histocompati-
bility complex (Mhc) constitutes of genes coding for antigen presentation in 
the vertebrate immune system. In addition to the immunological function, 
Mhc genes might also influence reproductive behaviours such as mate 
choice. For example, in some species individuals are able to recognize Mhc 
genotypes of potential mates and to some extent base their mate choice on 
this information.  
 

I primarily address mechanisms within the ‘compatible genes’ (Papers I 
and II) and the ‘good genes’ frameworks (Paper III). However, the effects of 
zygosity (Paper V) in the contexts of male mating success and offspring 
fitness, and also a possibility for females to use Mhc based mate choice for 
general inbreeding avoidance are examined. The mate choice experiments 
was performed in a varying degree of nature-like settings, from isolated fe-
male choice with males trapped in net cages in a stream aquarium, over for-
mation of pairs with male competition in the aquarium, to a semi-natural 
spawning habitat in a experimental stream. Several factors could be impor-
tant in the process of pair formation in salmonid species as indicated by our 
results here and in combination with previous work. For example, females of 
the studied population used more than a single criterion when choosing 
among the available mates Mhc genes and males with certain Mhc genotypes 
achieved more matings, possibly an effect from increased fighting ability. It 
appears as if the studied population contains an unnaturally high Mhc varia-
tion, and some results indicate that the population might suffer from out-
breeding depression at the examined Mhc locus. 
 

The following Background section provides some introduction to essen-
tial concepts and theories of sexual selection, basics of Mhc-genes and re-
lated topics discussed in later chapters. 
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Background 

Sexual Selection and Mate Choice 
Sexual organisms, per definition, are involved in reproduction with other 
individuals to complete their lifecycles. During reproduction individuals 
often have an opportunity to increase offspring fitness, i.e. their own inclu-
sive fitness, by mating as good partner as possible. Mate choice are defined 
within sexual selection and was described by Charles Darwin in The Origin 
of Species (1859) and further developed in his later book The Descent of 
Man and Selection in Relation to Sex (1871). As recognized by Darwin, sex-
ual selection comes in two major modes, intrasexual selection and intersex-
ual selection (i.e. male competition and female choice). Defined as “selec-
tion that arises from differences in mating success” (Arnold, 1994) sexual 
selection accounts for the evolution of traits that help its possessors to gain 
mates, i.e. produce zygotes. Evolved from the reproductive success they 
confer, sexually selected traits could be non-adaptive in terms of the survival 
components of fitness, for example, the bright coloration and ornaments 
found in males of many species attracts not only females but also the atten-
tion of predators (e.g. Reznick and Endler, 1982). 

Focus here on will be on the genetic benefits gained from choosiness, as 
detailed later; female salmonids acquire only sperm from the fathers of their 
offspring. Besides from the fitness benefits discussed here, other factors 
could also be of importance in the context of mate choice, for example rec-
ognition and sexual imprinting. 

Intrasexual selection  

Intrasexual selection is defined as competition amongst members of one sex, 
usually male-male competition, for mating opportunities with individuals of 
the other sex (Andersson, 1994). Traits evolved by such intrasexual selection 
are often recognized as armaments or weapons and they are typically used 
for display and combat during interactions with individuals of the same sex 
(for examples see Enquist and Leimar, 1983; Enquist et al., 1990; Anders-
son, 1994). There is a general observation that larger males have a competi-
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tive advantage in fish mating systems dominated by male competition 
(Kodric-Brown, 1990). In salmonids, for example, it has been found that 
large males may have advantages in male-male competition (Quinn and 
Foote, 1994; Fleming, 1998; Dickerson et al., 2002). Results presented in 
Paper III, however, indicate that relative body height to be a more important 
factor than body length for the mating success in male brown trout.   

Among other process important for reproductive success at the gamete 
level, a special form of male competition called sperm competition might 
evolve if sperm from two or more males have the chance to fertilize the 
same egg (Parker, 1970). An obvious such tactic would be deposition of 
more spermcells, analogous to buying many tickets in a lottery. However, 
since sperm have cost of production (Olsson et al., 1997; Wedell et al., 
2002), a trade-off between energy invested in sperm and other reproductive 
traits (e.g. competition for mates) would exist. Some dynamics of sperm 
competition between two life-history forms of Atlantic salmon (S. salar L.) 
are presented in Paper IV.  

Intersexual selection  

In contrast to intrasexual selection, intersexual selections implicates both 
sexes in the game of formation of pairs or zygotes, or rather, whenever ac-
tive mate choice are involved (Andersson, 1994). We would generally ex-
pect the sex investing more in zygotes and parental care should also be more 
selective when it comes to mate choice (Bateman, 1948; Trivers, 1972), be-
cause that sex would have more to loose from bad matings. The reproductive 
success of the other sex therefore becomes more dependent on mating suc-
cess and hence, this sex would be expected to compete harder and invest 
more to be selected as mates (Andersson, 1994). Hence, mate choice could 
occur in both sexes, but in most species females are a more limiting recourse 
for males than males are for females, and thus, females are generally the 
choosiest sex. Sometimes, however, the unbalanced parental effort and sex 
roles have been reversed (Emlen and Oring, 1977; Barlow, 2005; Berglund 
et al., 2005), for example in some pipefish, and birds as phalaropes and jaca-
nas. 

Two levels of ‘mate choice’ are typically recognized, (1) choice of social 
or partner for copulation (i.e. precopulatory choice) and (2) cryptic choice 
where gametes (i.e. sperm) are selected post copulatory through behavioural 
or physiological mechanisms (Eberhard, 1996). Closely linked to mate 
choice is differential allocations of resources to zygotes post copulation and 
fertilization (Sheldon, 2000). Further, individuals can gain direct or indirect 
(i.e. genetic) fitness benefits for their offspring through being choosy in mate 
choice (reviewed in Andersson, 1994). First, direct benefits could be gained 
in the form of resources (e.g. good territory, parental care and food etc) from 
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choosiness. Given a positive correlation between sexually selected traits and 
the resource provided, choosing elaborately ornamented mates would pro-
vide more resources and there are several empirical examples supporting 
such mechanisms (e.g. Hill, 1991b; Moller and Jennions, 2001). It might be 
hard to exclude that females in such resource based mating systems also 
obtain indirect genetic benefits (Kokko et al., 2003). However, distinctions 
between direct and indirect benefits gained might be possible when general 
heterozygosity mediates male quality rather than ‘good genes’ (discussed 
later), since the male zygotic state would not be directly transmitted to the 
offspring (Mays and Hill, 2004; Kempenaers, 2007).  

Genetic quality and genetic benefits of mate choice 

Females typically prefer to mate males possessing larger and more extreme 
characters, i.e. ornaments, vocalizations and display behaviour (Andersson, 
1994) even if they achieve only genes (for example the here studied sal-
monid species) from the male to their offspring. Females still prefer certain 
males to others and accordingly, it is assumed that females would gain indi-
rect benefits (i.e. genetic benefits and quality) for the offspring by mating 
certain males. Why and how would such preferences evolve? Although such 
preferences are considered the rule of thumb, mate choice studies have found 
that the nature of preferences vary substantially among species and mating 
systems (Andersson and Simmons, 2006). 

Kempenaers (2007) define genetic quality as the fitness contribution of an 
allele or a genotype to the lifetime reproductive success. This definition is 
useful, because individual quality will be relative to that of individuals with 
other alleles or genotypes and it encompasses effects of both additive (‘good 
genes’) and nonadditive (‘compatible genes’) effects. The expressions ‘good 
genes’ and ‘compatible genes’ discussed in the following sections are sel-
dom defined properly, if defined at all. Clearly, the entities under considera-
tion are not the genes per se, but rather the alleles (variants of genes) or 
combinations of alleles. Hence, alleles could be beneficial (or detrimental) 
by themselves, i.e. ‘good alleles’, or in combination with other ‘compatible 
alleles’. For consistency with literature of the field, however, I choose here 
to use the common terminology.  

The following sections outlines and discusses some influential hypotheses 
and selective mechanisms accounting for the diverse nature of mate choice 
evolution in the context of genetic benefits achieved from choosiness. 
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Selective mechanisms of mate choice – ‘good genes’ 

An early and highly influential theory of mate choice for indirect genetic 
benefits states that exaggerated male traits evolves simply because females 
find such traits attractive. Given a heritable genetic correlation between the 
sexually selected trait and preferences for that trait, females will pass on 
genes for the trait and the preference for the trait to her descendants. This 
model was first presented verbally by Fisher (1930) and further developed 
by Lande (1981) and Kirkpatrick (1982) among others. Driven by genetic 
correlations between the trait and the preference for the trait, presumably 
caused by linkage disequilibrium, the evolution of a male trait would once 
initiated lead to a self-enforcing positive feedback loop referred to as a run-
away process. Such selection process escalates when females with prefer-
ence for males with an exaggerated trait deliver sons who inherit the exag-
gerated trait from their fathers and daughters inheriting the trait preference 
from their mother. The directional selection of the trait continues until op-
posing ecological selection (i.e. survival fitness) halts further development, 
leveling at some equilibrium trade-off value. Given that sexually selected 
traits per definition attracts mates, the indirect genetic benefits gained by 
females in this and related models would be offspring that are good at at-
tracting mates.  

Although supportive observations describing the occurrence of such run-
away processes (Andersson, 1994; Jones et al., 1998; for examples see Po-
miankowski and Iwasa, 1998), some theoretical problems are inherent to 
these models such as the assumption of a pre-existing female preference for 
exaggerated traits needs to be evaluated, for one, the runaway process needs 
a seed to be initiated. Fisher’s solution was that females might prefer beauti-
ful male traits per se, maybe because such traits might be indicative of male 
quality. Other suggested starting points includes the fact that elaborate trait 
would make a male easier to find (Ryan et al., 1990), or a pre-existing fe-
male sensory bias, i.e. sensory exploration (Endler and Basolo, 1998; Ryan, 
1998; Boughman, 2002 ). Sensory bias itself has also been proposed as an 
underlying selective mechanism of mate choice evolution. In such instances, 
the female preference for ornamented males would first evolve by natural 
selection in contexts besides mating, for example in foraging behaviours or 
in predator defenses (Endler and Basolo, 1998; Ryan, 1998). A subsequent 
male exploitation of this bias would lead to the evolution of more elaborate 
ornaments. Although possible and demonstrated, the underlying selective 
mechanisms of female sensory bias and taxonomic reach of the phenomenon 
needs more evaluation (Fuller et al., 2005; Andersson and Simmons, 2006). 
Apart from the problems with initiation also another fundamental difficulty 
would be associated with the Fisherian processes, the problem of mainte-
nance of additive genetic variation, i.e. the lek paradox. Since also indicator 
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models of mate choice evolution (described next) might also suffer from 
similar issues, the problems of maintenance of variation under unanimous 
female choice and directional selection will be discussed subsequently. 

If ornaments are costly to produce and dependent on condition they could 
indicate high genetic quality (Zahavi, 1975; Andersson, 1994; Cotton et al., 
2004b). Females reproducing with the most elaborately ornamented males 
would therefore ensure that the underlying ‘good genes’ would be passed on 
to their offspring. Zahavi (1975; 1977) proposed the handicap hypothesis in 
which ornaments would be considered as handicaps for the males carrying 
them. Zahavi conjectures that only males in superb condition (i.e. indeed of 
good genetic quality) could manage to survive and proliferate despite the 
great costs imposed on them by the ornaments in terms of the juxtaposed 
ecological selection. Using ornaments for signaling overall status would be 
reliable when the ornaments are indeed handicapping. In flexible handicaps 
models, males express the handicap only in full sexual display and thereby 
allowing only males of high overall fitness to fully express the ornament 
during the mating season (Nur and Hasson, 1984; Grafen, 1990). For exam-
ple, such indicator models of sexual selection has been helpful in explaining 
evolution of sexually selected traits such as the exaggerated eye stalks of 
diopsid flies (Cotton et al., 2004a), the color of bird plumages (Hill, 1991b) 
and the antlersize of deer (Ditchkoff et al., 2001). 

As mentioned previously, the lek paradox states that unanimous direc-
tional female preferences for specific male traits would be expected to de-
plete the additive genetic variation of the trait and thus, the genetic benefits 
gained would at some point be outweighed by the cost of choice (e.g. 
Kirkpatrick and Ryan, 1991; Rowe and Houle, 1996; Hine et al., 2004). The 
benefits would be further eroded when mate choice is inaccurate or if viabil-
ity indicators are unreliable (Kirkpatrick and Barton, 1997). Recent studies 
using quantitative genetics approaches for estimating the importance of indi-
rect selection highlights these issues, either within species (Hadfield et al., 
2006; Qvarnström et al., 2006), or with comparative analyses using data on 
extra-pair paternity in birds (Arnqvist and Kirkpatrick, 2005). Some general 
solutions proposed to account for the lek paradox can be found in two non-
mutually exclusive classes, with focus on mutation-selection balance and 
fluctuating selection, respectively. 

Hypothesis in the first of these classes focuses on how the forces of muta-
tion would be able generate variation at a pace high enough to balance the 
eroding effect of selection. For example, a large number of loci affecting the 
sexually selected traits (Rowe and Houle, 1996) or high trait variances 
(Pomiankowski and Møller, 1995) would function to maintain diversity de-
spite directional selection.  A key concept in these models is the genetic cap-
ture in which female preference for costly male traits result in the evolution 
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of genetic covariance between condition and traits expression, i.e. condition 
dependence (Tomkins et al., 2004). Hypothesis of the other class of solu-
tions of the lek paradox includes models of fluctuating selection pressures in 
time or space. For example, processes such as cycles of host-parasite coevo-
lution (Hamilton and Zuk, 1982) or spatio-temporal variation in parasite 
abundances (Hill et al., 1991; Hill, 1991a) would function to maintain addi-
tive genetic variance of immune genes. 

Hamilton and Zuk (1982) proposed that male sexual display would func-
tion as a reliable indicator of genetic resistance to disease, given that only 
the healthiest males can afford to develop elaborate sexually selected charac-
ters. The robustness of this hypothesis comes from the property of diseases 
to continually evolve new strains and varieties, and hence, constantly shift-
ing the targets of selection so that the additive genetic variation would not be 
depleted. Following this, the immunocompetence handicap hypothesis pre-
dicts an innate link between immune function and development of androgen-
mediated sexual ornaments (Folstad and Karter, 1992; Folstad and Skarstein, 
1997), and thus, a connection between honest signaling of male status due to 
the immunosuppressive effects of androgens. Although a recent review and 
meta-analysis of the literature failed to report unambiguous support for the 
androgen-link (Roberts et al., 2004), individuals with effective immune 
genes would have more energy to invest in ornaments and other reproduc-
tively important traits, due to lower levels of oxidative stress imposed by 
free radicals produced from immune functions (von Schantz et al., 1999). 
Thus, individuals with highly adapted immune genes will have more energy 
for building sexual ornaments and courting mates. Through this mechanism, 
females mating highly ornamented males would produce offspring with 
well-adapted immune genes.  

Selective mechanisms of mate choice – genetic compatibility 

The genetic compatibility of potential mates can also be an important selec-
tive mechanism of mate choice evolution (Trivers, 1972; Zeh and Zeh, 1996; 
1997; Widemo and Saether, 1999; Tregenza and Wedell, 2000; Mays and 
Hill, 2004; Neff and Pitcher, 2005). Although Fisherian and indicator ‘good 
genes’ processes have gained empirical support and explains mate choice 
evolution in some systems, these mechanisms fails to account for the evolu-
tionary dynamics in other systems. Explicitly, the widespread occurrence of 
polyandry and the fact that mate choice preferences most often vary among 
females would be better explained by selective mechanisms for ‘genetic 
compatibility’. 

The core of mate choice for genetic compatibility would be mechanisms 
enabling individuals to produce young with individuals to whom they, as 
individuals, produce high fitness offspring (e.g. Mays and Hill, 2004). Ac-
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cordingly, when overall zygosity across loci influence fitness, females would 
benefit from choosing males with whom they are genetically dissimilar, i.e. 
compatible males with whom they share few alleles across loci. Hence, by 
mating genetically mismatched males, females would produce heterozygous 
young. Female choice for heterozygous males per se, however, would be 
driven by other factors since heterozygote males would not be able to pass 
their heterozygous condition onto their offspring. Thus males with high 
overall heterozygosity might be more successful in competition for mates or 
they might be attractive to females because they provide better direct bene-
fits to the female and her young (Mays and Hill, 2004; Kempenaers, 2007). 
Several studies have found support for compatibility mechanisms in mate 
choice (see for example Landry et al., 2001; Penn, 2002; Aeschlimann et al., 
2003; Roberts and Gosling, 2003; Mays et al., 2007).  

The mechanisms of genetic compatibility in mate choice might be most 
evident in polyandrous species where females frequently bias paternity of 
her offspring after copulation. Through a process known as cryptic female 
choice females could select sperm genotypes for fertilization that are com-
patible with the genotype of her eggs (Thornhill, 1983; Eberhard, 1996). In 
some species females simply eject sperm of certain males while accepting 
the sperm of others (Pizzari and Birkhead, 2000; Simmons, 2001) but there 
might also more subtle mechanisms within the reproductive tract of females 
treating sperm differently and so, favoring certain sperm on the expense of 
others (Simmons, 2001). Also cryptic male choice has been described, in 
which males deposit variable amounts of sperm depending on female repro-
ductive value (Wedell et al., 2002).  

Mate choice evolution  – synthesis of mechanisms 

Mate choice exploits available strategies in the everlasting quest for optimiz-
ing offspring quality and in the end reproductive output and evolves because 
such mechanisms maximize the inclusive fitness of individuals. The differ-
ent selective mechanisms of precopulatory intersexual selection enable fe-
males to achieve as good mates as possible to fathering their offspring but as 
discussed, sexual selection continues also subsequent to copulation in sev-
eral postcopulatory forms and hence, either mechanism could be more influ-
ential as compared to the other, but simultaneous actions would likewise be 
plausible and adaptive (e.g. Candolin, 2003). Importantly, the relative con-
tributions of the different selective mechanisms in the evolution of mate 
choice would be context-dependent and thus, expected to vary among spe-
cies, taxa and mating systems, as frequently observed.  

The relative importance of effects from for example ‘good genes’ and 
‘compatible genes’ effects could vary through time also within species (Neff 
and Pitcher, 2005) and thus, the mechanisms would not be considered as 
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alternatives, rather, they would be considered as parallel and complimentary. 
Hence, to explain and understand the various forms of sexual selection ob-
served in the wild, the combined strengths and powers of these and other 
mechanisms might be needed (Tregenza and Wedell, 2000; Mays and Hill, 
2004; Andersson and Simmons, 2006). Following this, some recent articles 
have discussed the possibility that choosing females might incorporate cues 
of both ‘good genes’ and genetic dissimilarity in hierarchical mate choice 
procedures (Roberts and Gosling, 2003; Mays and Hill, 2004; Andersson 
and Simmons, 2006) For example, females could use visual or auditory or-
namental cues to find males of high genetic quality, and simultaneously util-
ize odorant or chemical cues to find genetically compatible mates from the 
subset of males possessing the ‘good genes’.  

The Major Histocompatibility Complex  
So far, the indirect genetic benefits conferred by mate choice has been dis-
cussed in general terms, but from hereon, the genes of the major histocom-
patibility complex (Mhc) and their role in mate choice will be discussed. 
Importantly, however, to apprehend the significance of the Mhc in the con-
text of mate choice, the role Mhc in the vertebrate immune system needs 
first to be recognized.  

The immune system of vertebrates comprises of several complex adapta-
tions able to differentiate between self and non-self (i.e. parasites, pathogens, 
pollen, toxins and other foreign substances), and mount defense mechanisms 
against these when appropriate. The basic principle is to alert and trigger 
immune response when something hostile or not previously known is found. 
The immune system is often divided into the innate and the adaptive immune 
systems, but the mechanisms classified within these groups often work to-
gether to eliminate pathogenic threats and on a functional level they are 
tightly linked. Both innate and adaptive immunity are dependent on the ca-
pability of distinguishing self from non-self at the cellular/molecular level, 
and Mhc genes are crucial in this process. However, also other immunologi-
cal systems are important for molecular recognition of non-self but for the 
purpose of the present thesis, focus here will be limited to the function of the 
Mhc genes and textbooks on the subject gives a more comprehensive repre-
sentation of the immune system (for example Klein, 1986). 

Mhc mediated resistance from pathogens 

Studies frequently reports of links between variation of Mhc genes and resis-
tance to pathogens (for example Briles et al., 1983; Hill et al., 1991; Slade 
and Mccallum, 1992; Paterson et al., 1998; Langefors et al., 2001; Grimholt 
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et al., 2003; Bonneaud et al., 2005; Olsson et al., 2005; Schwensow et al., 
2007; Kjoglum et al., 2008). The proximate mechanisms by which the Mhc 
could increase individual ability to fight pathogens are debated, and several 
mechanisms have been proposed (Penn and Potts, 1999; Bernatchez and 
Landry, 2003; for reviews see Milinski, 2006; Piertney and Oliver, 2006), 
for example, by increased Mhc heterozygosity (Takahata and Nei, 1990; 
Arkush et al., 2002), from effects of specific Mhc alleles (Paterson et al., 
1998; Langefors et al., 2001; Schwensow et al., 2007) or from effects of 
combinations of Mhc alleles (Kjoglum et al., 2006). Regardless of mecha-
nism, however, a common denominator of the models is the ability of MHC 
molecules to bind and present pathogen-derived antigens, as discussed next. 

Immunological functions of the Mhc – recognition of molecules 

Mhc genes contain information to build the MHC molecules, cell-surface 
glycoproteins playing a crucial role in the immune response by their capabil-
ity to bind peptide antigens and present these for T-cells (Matsumura et al., 
1992). These specialized immune cells have the ability to recognize if the 
MHC-presented antigen are self-derived or not, a property acquired during a 
maturation process called tymic selection or clonal selection. Maturing T-
cells generates a random receptor gene configuration, through rearrange-
ments gene-segments, creating a myriad of immature T-cell types 
(Kronenberg et al., 1986; Schatz et al., 1992). During a two-step process of 
maturation, positive selection eliminates T-cells with low or no MHC-self-
antigen affinity (von Boehmer, 1992) and negative selection removes T-cells 
with too high affinity (Nossal, 1994), leaving T-cells with an optimal affinity 
to non-self antigens (Lo et al., 1986; Nowak et al., 1992). Hence, individual 
T-cell repertoire are restricted and controlled by Mhc genes and the antigens 
the available MHC molecules present (Pullen et al., 1989).  

MHC class II molecules are expressed on specialized immune cells such 
as macrophages, B cells and dendritic cells. The function of these mobile 
cells is to monitor the body for foreign subjects and therefore, MHC class II 
molecules primarily bind antigen peptides derived from extracellular patho-
gens such as bacteria, parasites or toxins (Klein, 1986).  

The Mhc typing and analyses presented in this thesis refers to the varia-
tion of a 257 bp part of exon 2 at the Mhc class IIß locus (see figure 5 p 33). 
This exon encode for amino-acid residues building a crucial part of the pep-
tide-binding groove of the MHC molecule, which is accountable for the an-
tigen binding as described above.  
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Mhc and Mate Choice 
The most commonly studied genes in the context of genetically based mate 
choice are Mhc class I and class II genes (Apanius et al., 1997; Penn and 
Potts, 1999; Bernatchez and Landry, 2003; Piertney and Oliver, 2006). But 
how would Mhc genes influence mate choice? The short and obvious answer 
would be to enhance offspring fitness by reducing disease.  

Examples of Mhc based mated choice 

The first indication of Mhc based mating preference was reported some 30 
years ago when female mice were found to prefer Mhc dissimilar males in a 
serendipitous discovery during work with congenic mice (Yamazaki et al., 
1976). Since then, associations between Mhc genes and mate choice have 
been further described in mice and several other taxa, e.g. mammals; mouse 
(Mus domesticus) (e.g. Yamazaki et al., 1988; Potts et al., 1991; Roberts and 
Gosling, 2003), human (Homo sapiens) (e.g. Ober et al., 1997; Wedekind 
and Penn, 2000; Jacob et al., 2002) white tailed deer (Odocoileus virgin-
ianus) (Ditchkoff et al., 2001), birds; ring necked pheasants (Phasianus col-
chicus) (von Schantz et al., 1996; von Schantz et al., 1997), savanna spar-
rows (Passerculus sandwichensis) (Freeman-Gallant et al., 2003), house 
sparrow (Passer domesticus) (Bonneaud et al., 2006), great snipe (Gallinago 
media) (Ekblom et al., 2004), fish; atlantic salmon (Salmo salar) (Landry et 
al., 2001; Consuegra and Garcia de Leaniz, 2008), threespined sticklebacks 
(Gasterosteus aculeatus) (e.g. Reusch et al., 2001), brown trout (Salmo 
trutta) (Paper I), and reptiles; sand lizard (Lacterna agilis) (Olsson et al., 
2003; Olsson et al., 2005). Although numerous studies reports of an associa-
tion between Mhc and mate choice, some other studies did not find any as-
sociations (e.g. Paterson and Pemberton, 1997; Westerdahl, 2004). 

Selective mechanisms of Mhc based mated choice 

Recalling the previous sections of potential selective mechanisms driving the 
evolution of mate choice, an obvious question regards the indirect genetic 
benefits achieved by choosy females in the context of Mhc based mate 
choice. Here, the different kinds of associations between Mhc and mate 
choice will be explored and attempt to disentangle the selective mechanisms 
of Mhc based mate choice made by some examples from the literature. As 
could have been expected, the selective mechanisms supported in different 
empirical examinations vary, with some studies supporting indicator ‘good 
genes’ mechanisms while other supports ‘compatibility’ mechanisms.   

For example, in the ring necked pheasant, females preferentially mate 
males with elaborate spur length, a trait associated to specific Mhc alleles, 
and would thus pass on Mhc ‘good genes’ to their offspring associated with 
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long spur length (von Schantz et al., 1996; von Schantz et al., 1997). In a 
similar study performed on white tailed dear, a correlation was found be-
tween Mhc alleles and antler size, and thus, females mating males with large 
antlers gain offspring with good decease resistance (Ditchkoff et al., 2001). 
In the great snipe, males possessing Mhc alleles from certain allelic lineages 
were allowed matings more often than males without Mhc alleles from these 
lineages, hence, females did not use themselves as references for the MHC-
dependent mate choice, rather they seem to prefer males with certain allele 
types (Ekblom et al., 2004). This might indicate a ‘good genes’ effect from 
alleles of the preferred lineage. In sand lizards, RFLP patterns produced 
from Mhc alleles of individuals predicts individual parasite load, status, col-
oration and males mating success (Olsson et al., 2005). Hence, certain types 
of Mhc alleles provided a ‘good genes’ effect as compared to other alleles. 
These studies demonstrate correlations between specific Mhc alleles and 
mating success, hence, Mhc dependent indicator traits would function as 
indicators of how well males alleles cope with abundant pathogens and indi-
viduals possessing certain allele or genotypes will gain an elevated mating 
success, as predicted from a ‘good genes’ model. 

Other studies have demonstrated that also ‘compatibility’ mechanisms 
can be of importance in Mhc based mate choice. Several studies have found 
that females prefer males with whom they as individuals are dissimilar at 
Mhc loci, i.e. disassortative preferences. For example, female mouse (e.g. 
Potts et al., 1991 among others), humans (Ober et al., 1997; Wedekind and 
Penn, 2000) and savanna sparrows (Freeman-Gallant et al., 2003) have been 
shown to choose mates in order to avoid inbreeding or to gain benefits asso-
ciated with Mhc heterozygosity for the offspring by such preferences (Potts 
and Slev, 1995; Penn and Potts, 1999). Although such disassortative mate 
preference has been a predominant finding in studies of MHC based mate 
choice for compatible males, some recent studies have presented empirical 
support for optimally based Mhc dependent mating preferences. For exam-
ple, in the threespined stickleback an optimal number of expressed alleles in 
offspring were achieved through allele counting combined with self-
reference (Reusch et al., 2001; Aeschlimann et al., 2003). Female house 
sparrows simultaneously avoid males with few MHC alleles and at the same 
time avoid the most MHC dissimilar males (Bonneaud et al., 2006). In 
brown trout, females preferred males with intermediate Mhc dissimilarity 
(e.g. Paper I). While disassortative mate preferences would increase patho-
genic scope or decrease the risk of inbreeding, these positive effects would 
be exceeded by negative if mates were too dissimilar. Among other factors, 
self-reactive autoimmune responses and a net loss of T-cells (Nowak et al., 
1992; Deboer and Perelson, 1993), outbreeding depression (e.g. Bateson, 
1983; Thornhill, 1993) and fitness loss due to disruption of co-adapted gene 
complexes (see Hendry et al., 2000; Neff, 2004; Bonneaud et al., 2006) and 
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selection for local adaptation (Hill et al., 1991; Hill, 1991a) would have po-
tential to add selection for assortative mate preferences, i.e. avoidance of too 
dissimilar mates, within or between populations. The trade-off between dis-
assortative and assortative forces would therefore result in an optimal mate 
choice strategy with preferences for mates of intermediate genetic dissimilar-
ity (Penn and Potts, 1999). 

Recognizing Mhc properties of other individuals 

Given variation in the selective mechanisms underlying the evolution of 
Mhc based mate choice preferences, so will the way recognition of Mhc 
genotypes of potential mates vary. Specifically, under the influence of indi-
cator mechanisms and ‘good genes’ effects, superior alleles would confer 
fitness benefits and surplus energy to invest in ornaments (Grahn, 2000). 
Under such conditions, females would not have to actually recognize the 
specific Mhc alleles that potential males carry, because the ornamental status 
of the males reveals if males carry ‘good genes’ or not. In instances where 
compatible mechanisms would be prevalent, however, females would need a 
mechanism for sensing the Mhc of potential males. Several hypotheses have 
been proposed to account for mechanism/s by which individuals would be 
able to determine the Mhc dissimilarity of conspecifics. Amongst the most 
promising of these are the observations of an association between MHC 
bound antigen peptides and olfactory perception since MHC linked peptides 
have been shown to explain the processes of recognition of Mhc similarity at 
the organismal level (Milinski et al., 2005; Boehm and Zufall, 2006; Slev et 
al., 2006). The peptide mediated recognition process would be accomplished 
by specialized sensory neurons in the vomeronasal organ with the ability to 
bind similar peptides as MHC molecules, and hence, the peptides bound by 
MHC molecules could be used for kin recognition as well as presenting 
identity at the cellular level. Mhc alleles carried by individuals would create 
an Mhc genotype specific repertoire of peptides and these would confer Mhc 
genotype specific odortypes.  

Experiments have shown that Mhc associated peptides alone can signal 
Mhc genotype identity. For example, in mouse (M. domesticus) the addition 
of a few such peptides in original males urine was enough to alter female 
perception (Leinders-Zufall et al., 2004). Similarly, in sticklebacks (G. acu-
leatus) it was shown that addition of Mhc class I and class II associated pep-
tides into the incoming water received by females in an aquarium was 
enough to alter female Mhc based mating preferences and behaviours 
(Milinski et al., 2005). It should be pointed out, however, that also other 
Mhc associated volatile odorants have been shown to be important in this 
context, for example some pheromones (Singer et al., 1997; Willse et al., 
2005). 
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Objectives 

This thesis addresses some fundamental questions regarding the genetic aspects 
of sexual selection and mate choice in salmonid mating systems. This is not only 
of academic interest, since salmonid populations quite often are stocked for im-
proved production in compensatory breeding programs. These generally do not 
consider natural reproductive behaviour and the long-term genetic consequences 
of such actions are not well understood. 

 

� The main objective of the present thesis is to unravel some genetic 
aspects of Mhc based mate choice. 

 

� The knowledge acquired might improve our understanding of long-
term consequences of compensatory breeding. 

 

� In order to preserve natural populations, salmonid as well as other spe-
cies, it is of outmost importance to understand these mechanisms. 
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Materials and Methods 

Study Organisms 

Brown trout (Salmo trutta L.) 

With a natural distribution area reaching over the European continent, the 
spawning (described in later section) typically takes place in shallow fresh-
water streams in autumn. The territorial fry emerges from the gravel nest in 
spring without parental care. After a growth period in the natal stream, dif-
ferent life history strategies can be adopted. Some fish undertakes foraging 
migrations to adjacent streams, lakes or the seas before returning to their 
natal stream in time for spawning, whereas other remains stationary in their 
natal stream (see Elliott, 1994; Baglinière and Maisse, 1999).  

Atlantic salmon (Salmo salar L.) 

Naturally distributed in and around the North Atlantic Ocean and large parts 
of Europe, the ecology and life history resembles that of brown trout in 
many aspects although some differences naturally exists. According to The 
World Conservation Unit (IUCN, managing the Red list of threatened spe-
cies, url: //www.iucnredlist.org), the global conservation status of both At-
lantic salmon and brown trout are defined as at lower risk (least concern ver 
2.3 ref. 57073). However, local populations might be at risk from human 
activities such damming and fishing (Fleming and Petersson, 2001; Dan-
newitz, 2003). 

Salmonid mating systems  

The mating system of brown trout and Atlantic salmon resembles that of 
many other salmonid fishes in that males usually compete for access to fe-
males and spawning sites. Females select a spawning site and prepare a nest 
in the gravel for the brood. Competing males typically court the female by 
quivering displays and by fighting, biting and chasing away other males. On 
reproduction, the female and the male quivers violently besides each other 
and releases eggs and milt in the nest in the gravel bed, and subsequently, 
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the female covers the eggs with gravel. Often the female mates the dominant 
male but sometimes the females do not deposit any eggs at climax and the 
procedure with digging, quivering and male competition continues. A female 
can build and deposit a varying amount of her eggs in up to eight such nests 
(Jones and Ball, 1954). Hence, both male competition (e.g. Petersson and 
Jarvi, 1997; Dickerson et al., 2005) and female choice (Landry et al., 2001, 
Paper I) could be important factors in the formation of breeding pairs in ana-
dromous salmonids. Males contribute nothing but genes to the offspring and 
it is unlikely that females gain any direct, material benefits from mate choice 
(e.g. territories, food, parental care). However, it has been proposed that 
females may gain benefits from mating dominant males, for example safety 
from disruption during spawning and assurance of fertilization (Reynold and 
Gross, 1990; Fleming and Petersson, 2001). In addition to interactions of 
anadromous individuals, also smaller individuals (typically males) are often 
implicated in the spawning. These parr (also referred to as jacks or sneakers) 
sneak up to, and deliver their milt adjacently to anadromous breeders at cli-
max, and fertilize some of the eggs deposited. In the mate choice experi-
ments using brown trout (Papers I, II, III and V) no parr was included and in 
Paper IV, the sperm competition of parr and anadromous males are ad-
dressed. 

History of the studied populations 

The fish used in the experiments originates from the River Dalälven in 
central Sweden. The construction of a hydroelectric dam in 1915 constrained 
the spawning area for anadromous salmonids to a 10 km reach between the 
dam and the river mouth. The studied populations have been stocked on a 
yearly basis to compensate for loss of natural reproduction caused by the 
hydroelectric exploitation (Petersson and Järvi, 1993; Petersson et al., 1996; 
Jansson and Öst, 1997). The restocking mostly includes fish of local origin 
and most likely constitutes a mix of the populations inhabiting the river sys-
tem before the dam. However, in 1970 two different strains of trout was 
introduced to the population, one from Southern Sweden (R. Klarälven) and 
one from R. Vistula in Poland (Petersson et al., 1996). Since the late 1960s 
the released fish have been fin-clipped, and spawners collected for artificial 
breeding only such marked individuals have been used as parents. Thus, the 
populations consists naturally reproduced (‘wild’) fish and ‘sea-ranched’ fish 
that are fin-clipped. The wild fish may have parents that were born in the 
wild or in captivity, while the sea-ranched stock has been closed for wild 
genes for 30 years (approximately seven generations). Previous studies sug-
gests that the reproductive success of the two stocks may be quite similar in 
the wild, and that the genetic characteristics of the wild stock are largely 
determined by introgressed genes from hatchery produced fish (Palm et al., 
2003; Dannewitz et al., 2004).  
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Experiments 
Mate choice experiments (Papers I, II, III and V) were performed during 
time for spawning in the autumns of 2000, 2001, 2004 and 2005 using ana-
dromous brown trout at the Research Station in Älvkarleby, central Swe-
den (60�38’N and 17�26’E). All fish used in the experiments were caught in 
a local fish-trap. Ovulating females and males with running milt were se-
lected for the experiments to minimize the risk of bias derived from variation 
in maturation status. Sperm competition experiments were also performed 
in Älvkarleby using Atlantic salmon in the autumn of 1998. The Swed-
ish Ministry of Agriculture have approved the experimental facilities (license 
34 3632-92), and the Ethical Committee of Animal Research permitted the 
work of the studies (licenses C258/1 and C283/1). 

Brown trout mate choice in an experimental stream 

In 2000 and in 2001 we studied reproductive success and formation of pairs 
in a semi-natural environment using 48 anadromous brown trout (12 females 
and 12 males each year). The fish were released in the stream and let to 
spawn within the 110 meter long experimental stream equipped with fish 
traps in the inlet and outlet and the capability to be drained of water (Figure 
1). Hence, only the fish released was present in the stream during the ex-
periments.

We could trace mating events 
and reconstruct families produced 
by means of random sampling of 
offspring after hatching in spring 
followed by microsatellite based 
parental analysis.  

Hence, we could achieve an 
indirect proxy for mate choice 
preferences although spawning 
took place in a near natural envi-
ronment (see Paper I and Dan-
newitz et al., 2004 for details). 

 

 
Figure 1. View of the experimental 
stream. Reprinted from Dannewitz (2004) 
with permission from Blackwell 
Publishing. 
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Brown trout mate choice in a stream aquarium 

In 2004 and 2005 mate choice behaviours were studied directly in twenty 
independent experiments each including one female and four males using a 
stream aquarium (i.e. fluviarium, figure 2) equipped with net cages follow-
ing a standardized procedure (Paper II).  

 
Figure 2. Schematic view of the fluviarium with the positions of net cages, 
gravel, water in- and out-lets. Observation windows positioned alongside 
the fluviarium on both sides. The aquarium contained 35 000 liters of circu-
lating riverwater. Experiments were performed as described in the text. Ar-
rows indicate water flow. Figure reprinted and edited from Petersson et al. 
(1999) with permission from Elsevier. 

In each of twenty replicates four males were first randomly placed in the 
net cages and subsequently, a female was randomly released on either side A 
or B and observations of femlae behaviour where made. The male prefered 
by the female was determined after one hour of spawning behaviour (i.e. 
nest digging in the gravel) next to one of the males trapped within a cage. 
Hence, in this of the experiments female choice was observed without influ-
ence from male competition.  

Following this first female choice, males were released from the net cages 
by remote control and could swim freely in the fluviarium while competing 
amongst each other for the female (see figure 3). The final mating pairs were 
assigned after observation of male and female spawning behaviour followed 
by female egg deposition. The experimental design thus allowed us to sepa-
rate the effects of female choice and male competition in the process of pair 
formation (see Papers II and III for more details). 

 



 29

 
Figure 3. Male brown trout competing for a female during mate choice ex-
periment in the fluviarium (top panel) and at spawning (bottom panel).   

                                                                                Photos by Håkan Jansson 
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Morphology  

Morphometric characters describing body shape of all fish used in the ex-
periments were measured (Figure 4) and analyzed in the context of individ-
ual genetic properties and fitness related traits (Papers III and V). Fish from 
the stream experiment were measured for 6 such traits (26-31) and fish from 
the fluviarium were measured for 31 traits (Paper III).  
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Figure 4. Outline of male body and the traits measured from the fish used in 
the experiments, a = anterior, p = posterior. 1. Snout - a. dorsal fin 2. A. 
dorsal fin - a. pelvic fin 3. Lower gill - a. pelvic fin 4. Snout - lower gill 5. 
Snout - a. pelvic fin 6. Lower gill - a. dorsal fin 7. Dorsal fin base 8. P. dor-
sal fin - a. anal fin 9. A. pelvic fin - a. anal fin 10. A. pelvic fin - p. dorsal 
fin 11. A. dorsal fin - a. anal fin 12. Anal fin base 13. P. anal fin - p. adi-
pose fin 14. P. dorsal fin - p. adipose fin 15. P. dorsal fin - p. anal fin 16. A. 
anal fin - p. adipose fin 17. P. adipose fin - upper a. caudal fin 18. A. height 
of caudal fin 19. P. anal fin - lower a. caudal fin 20. P. anal fin - upper a. 
caudal fin 21. P. adipose fin - lower a. caudal fin 22. Eye diameter 23. Up-
per jaw length 24. Pectoral fin length 25. Snout - a. caudal fin 26. Adipose 
fin 27. Snout - eye 28. Hook height 29. Jaw length 30. Body height 31. Eye - 
a. caudal fin. 
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Offspring survival  

Subsequent to the mate choice experiments performed in 2004 and 2005, 
crosses were artificially produced from the participating female and the four 
males from each trial in order to study offspring survival in a semi-natural 
stream and in under hatchery conditions. Females were stripped and the roe 
were fertilized using milt from the four males and incubated in egg boxes.  

For the ‘natural’ treatment, 200 eggs were randomly sampled from each 
parental cross at the eyed egg-stage from the egg boxes and stocked in the 
stream using Vibert egg incubation boxes (see Dannewitz et al., 2003). In 
order to avoid potential local site-induced effects on offspring survival, eggs 
from the different crosses were distributed evenly in the Vibert-boxes. Simi-
larly, after hatching in the egg trays, 60 fry from each cross were sampled 
and reared in four separate 1m2 rearing-tanks for the hatchery treatment. Fry 
from the different crosses were distributed evenly in the tanks to account for 
potential differences in offspring survival between the different rearing-
tanks. 

In September, after the first growth season (i.e. in 2005 and 2006), all off-
spring were collected from the stream and the rearing tanks in the hatchery. 
Offspring survival within crosses in the two different environments could be 
estimated after parental analysis using a microsatellites (Paper V).   

Sperm competition in Atlantic salmon 

Milt from eleven anadromous males and eleven precociously mature salmon 
parr where used for sperm competition experiments. Parr-males originated 
from a two-year old breeding stock kept in tanks at the Research Station. 
The sperm competition experiments were performed in an artificial fertiliza-
tion channel by adding sperm at the rear end of a channel through witch 
riverwater runs, allowing sperm to drift by the eggs (Paper IV).  

In each of eleven replicates, the roe from an anadromous female (eleven 
in total) where stripped and the eggs portioned into three batches with 50 
eggs in each. One batch was fertilized by milt from a parr-male and the eggs 
from the second batch were fertilized with milt from an anadromous male, 
after adjustment for sperm cell density.  

The third batch from each female was fertilized by equal quantities of 
sperm from the two male-types. The sperm were applied simultaneously into 
the channel, allowing sperm cells to compete for fertilization of the eggs. 
Hence, the relative fertilization efficiency of sperm from the two male types 
could be analyzed after parental analyses using microsatellites.  
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Molecular Methods 

Mhc typing 

Polymerase chain reaction (PCR), denaturating gradient gel electrophoresis 
(DGGE) and sequencing was used to examine the variation of a 257 bp part 
of exon 2 at the MHC class IIß locus (Figure 5) in all adult brown trout in-
cluded in the mate choice experiments. Details of the PCR reactions, DGGE 
conditions and sequencing procedures can be found in Papers I and II.  

 
Figure 5. Schematic overview of the Mhc class IIß gene examined. Arrows 
indicate the location and direction of the PCR primers used. Primer se-
quences; TVS-45015’ – TCTGTATTATGTTTTCCTTCC - 3’, ÅL 1002: 3’ –
CACCTGTCTTGTCCAGTATG - 5’, and MG 14 (ÅL 1002 with a 40-bp 
long GC clamp in the 3’ - end). 

To minimize the risk of erroneous typing, every DGGE band (Figure 6) 
found in all individuals where sequenced forward and reverse at least once. 
Further, when offspring were available from individuals typed as homozy-
gous at the locus, we examined the Mhc alleles of these as well following the 
same lab-procedure. Salmonids typically express only one MHC class IIß 
locus (Langefors et al., 1998; Hansen et al., 1999; Grimholt et al., 2000; 
Langefors et al., 2000; Landry and Bernatchez, 2001; Shum et al., 2001; Stet 
et al., 2002), and the protocol used here amplified either one or two alleles 
from every individual (see figure 6). 

 
Figure 6. After PCR reactions, the Mhc alleles were separated using DGGE 
and sequenced forward and reverse after manual collection of bands from 
the gels. 
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Microsatellite typing and parental analyses 

Brown trout spawners and offspring from all experiments were typed at ten 
or eleven microsatellite loci for parental analyses (see Material and Methods 
sections in the Papers and Dannewitz et al., 2003, 2004 for details). Gener-
ally, offspring could be assigned to parental pairs by comparing microsatel-
lite alleles of offspring with potential parental crosses in the different ex-
periments (after O'Reilly et al., 1998).  

Besides from parental analyzes, the microsatellite data were also used 
for contrasting the results from tests of Mhc based behaviours and properties 
against a more selectively neutral genetic null model. 

Statistical Analyses 
All statistical analyses presented in the thesis were performed using the R 
software ver. 2.3.1 – ver. 2.6.2 (R-Development-Core-Team, 2006), unless 
stated otherwise. Most of the analyses performed would be considered stan-
dard statistical methodology, as further described in the Papers. However, 
two of the analyses might be considered less standard and therefore I present 
them here.  

Permutation tests  

Null hypotheses of independence of mate choice from genetic dissimilarity 
of potential mates were tested by means of permutation tests. In the stream 
experiments (Paper I), a permutation script was constructed to resample 61 
random pairs (the same number as the pairs formed) from the 288 potential 
mating constellations in each of 50 000 simulations. We could test if females 
had chosen genetically dissimilar males more often than expected by com-
paring the mean dissimilarity of the observed pairs to the distribution of re-
sampled pairs means, hence, the frequency distributions produced represents 
the outcome of random mate choice in 50 000 mating events including the 
288 potential pairs.  

We tested if females had chosen males of an intermediate dissimilarity 
more often than expected by random by comparing the variance of the dis-
similarity values of the observed pairs to the distribution of resampled vari-
ances produced by the simulations. We would expect a lower variance 
among the observed pairs as compared to the resampled distribution of vari-
ances if females had selected males of intermediate dissimilarity, i.e. avoided 
the most Mhc similar and that most Mhc dissimilar males during the experi-
ments. The resampling strategy prevented individuals from different repli-
cates being associated as mates in the test.  
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Figure 7. Dendrogram illustrating the functional similarity of 
the 52 Mhc alleles and the assignment of Mhc alleles into Mhc 
supertypes (A-E).  

Similar permutation tests were performed in the fluviarium experiments 
by simulating random formation of pairs in the twenty trials of the experi-
ment 20 000 times (Paper II). In each of these simulations, pairs were ran-
domly generated from the potential pairs in each of the twenty trails (prohib-
iting individuals from different trials to be assigned as mates) and in every 
simulation the mean and variance of the genetic dissimilarity of the gener-
ated pairs were calculated. For hypothesis testing, we compared observed 
means and variances to the frequency distributions of means or variances 
produced by the resampling algorithm.   

Prior to hypothesis testing, we controlled the performance of the permuta-
tion tests by simulating ‘sham-data’ with and without female preference for 
dissimilar males and for males of an intermediate dissimilarity. More impor-
tantly, however, all tests of Mhc based mating preferences were compared to 
a neutral model by analogous tests using dissimilarity of pairs at ten mi-
crosatellite loci.  

Supertyping of Mhc alleles 

The 52 Mhc alleles identified by DGGE and sequencing was clustered into 
supertypes based on assumed functional similarity and phenotypic effects 
(Paper III). 

 

 

 

 

 

 

 

 

 

 

 

First, a combination of phy-
logenetic and population genetic 
sequence analysis tools were used 
to identify codons subject to posi-
tive selection, hence, presumably 
encoding for amino acids directly 
involved in antigen binding in the 
peptide-binding groove of MHC 
molecules. 

From these codons, a distance 
matrix describing functional simi-
larity of the alleles was calculated 
and hierarchical clustering was 
used to construct a dendrogram. 
Mhc alleles could be assigned into 
Mhc supertypes using the dendro-
gram (Figure 7). 

Satr-DAB 35
Satr-DAB 34
Satr-DAB 38
Satr-DAB 33
Satr-DAB 44
Satr-DAB 70
Satr-DAB 43
Satr-DAB 65
Satr-DAB 68
Satr-DAB 71
Satr-DAB 45
Satr-DAB 69
Satr-DAB 50
Satr-DAB 60
Satr-DAB 31
Satr-DAB 32
Satr-DAB 64
Satr-DAB 63
Satr-DAB 62
Satr-DAB 25
Satr-DAB 61
Satr-DAB 26
Satr-DAB 36
Satr-DAB 40
Satr-DAB 42
Satr-DAB 29
Satr-DAB 30
Satr-DAB 67
Satr-DAB 39
Satr-DAB 66
Satr-DAB 53
Satr-DAB 56
Satr-DAB 75
Satr-DAB 58
Satr-DAB 46
Satr-DAB 57
Satr-DAB 55
Satr-DAB 28
Satr-DAB 49
Satr-DAB 76
Satr-DAB 73
Satr-DAB 59
Satr-DAB 54
Satr-DAB 47
Satr-DAB 51
Satr-DAB 48
Satr-DAB 77
Satr-DAB 52
Satr-DAB 72
Satr-DAB 41
Satr-DAB 27
Satr-DAB 37

A

E

D

C

B

D 

B 

C 

E 

A 



 35

Results and Discussion 

 

 

The different selective mechanisms of precopulatory intersexual selection 
enable females to achieve as good mates as possible to fathering their off-
spring but selection continues also subsequent to copulation in several post-
copulatory forms. Hence, different mechanism could be more influential as 
compared to the other, but simultaneous actions would likewise be plausible 
(e.g. Tregenza and Wedell, 2000; Candolin, 2003; Mays and Hill, 2004; 
Andersson and Simmons, 2006) 

The following section presents the major findings from the mate choice 
experiments performed with a varying degree of nature-like settings. Ex-
periments where performed in a natural-like experimental stream but also in 
a more controlled stream aquarium (i.e. fluviarium). Within the latter, female 
choice and formation of pairs were studied both in the presence of male-
male competition, and with males trapped thus isolating preferred female 
choice. 

The results include support for mechanisms derived from within both 
‘compatible genes’ (Papers I and II) and ‘good genes’ (Paper III) frame-
works. Results from sperm competition experiments are presented (Paper 
IV) and further, the effects of zygosity in the contexts of male mating suc-
cess and offspring fitness (Paper V). Further, the possibility for females to 
use Mhc based cues to avoid ‘general’ inbreeding are addressed.  

Not surprisingly, the general conclusion (as discussed subsequent to the 
presentation of the results) is that compensatory breeding programs with no 
consideration to natural processes may alter the genetic composition of 
populations and influence fitness related parameters. 
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Mhc and Female Choice in Brown Trout 

Female choice for Mhc compatible males   

In the stream experiments, permutation test showed that pairs with an inter-
mediate Mhc dissimilarity had mated more than other pairs and more often 
than expected by chance, while mate choice was random with respect to 
microsatellite dissimilarity, thus supporting an compatibility mechanism in 
mate choice. We concluded that female choice was the underlying factor for 
the observed mating pattern since males with intermediate Mhc dissimilarity 
produced a larger proportion of offspring compared to other males, whereas 
female reproductive output did not show this pattern (Paper I).  

Hypothesis testing of female preferences for males genetic characteristics 
were performed by means of permutation tests. Hence, the genetic dissimi-
larity of the pairs produced in simulations was compared to the genetic dis-
similarity of the pairs actually formed during the experiments.  

The findings from the stream experiments were corroborated by the re-
sults from the fluviarium, in which mate choice and formation of pairs were 
observed directly. Hence, females selected males with an intermediate Mhc 
dissimilarity more often than expected by chance in both parts of the ex-
periments (Figure 8, Paper II). This preference was present regardless of the 
absence or presence of male competition, i.e. with males trapped in or re-
leased from net cages. Negative results in analogous tests using dissimilarity 
at the microsatellite markers confirmed the conclusions. 

 

 

 

 

 

 

 

 

 

 
    

0.001 0.002 0.003 0.004 0.005

0
50

0
10

00
15

00
20

00
25

00

O
cc

ur
an

ce
s d

u r
in

g 
re

sa
m

pl
in

g

Variance of Mhc dissimilarity

Figure 8. Observed female mate 
choice preferences for males of 
intermediate Mhc dissimilarity. 
Result from the permutation tests 
in the first part of the fluviarium 
experiments while males were 
trapped within cages. Dotted lines 
indicate 95 % confidence limits of 
the resampled frequency distribu-
tion. The variance of Mhc dissimi-
larities among the observed twenty 
pairs (arrow) was significantly 
lower than the randomly generated 
frequency distribution of resam-
pled variances (P = 0.010). 
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Mhc based mate choice to avoid of inbreeding? 

It has been proposed that prospecting females could facilitate inbreeding 
avoidance or increase overall offspring heterozygosity by mating Mhc dis-
similar males (e.g. Piertney and Oliver, 2006). Clearly, mating Mhc dissimi-
lar males would increase offspring Mhc heterozygosity (Penn et al., 2002), 
however, an Mhc based mechanism for avoidance of general inbreeding 
avoidance would require linkage disequilibrium between Mhc loci and ge-
nome wide loci (e.g. Kempenaers, 2007) and thus, a correlation between 
pairwise genetic distances at the Mhc and the rest of the genome. We tested 
this prediction using the pairwise genetic distances of all possible combina-
tions of pairs of individuals in the material and as illustrated in figure 9, we 
found no support for such mechanisms by using microsatellite distance as a 
proxy for genomic diversity.  
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Figure 9. No association between pairwise genetic distances at 
the Mhc and microsatellite loci of all genotyped individuals 
(P>0.05, N = 148X148). Pairwise Mhc distances calculated in 
MEGA 3 (Kumar et al., 2004) and microsatellite distances is the 
allele sharing distance described in Bowcock et al.  (1994).  
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Female choice for specific Mhc-types  

Females mated males possessing particular Mhc-types more often than oth-
ers, supporting an indicator or ‘good genes’ mechanisms in female mate 
choice (Figure 10). Prior to analyses of effects from Mhc alleles and Mhc 
genotypes on mating success, the Mhc alleles were clustered into supertypes 
based on expected functional similarity and phenotypic effects (i.e. supertyp-
ing, described in Paper III). By this procedure, the 52 Mhc alleles (69 differ-
ent Mhc genotypes) in the original dataset were pooled into 5 supertypes (15 
Mhc super-genotypes). Hence, we increased the number of observations 
within each factor level from 2.1 (mean number within genotypes) to 11.4 
(mean number within super-genotypes), allowing a more powerful statistical 
analysis.  

In both parts of the fluviarium experiments females mated males with cer-
tain Mhc super-genotypes more often than males with other Mhc super-
genotypes (Figure 10), but no specific supertype were associated with male 
mating success in these experiments. In contrast, male reproductive success 
was independent from super-genotypes in the stream experiments but males 
possessing alleles clustered into supertype D achieved fewer matings.  
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Figure 10. Female choice and formation of pairs as functions of male Mhc su-
per-genotype with males trapped (open bars, P = 0.021) and after males had 
been released (filled bars, P = 0.037). After adjusting for multiple testing, post 
evaluation failed to detect significant differences between super-genotypes in 
both tests.  
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Mhc and Male-male Competition in Brown Trout 
Body height was positively correlated with male mating success in the sec-
ond part of the fluviarium experiments and male body height was influenced 
by Mhc super-genotype (Figure 11, Paper III). No other phenotypic trait 
showed such patterns. Body length is generally considered an important 
factor for reproductive success in fish mating systems dominated by male 
competition (Kodric-Brown, 1990) but we found no such associations in the 
experiments performed here. 
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Figure 11. Relative male body height as captured within PC3 as a function of 
Mhc super-genotype in the fluviarium experiments (A) and relative male body 
height as a function of Mhc super-genotype in the stream experiments (B).  

Male body height per se, however, was not an important cue for the fe-
males, since the effect of body height was present only when males where 
allowed to compete in the fluviarium. These findings suggests a ‘good 
genes’ effect from Mhc super-genotypes on mating success mediated by 
male-male competition (Paper III).  
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Table 1. Number of alleles (NA), observed (HO) and expected (HE) levels 
of heterozygosity for the 10 microsatellites markers (Str60 – Str15), Mhc 
class IIß and Mhc ST4 supertypes. Significance levels were tested by 1000 
permutations of randomizing alleles within yearly samples. 

 NA HO HE P 
Str60 4 0.583 0.575 0.454
Str58 13 0.810 0.836 0.278
Ssa85 6 0.653 0.746 0.006
Ssa197 10 0.745 0.712 0.858
Str73 3 0.608 0.617 0.406
Bs131 7 0.760 0.718 0.898
Ss_417 10 0.791 0.819 0.100
One9 6 0.499 0.462 0.902
Ssa408 17 0.872 0.865 0.762
Str15 5 0.684 0.704 0.434
Average 8.1 0.701 0.705 0.290
Mhc 52 0.861 0.923 0.005
Mhc ST4 5 0.577 0.673 0.035
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Figure 12. Observed and expected frequencies of Mhc ST4 geno-
types (i.e. supertyped zygosity), all years combined.  

Figure 13. Frequency of different Mhc alleles in the total sample 
and their assigned ST4 supertype group. 
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Figure 14. Mhc-supertype zygosity 
and male mating success, 
homozygote (open bar) and 
heterozygous (filled bar) when 
allowed to compete (P=0.070). No 
difference while trapped (P = 
0.426) or from zygosity of neutral 
markers (P = 0.783).

First, we found that Mhc 
homozygote males had a 
higher mating success as com-
pared to heterozygote males in 
the fluviarium experiments 
when let to fight (Figure 14), 
but no such effect while males 
were trapped, indicating that 
homozygotes had a better 
fighting ability.  

Further, relative body 
height (associated with mating 
success, Paper III) tended to 
be higher in Mhc homozygote 
males in the fluviarium and 
was significantly higher as 
compared to heterozygotes in 
the stream experiments (no 
effects from microsatellite 
zygosity).  

Outbreeding Depression  
The total number of Mhc class IIß alleles in the brown trout population by 
far outnumbered allele-counts at the most polymorphic microsatellite loci 
(Table 1). Unexpectedly, there was a significant excess of Mhc homozygous 
individuals at the Mhc locus (Table 1, Figure 12) as compared to Hardy-
Weinberg expectations both in the total sample and in within each year. No 
deviance from the expected H-W equilibrium was found for the microsatel-
lite markers (except for one locus Ssa 85, Table 1).   

All years combined, 53 different Mhc class IIß alleles were identified in 
the total sample of 148 individuals. Only seven of these alleles were found in 
all four years and the number of alleles encountered in the four different 
years ranged from 15 to 27. Many of the Mhc alleles occurred at frequencies 
below 1% (adjusted for sample size) and fewer than half of the alleles (19 of 
52) alleles had frequencies of 1% or higher (Figure 13). 

The deviations from H-W expectations indicate a selective advantage of 
Mhc homozygous individuals as compared to Mhc heterozygote individuals, 
which indeed are contrary to a priori expectations since Mhc heterozygotes 
in natural population are expected to achieve fitness benefits from over-
dominance effects (e.g. Takahata 75 Hendry more!). We tested some fitness 
components against Mhc zygosity to examine weather homozygotes had 
higher fitness. 
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   Next, we tested if offspring from Mhc homozygotes had a higher survival 
as compared to offspring from Mhc heterozygotes. Subsequent to the fluvi-
arium experiments, crosses were produced to study offspring survival in two 
different environments. In the stream, survival was higher in families sired 
by Mhc homozygote males but independent from zygosity at neutral markers 
(Figure 15). Hatchery survival was independent from zygosity at Mhc and 
neutral markers. Similar to the zygosity on the Mhc locus, also one of the 
microsatellite loci (Ssa85) had an excess of homozygotes (Table 1). How-
ever, there were no effects on mating success or offspring survival from 
zygosity at the loci. Female heterozygosity, on the other hand, tended to be 
associated with offspring survival in the stream (Paper V). 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 
Figure 15.  Offspring survival in a hatchery (A) and in a stream (B) treatment as 
functions of male Mhc super-zygosity. Mhc super-homozygote fathers (open 
bars) sired offspring with higher survival when reared in the wild (P = 0.048). 
No such effects from parental  zygosity at neutral markers. 
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Sperm Competition in Atlantic Salmon 
Parr-male sperm were more successful in fertilizing eggs in the sperm com-
petition experiments as compared to sperm derived from anadromous males 
(Figure 16).   
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Figure 16. Fertilization success of sperm (mean ± SE) from anadromous 
males (A) and parr males (P) during sperm competition experiments (filled 
bars) and during control experiments (open bars). Fertilization success 
could be evaluated after parental analyses of fry after random sampling 
from each batch. 

 

The differences in sperm fertilization success between the two male types 
found would not be not an effect of relatively lower fertility of sperm of 
anadromous males, as found in the controls, but rather by a greater sperm 
quality of parr-males. 

The typical mating strategy of parr-males are to use their smallness to 
sneak up to and deliver their sperm adjacently to anadromous breeders at 
climax during reproduction, and thereby fertilize some of the eggs deposited 
by the female. Hence, the competitive differences between sperm from the 
two male types observed supported our a priori expectations. 
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The Results in a Context 
Anadromous salmonids populations often show genetic structure within 
rivers on both a spatial and temporal scales with genetic differentiation (FST) 
values that sometimes even may exceed the genetic structure between rivers 
(Hansen and Mensberg, 1998; Ostergaard et al., 2003). Hence, dam con-
struction and supportive breeding would change population genetic struc-
tures by admixing genetic variation from previously separate populations 
(Hindar et al., 1991 ; Vasemägi et al., 2005; Ayllon et al., 2006; Eldridge 
and Naish, 2007) and potentially influence the adaptation to local habitat 
factors (Ryman, 1981; Taylor, 1991; Garcia de Leaniz et al., 2007). In addi-
tion, impacts from artificial breeding changes selection regime and several 
studies indicate that phenotypic divergence with a presumed genetic basis 
has developed between hatchery produced and wild segments of the popula-
tions exposed to supportive breeding (Johnsson et al., 1996; Lepage et al., 
2000; Petersson and Jarvi, 2000; Hedenskog et al., 2002; Tymchuk et al., 
2007), in spite of a large potential for gene flow potentially counteracting 
divergence (Palm et al., 2003). Further, fish have not been allowed to show 
natural mating behaviour in hatcheries, as offspring are typically produced 
by mixed-milt fertilizations, i.e. the roe from several females are fertilized 
with milt of several males in a single container (Campton, 2004; Wedekind 
et al., 2007), and thus, offspring are produced more or less randomly with 
respect to genetic and other traits. As a consequence, restocked populations 
represent newly formed population consisting of a mixture of genotypes that 
previously where found distributed over the length of river systems. 

By means of mate choice experiments and genetic analyses we have iden-
tified several aspects of the salmonid reproductive behaviour not considered 
during production for supportive breeding purposes. For example, females 
preferred males certain Mhc qualities, male fighting ability was influenced 
by Mhc genotype and sperm from male parr were more successful during 
sperm competition as compared to sperm from anadromous males. We also 
found that the studied brown trout population appears to have an extreme 
Mhc diversity as compared to more pristine salmonid populations that af-
fects individual fitness negatively. The joint effects from compression of 
sub-populations of the pristine meta-population as a consequence of the dam, 
and the supportive breeding would most likely have caused this situation. 
This would raise conservation issues for the present salmonid populations of 
River Dalälven and other populations in similar situations, given a general 
goal of supportive breeding programs to maximize and maintain genetic 
diversity (e.g. Frankham et al., 2002; Hedrick, 2004b). 
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Given the history of the studied brown trout population, the simultaneous 
disassortative and assortative Mhc based discrimination presented in Papers I 
and II, might reflect responses to selection for enhanced immune defense in 
offspring. Accordingly, the observed female preferences would in part result 
from avoidance of Mhc similar males to increase pathogenic scope in off-
spring, as also described in other salmonids (Landry et al., 2001; Consuegra 
and Garcia de Leaniz, 2008). The assortative discrimination observed also 
quite neatly fits in a model with mate preferences selected to enhance off-
spring resistance against prevalent pathogens, since females from one part of 
the river would avoid reproducing with males adapted to pathogen strains 
prevalent in another part of the river system, i.e. Mhc dissimilar males. Some 
studies on other salmonids have shown that Mhc genes differentiate at a 
higher rate as compared to other genetic markers (Miller et al., 2001; Dionne 
et al., 2007), showing that local adaptation of the Mhc would be a significant 
selection pressure on Mhc loci. In more natural populations, assortative mate 
choice might be important when migrants from distant sub-
populations/rivers disperse and spawns in streams other than their natal. 
Hence, the high Mhc variation in the present sub-dam population formed 
after construction of the dam and would be upheld by the supportive breed-
ing program.  

There is an ongoing debate whether prospecting females maximize dis-
similarity or maximize compatibility (i.e. optimal or intermediate dissimilar-
ity) in mate choice (e.g. Penn and Potts, 1999; Penn et al., 2002; McClelland 
et al., 2003; Hedrick, 2004a; Wegner et al., 2004a; Wegner et al., 2004b) 
Nowak et al. (1992) presented a model showing that an optimally (rather 
than a maximally) diverse Mhc repertoire maximize the probability of 
mounting an immune response against a large number of foreign peptides. 
Accordingly, during a two-step process of maturation, positive selection 
eliminates T-cells with low or no MHC-self-antigen affinity (von Boehmer, 
1992) and negative selection removes T-cells with too high affinity (Nossal, 
1994), leaving T-cells with an optimal affinity to non-self antigens (Lo et al., 
1986; Nowak et al., 1992). Hence, individual T-cell repertoire are restricted 
and controlled by Mhc genes and the antigens the available MHC molecules 
present (Pullen et al., 1989). These processes creates a trade-off between 
selection for a large T-cell repertoire counteracted by selection to reduce the 
cost of T cells loss during tymic selection resulting in an intermediate level 
of optimal heterozygosity (Nowak et al., 1992; Deboer and Perelson, 1993; 
Penn and Potts, 1999) and thus, a proximate mechanism for assortative mate 
choice preferences. Our results (i.e. Paper I, II and V) support an optimality-
based model for Mhc based mate choice in the studied population and thus 
corroborates theoretical predictions and the results from a few other empiri-
cal studies (i.e. Reusch et al., 2001; Bonneaud et al., 2006).  
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Individuals with intermediate levels of heterozygosity are generally ex-
pected to experience higher fitness relative to individuals with lower or too 
high heterozygosity, since there would exist an optimal degree of outbreed-
ing (Bateson, 1983; Kempenaers, 2007). Such mechanisms would be exem-
plified in situations where individuals in a population carry coadapted gene 
complexes, i.e. epistatic interactions with positive fitness effects. Hence, 
when too distantly related individuals reproduce, the coadapted gene com-
plexes breaks up in the offspring which would lead to reduced offspring 
fitness. This phenomenon, referred to as outbreeding depression, has been 
observed in nature when closely related species interbreed (Veen et al., 
2001) or when individuals from previously distinct populations are mixed 
(Lynch and Walsh, 1998). For example, breeding bluegill sunfish (Lepomis 
macrochirus) that exercise mate choice produced offspring that were closer 
to an optimal level of genomic divergence than would have been produced 
under random mating (Neff, 2004).  

Genetic variation at the Mhc has the potential to show strong epistatic in-
teraction with other variable loci in the genome (Vukusic et al., 1995; Gre-
gersen et al., 2006), increasing the scope for local adaptation of the Mhc 
allele repertoire within populations where the local repertoire of Mhc genes 
not only have to adapt to locally prevalent pathogens but also to the local 
‘genome’ pool. Hence, outbreeding depression may arise from the interac-
tions between alleles at multiple loci (epistasis) when alleles that give high 
fitness within their parental genetic background may reduce fitness in a 
novel genetic background, so called Dobzhansky-Muller incompatibility 
(Turelli et al., 2001; Kondrashov, 2003). In salmonid fishes, evidence of 
outbreeding depression affecting the survival of F2 hybrids between odd- 
and even-year pink salmon (Oncorhynchus gorbuscha) has been documented 
(Gharrett AJ, 1991; Gharrett et al., 1999; Wang et al., 2007) as well as be-
tween populations separated by large geographic distances (Gilk et al., 
2004). A recent experiment on the effect of introgression between cultured 
strains of rainbow trout (O. mykiss) with different rate of growth, demon-
strate that adaptation to local conditions may be a cause of outbreeding de-
pression in species such as salmon that are locally adapted on a small geo-
graphic scale and also suggests that intrinsic mechanisms (such as genetic 
incompatibilities) are interacting with, or mediating, the ecological selection 
pressures on the hybrid strains (Tymchuk et al., 2007). 

As discussed, optimal outbreeding might occur as an effect of selection 
for local adaptation. However, similar scenarios might arise also from effects 
of sexually antagonistic coevolution, i.e. sexual conflicts arising from differ-
ences in optimal reproductive fitness strategies between males and females 
(Rice and Chippindale, 2002; Arnqvist and Rowe, 2005). It would seem 
unlikely, however, for such a mechanisms to be important in explaining the 
outbreeding depression observed here. For example, the lower survival of 
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offspring from homozygous males (Paper V), could not be explained easily 
by such mechanism since offspring were produced by artificial mating from 
all possible crosses and maternal effects was controlled for in the statistical 
model.  

The presence of alternative male mating tactics, on the other hand, would 
bestow an arena for both intra- and intersexual conflicts. Clearly, parr and 
anadromous males compete over fertilizations (e.g. Paper IV), but there 
would also be room for intersexual conflicts. Accordingly, females would 
benefit from seeking parr male matings, if such mating confers increased 
indirect genetic benefits (Reichard et al., 2007). For example, offspring sired 
by parr males in the Atlantic salmon had higher viability and grew faster 
than offspring sired by dominant males (Garant et al., 2002). Using anadro-
mous brown trout Petersson and Järvi (2007) found that male characteristics 
influence the properties of their offspring when reared in a stream, i.e. off-
spring from dominant males had higher growth rates but that offspring from 
less aggressive males had higher survival. Jacob et al. (2007) found that 
although male dominance was linked to body size and age in brown trout, 
females did not improve offspring genetic viability by mating with large and 
dominant males. In a recent review, Reichard et al. (2007) concluded that 
females of at least three unrelated fish species prefer to mate in the presence 
of sneaking males. Although the mate choice experiments performed here 
did not include parr males, our findings include female preference for both 
‘good genes’ and ‘compatible genes’. This opens for speculations that fe-
males might primarily acquire ‘good genes’ to her offspring by anadromous 
male matings whereas females mating parr rather seek benefits mediated by 
‘compatible genes’ mechanisms.  

Only a single study has previously described Mhc based female choice 
based on ‘good genes’ and ‘compatible genes’ mechanisms simultaneously 
(e.g. Roberts and Gosling, 2003). In a study performed with five congenic 
mouse strains it was found that female mice (Mus musculus) base their mate 
choice on both Mhc dissimilarity and scent marking rate (an indicator of 
Mhc quality). Taken together, our results indicate that prospecting female 
brown trout from the River Dalälven also used more than a single criterion 
from potential mates Mhc genes in mate choice, i.e. ‘good genes’ and ‘com-
patible genes’ mechanisms. 

In the context of supportive breeding, the results presented here are inter-
esting. In the long run, more nature like breeding programs (including as-
pects of sexual selection and mate choice in salmonids) would benefit all 
interests including fisheries and naturalists, but foremost and most impor-
tantly - the fish.   
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Conclusions 

In this thesis, I address some fundamental questions regarding the genetic 
aspects of sexual selection and mate choice in salmonid mating systems. 
Since salmonid populations often are stocked for improved production in 
compensatory breeding programs, this is of great importance. The breeding 
programs generally do not consider natural reproductive behaviour, and the 
long-term genetic consequences of such actions are not well understood. 

The main objective with the thesis was study some genetic aspects of Mhc 
based mate choice, and the results demonstrate several Mhc associated re-
productive mechanisms. For example, females showed preferences for males 
with specific Mhc qualities and males possessing certain Mhc genotypes 
where more successful fighters than others, i.e. in better condition.  

The knowledge acquired would improve our understanding of the long-
term consequences of compensatory breeding. The Mhc variation evolved 
for local adaptation in the pristine sub-populations of River Dalälven appears 
to be preserved in the present population, probably as an effect of the ran-
dom production of fish in the breeding program and possibly also as an ef-
fect from the relaxed natural selection in the hatchery. The unnaturally high 
Mhc variation had some negative effects on individual performance and 
fitness that might raise conservational concerns. 

Among other goals for many breeding programs is to maintain as much 
genetic variation as possible in populations. This goal might be effective in 
some instances (i.e. in natural populations or in species with a history of 
small population sizes, low Mhc variation and high inbreeding). However, 
the results presented here indicate that other goals than preserving maximum 
variation would be of value in other instances. Hence, to avoid negative ef-
fects of breeding programs, more nature-like breeding managements would 
be necessary. Natural behaviours and characteristics, evolved from natural- 
as well as sexual selection regimes, must prevail in breeding programs in 
order to preserve populations natural. This would be true for salmonids but 
other species as well. 
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Sammanfattning på svenska 

Årligen utplanteras stora mängder lax och öring i våra älvar och åar för att 
förbättra den naturliga produktionen, ofta för att kompensera förlusterna i 
naturlig produktion efter byggen av kraftverksdammar.  

 
De långsiktiga konsekvenserna av dessa stödutsättningar av hotade eller 

ekonomiskt viktiga vilda populationer av olika fiskar som lax och öring är 
relativt okända. En farhåga är att den genetiska särprägeln som finns mellan 
populationer raderas ut. En annan aspekt på problematiken är att man mer 
eller mindre omedvetet förändrar arter på odlingar eller och i det vilda på 
olika sätt med dagens odlingsmetoder. 

 
I denna avhandling har jag studerat genetiska aspekter av partnerval hos i 

en havsörings population från Dalälven, till vilken man utplanterar odlings 
producerad lax och öring sedan många år. Jag har speciellt intresserat mig 
för Mhc baserat partnerval. Mhc gener är viktiga för immunförsvarets funk-
tion. Tidigare studier har visat att variationen i dessa gener även påverkar 
partnerval, t.ex. hos andra fiskarter som lax och storspigg, möss, ödlor och 
fåglar men även hos människan. Teorierna är många om vad ett sådant part-
nerval ger för fördelar, och jag undersöker några tänkbara mekanismer. 
Bland annat visar jag att honor föredrar att reproducera sig med hanar som är 
lagom Mhc olika och att hanar med vissa Mhc typer är bättre på att konkur-
rera om parningar än andra hanar. 

 
Utöver dessa upptäckter, visade det sig att Mhc variationen i den studera-

de populationen var oväntat hög. Trots att en hög genetisk variation generellt 
kan tyckas vara positivt för en populations välbefinnande finns det omstän-
digheter då för mycket variation ger motsatt effekt. Dessa negativa konse-
kvenser av en för hög Mhc variation visade sig på individers förmåga att 
reproducera sig. Troligen är den onormalt höga Mhc variationen och dess 
negativa konsekvenser direkta effekter av den sammanslagning av mindre 
populationer utefter älvens hela lopp när vattenmagasinet byggdes, och den 
slumpmässiga parningen av avelsfisk på odlingen.  
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