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Introduction

Inbreeding is an often studied phenomenon in biology and its consequences have puzzled
researchers for over a hundred years (Darwin, 1876; Haldane, 1932; Sheppard, 1958). This
interest stems mainly from its bearing on the applied sciences of plant and animal breeding.
During the last couple of centuries, researchers have also started to focus on the impact of
inbreeding on natural populations along with its consequences for conservation biology
(Waser, 1993; Groombridge ef al., 2000). In order to say anything about these applications, it
is important to have a foundation of knowledge of the mechanisms which are involved. In this
case, the genetics, behaviour and life history that determines the level of inbreeding in natural
populations. It is, for example, of great importance to know if the principles and models
known from farmed populations can apply to natural systems. One important difference
between most managed systems and natural ones is the possibility of individuals to choose
their mates in the latter. In order to understand the patterns of inbreeding we must first
investigate if and how animals avoid or seek inbreeding by means of mate choice. It is also
important to know the mechanisms behind this kind of choice. In this essay I will focus on
how mate choice may affect the levels and consequences of inbreeding in natural populations,
but before going in to that in detail, it is necessary to introduce the subject of inbreeding in a
more general way. I will also start by defining some of the terms that will be used in the rest

of the text.

Most of the examples used will be from studies of birds, for two reasons. Firstly, most studies
on inbreeding under natural conditions have been performed on an array of bird species and
secondly, since I am working with this group of animals myself, it is convenient to use them
as examples. I will, in addition, mention studies on other organisms as comparisons to the bird

examples.



1. Introducing inbreeding

Inbreeding is a term that is used in many different fields of biological research and other
situations. Consequently different authors have used the term in different ways (Shields,
1993). I prefer to use the word inbreeding in its genetic sense, that is, mating between
individuals with similar genomes (relatives). This phenomenon is described by Wrights
inbreeding coefficient (f), usually interpreted as the probability that two alleles at a specific
locus are identical by descent (ibd) (table 1) (Charlesworth and Charlesworth, 1987). Since
individuals from a small population have a higher probability of sharing alleles by descent,
the degree of inbreeding will increase as the population size decreases (Partridge, 1983). To
avoid confusion I will use the term incest, instead of inbreeding, for mating within a family.
The opposite of inbreeding is called outbreeding. According to the definition above, this

would be matings between individuals that do not share many alleles by descent.

Since all individuals in a population, or species, share common ancestors, all matings,
according to the definition above, should be inbred (Partridge, 1983). How similar must the
genomes of two partners be in order to use the word inbreeding and when is the term
outbreeding appropriate? In order to answer this question authors have adopted different
thresholds to define inbreeding (or incest). For example matings between first cousins
(r=0.25) (table 1) or more closely related individuals are sometimes referred to as inbreeding
whereas mating between more distantly related individuals is denoted outbreeding (Waser,
1993). The different definitions used have had the consequence that what one author calls
inbreeding may very well represent outbreeding to another. Instead of dividing inbreeding
into discrete classes it is often more realistic to characterise inbreeding as a continuum
(Mitton, 1993) with matings between very close relatives or even self fertilizations at one end
of the spectrum and with the extreme outbreeding of inter-species crosses at the other. This is,
however, in many instances impractical for statistical and experimental reasons. Whether a
continuous variable is used or not is thus a matter of choice and convenience. What one must
realise is that inbreeding is a relative concept. Inbreeding must, therefore always be put into a
context and it is this context that defines the inbreeding and not the relatedness between mates
per se. Because of this a reference of some kind must always be used in order to make

meaningful statements about inbreeding and outbreeding (Shields, 1993).



1.1 Some genetics behind inbreeding

The standard way of studying inbreeding is to investigate pedigrees from captive populations.
Here, the degree of relatedness between mated individuals is generally known, or even
manipulated, and coefficients of inbreeding can easily be calculated. When mating occurs
between individuals that share recent common ancestors, the heterozygosity of the offspring is
decreased and the population genetics deviates from Hardy-Wineberg equilibrium. Inbreeding
does not, however, in itself alter the allele frequencies in the population (Lynch, 1991; Hartl
and Clark, 1997). As stated above, f describes the level of inbreeding for each individual.
Instead F is used to signify the level of inbreeding in a population (table 1). This is defined as
the reduction of heterozygosity in an inbred population relative to a random mating

population with the same allele frequencies (Wright, 1965).

Table 1. Different coefficients mentioned in the assay.

r:  Coefficient of relationship: The fraction of genes identical by common descent between

two individuals.

f:  Wrights inbreeding coefficient: the probability that two alleles at a specific locus are

identical by descent.

F: Population inbreeding coefficient: The reduction of heterozygosity in a population, as a

result of inbreeding.

d* The square of the difference in number of repeats between two microsatellite alleles at a

specific locus.

1.2 Observational data

Under natural conditions (the main subject of this essay) observational data is often the only
available source of information about kinship between mates. In order to be able to investigate
inbreeding in this way, it is necessary to have a very large dataset with a study population that

has been followed for several generations. It is uncommon in biology to have such datasets



and consequently these kinds of studies are rare (Shields, 1993). One of the greatest problems
with making pedigrees from observational data is the frequent occurrence of extra-pair
copulations (epc’s) that have been reported from a wide variety of animals (Brooker et al.,
1990; Gray, 1997). If a female mates with males other than her observed partner, the paternity
of the resulting young will be impossible to assess with purely observational data. One way of
getting around this problem is to assess paternity and construct pedigrees by using genetic
methods, such as genetic fingerprinting. This approach has been frequently adopted in recent

years (Bensch et al., 1994; Kempenaers et al., 1996; Gray, 1997; Peacock and Smith, 1997).

1.3 Genetical data

Development of new laboratory techniques during recent decades has led to the emergence of
several new tools for assessing genetic similarity between mating individuals. One of these
new measurements is band sharing. (Waldman et al., 1992; Bensch et al., 1994). Many
laboratory methods yield results in the form of bands of, for example, proteins or DNA that
are separeted on a gel or a membrane. The different bands represent different alleles or genes
and the number of bands shared between two individuals is a relative measurement of the
genetic similarity of these individuals. Similar techniques can be used to assess paternity as

discussed in the previous section.

Another measure, mean d” (table 1), can be applied when microsatellite data is analysed
(Coulson et al., 1998). Microsatellites are segments of DNA with a short sequence motif that
is repeated several times at the same locus. The number of repeats and thus the length of a
microsatellite evolve very rapidly. The method is based on the assumption that microsatellites
evolve in a stepwise manner and compares the number of repeats between two microsatellite
alleles. A homozygote at a certain locus has a d” of O. If the alleles of a heterozygote differs
by 4 repeat units the d? for this locus is 16. The mean d? is the average d* for all loci in the
study. (Coulson et al., 1999). Together with individual heterozygosity the mean d” is
considered to be a very powerful tool for detecting inbreeding and outbreeding in natural

populations (Coltman et al., 1998).



2. Inbreeding depression

2.1 Empirical evidence

The reduced fitness of inbred individuals relative to non-inbred ones is usually called
inbreeding depression. The phenomenon is well documented in captive populations and from
experiments (Ralls et al., 1979; Lacy et al., 1993; Waldman and McKinnon, 1993), but see
Shields (1993) for a critical review. Together with studies of human cognitive performance
(Bashi, 1977), this led many authors to believe that inbreeding depression is general and
widespread in natural populations. During the eighties and early nineties this standpoint was
challenged (Rowley ef al., 1985; Craig and Jamieson, 1988; Rowley et al., 1993; Smith,
1993). It was emphasised that the measurements of fitness from captive populations was very
different from fitness in nature. Most studies had, for instance, only taken juvenile survival
into account and completely ignored other important fitness components. There was thus a
demand for more studies on natural populations (Shields, 1993). Some empirical evidence of
inbreeding depression in a natural population was found in great tits (Parus major)
(Greenwood et al., 1978). Gibbs and Grant (1989), however, failed to find any inbreeding
depression in Darwins medium ground finches (Geospiza fortis) and so did Rowley et al.

(1985) in superb blue wrens (Malarus splendens) (but see Brooker et al., 1990).

In recent years it has been emphasised that inbreeding depression is highly dependent of
factors such as the environment (Chen, 1993; Jiménez et al., 1994; O'Brien, 2000),
evolutionary history (Bulger and Hamilton III, 1988), age and sex (Coulson et al., 1999) and
also that it may vary between years (Keller, 1998). Several studies have now shown
inbreeding depression in natural populations, for example in Mexican jays (Adphelocoma
ultramarina) (Brown and Brown, 1998), great reed warblers (Acrocephalus aruninaceus)
(Bensch et al., 1994), song sparrows (Melospiza melodia) (Keller, 1998; Keller and Arcese,
1998), adders (Vipera berus) (Madsen et al., 1999)and harbour seals (Phoca vitulina)
(Coltman et al., 1998). Studies have also shown that inbreeding depression often is more
pronounced in natural systems than in laboratory conditions (Chen, 1993; Jiménez et al.,
1994). At least two factors have been important for the empirical development during the last
century. First, new laboratory techniques, like the ones described above, have made it possible
to perform more powerful analysis of inbreeding in nature (Bensch ef al., 1994) and second,
several long term field studies have been run for enough time to make field data on kinship

structures in populations reliable.



2.2 Heterosis

When two inbred lines are crossed with each other the F; hybrid often experiences an increase
in vigour (Coulson et al., 1999; Edmands, 1999). This phenomenon is usually called heterosis
and is generally assumed to be the result of an increased level of heterozygosity due to
decreased inbreeding. There is much evidence of heterosis from experiments and breeding on
plants in particular (Charlesworth and Charlesworth, 1987) but good evidence of this
phenomenon from natural populations seems hard to find. One recent study on red deer
(Cervus elaphus) has, however, revealed heterosis in interpopulation crosses by using the
mean d”* measurement described in the previous chapter (Coulson et al., 1998). There are also,

as will be discussed later, costs involved with too extreme outbreeding.

2.3 Theories of inbreeding depression, genetic load and lethal equivalents

Two theoretical lines of reasoning, overdominance and partial dominance, have been
proposed to account for inbreeding depression and heterosis (Charlesworth and Charlesworth,
1987). According to overdominance theory, heterozygotes are generally superior to
homozygotes. It has been hard to find any evidence for this model and it is probably not very
important as a general force for causing inbreeding depression (Charlesworth and
Charlesworth, 1987). Some loci, for example with multiple or fluctuating selection pressures,

could however experience overdominance (Mitton, 1993).

The partial dominance theory instead emphasises the expression of recessive deleterious
alleles as the cause of inbreeding depression. The existence of these kinds of recessive alleles
in a population is often referred to as genetic load (Kirkpatrick and Jarne, 2000). One way of
measuring genetic load is by estimating the number of lethal equivalents, this is defined as the
number of deleterious genes whose cumulative effect is the equivalent of one lethal gene

(May, 1979; Charlesworth and Charlesworth, 1987; Keller, 1998).

There are also possible non-genetical costs of inbreeding and these deal with the production
of monomorphic offspring. If young in an inbred clutch are more similar to each other than
young in an outbred one, this could lead to more competition between them, because of
similar use of limited resources. They would also be equally sensitive towards a changing
environment. A clutch with polymorphic young, on the other hand, would experience

decreased competition, and it is more probable that at least some of the young would be better



adapted to novel environmental conditions (Bateson, 1983). The different potential costs of

inbreeding are summarised in table 2.

2.4 Purging

According to theory, inbreeding would reduce fitness due to increased homozygosity and
expression of recessive deleterious alleles. However, after some generations of continuous
inbreeding these deleterious alleles would no longer remain in the population and the
individuals would experience an increase in fitness (Fowler and Whitlock, 1999). This loss of
inbreeding depression due to continuous inbreeding is called purging, and can be seen as a
reduction of the genetic load of the population (Barret and Charlesworth, 1991). This could
mean that individuals in a regularly outbreeding population would suffer more from an
instance of inbreeding than individuals in a regularly inbreeding population (Bengtsson, 1978;
Charlesworth and Charlesworth, 1987; Mitton, 1993). One example of this comes from dwarf
mongoose in Serengeti, who experience very little inbreeding depression even though incest is
very common (Keane et al., 1996). If purging occurs in natural populations this can be taken
as evidence for the partial dominance theory, since this model would predict the presence of

such a mechanism.

2.5 Outbreeding depression

We have seen that inbreeding can cause fitness reduction in generally outbreeding populations
by increasing heterozygosity or by producing monomorphic offspring. There are, however,
also potential costs associated whith outbreeding (Bateson, 1983) (Table 2). The most striking
example of this is the zero fitness experienced by sterile offspring from inter species crosses,
but there are also indications of outbreeding depression from matings among populations
within the same species (Pusey and Wolf, 1996). Two genetic factors are often cited as the
cause of outbreeding depression. The first is loss of epistasis (Waser, 1993; Edmands, 1999),
that is the breaking up of coadapted gene complexes through recombination. These effects are
often expressed first in the F, generation (Lynch, 1991); a phenomenon known in the copepod
Tigriopus californicus (Edmands, 1999) amongst others. The second genetical cost is the loss
of local genetical adaptations. This effect may be most pronounced in sessile organisms

(Waser, 1993; Pusey and Wolf, 1996).

There may also be non-genetical costs involved in outbreeding. These are associated with the

dispersal to a new area in order to find unrelated partners. Examples of these are the physical



risk and cost of the travel itself, risk of encountering new pathogens (perhaps from the
partner) and unfamiliarity of the new area (Bengtsson, 1978). It is also a possibility that skills

acquired in the natal area are not appropriate on the new site (Bateson, 1983).

Table 2. Different potential costs involved in inbreeding and outbreeding (Bateson, 1983).

Costs of inbreeding:
Genetical (increased homozygosity):
* Expression of deleterious recessessive alleles
* Decreased fitness in overdominant loci
Costs of monomorphic offspring:
* Increased competition between siblings
* No security against a changing environment
Costs of outbreeding:
Genetical:
* Breaking up of co-adapted gene complexes
* Loss of local genetical adaptations
Costs of dispersal:
* Dangerous and exhaustive travel
* Exposure to new sets of pathogens
e Life in new and unfamiliar area
* Acquired skills useful in one area may not be appropriate in

another

10




3. Optimal outbreeding

The negative effects of inbreeding together with those of outbreeding (see previous chapter)
led Bateson (1983) to formulate the hypothesis of optimal outbreeding. According to this,
animals should try to strike a balance between inbreeding and outbreeding in such a way that
the costs of both are minimised (Fig. 1) (Bateson, 1978). This kind of cost vs. benefit
approach for studying inbreeding has been adopted by many researchers (e.g. Bengtsson,

1978).

. _ Optimal
High balance

Inbreeding
costs

"

COSTS
Outbreeding
costs
None |
l J
None High
GENETIC DIFFERENCE
BETWEEN MATES

Fig 1. Optimal outbreeding theory. Individuals should balance the different costs of inbreeding and outbreeding
in order to minimize the total cost. The optimum is not necessarily at the point of intersection of the lines, but

rather where the sum of all costs are lowest. (Figure from Bateson, 1983)

Empirical evidence for optimal outbreeding in nature is scarce because of problems with the
interpretation of results. One of the best examples is a study on pikas (Ochotona princeps).
Here, non-random mating between individuals with intermediate relatedness is recorded

(Peacock and Smith, 1997). Several reports (Bateson, 1982; Bolhuis et al., 1988; Krackow
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and Matuschak, 1991) have also claimed to provide evidence for the theory by showing that
individuals have mating preferences for mates with intermediate relatedness in mate choice
experiments (see discussion in the next chapter). According to Bateson (1983), there are two
ways in which animals can optimise outbreeding. The first is through natal dispersal - it is
common that members of one sex disperse from their home range before they reach sexual
maturity (Pusey, 1987). The other mechanism is mate choice through kin recognition, where
individuals that look similar, but not identical to close kin are chosen as mates (Fig. 2). The

mechanisms of these kinds of behaviours will be examined more carefully in the next chapter.

Optimal
discrepancy

Positive
response

Sexual
response

Negative
response

>

Familiar Novel
individual Increasing individual
novelty

Fig 2. Predicted sexual response to individuals with different familiarity, if mate choice follows the optimal

outbreeding theory. The dotted line represents the border between positive and negative response. (Figure from

Bateson, 1978)
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4. Inbreeding avoidance mechanisms

If inbreeding depression is substantial in a population, mechanisms to avoid inbreeding should

be evolutionally favoured (Blouin and Blouin, 1988).

There are different ways for animals to avoid inbreeding. Juveniles can disperse from their
natal area before reproduction, reproduction itself can be suppressed in different ways or
reproductively active individuals can choose not to mate with relatives (Blouin and Blouin,
1988). I will first give a brief summary of the vast amount of literature of natal dispersal and
then take a closer look at different suppression and mate choice mechanisms. It is important to
notice that the different mechanisms are not mutually exclusive; rather, several different

mechanisms will probably be at work simultaneously and interact with each other.

4.1 Natal dispersal

It is fairly common in nature that individuals of one sex disperses from the home range before
reaching sexual maturity. In birds, females are most likely to disperse while in mammals
males are usually the dispersing sex (Pusey, 1987). Sex biased dispersal has a strong potential
of acting as an inbreeding avoidance mechanism (Greenwood et al., 1978; Pusey, 1987).
There is, however, an ongoing debate as to whether inbreeding avoidance is the ultimate
cause for the evolution of this behaviour (Moore and Ali, 1984). Several other factors, such as

competition for territories or mates, could also explain the phenomenon.

There are many studies on natal dispersal in nature, and I will only give some examples of
these. In savannah sparrows (Passerculus sandwichiensis) both males and females moved
away from the natal territory if the opposite sexed parent was still alive the year after hatching
(Weelwright and Mauck, 1998). Inbreeding is reported to decrease in acorn woodpeckers
(Melanerpes formicivourus) by the dispersal of unisexual sibling groups (Koenig and Pitelka,
1979). Juvenile dispersal as an inbreeding avoidance mechanism is also reported from black-
tailed prairie dogs (Cynomus ludovicianus) (Hoogland, 1982), white-footed mice (Peromyscus
leucopus) (Keane, 1990) and olive baboons (Papio anubis) (Packer, 1979). This mechanism
for inbreeding avoidance might be very easy to evolve since it does not require kin
recognition or assessment of genetic similarity. It only involves the programmed movement of

one sex away from the natal territory. It is, however, a costly mechanism because of the
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specific costs involved in the dispersal itself (Blouin and Blouin, 1988). In the following
sections I will investigate different ways of avoiding inbreeding without having to bare these

costs.

4.2 Reproductive suppression and delayed maturity

One way of dealing with inbreeding depression in animals that live in family groups, is
delayed sexual maturation (or other forms of suppression of sexual activity) when the parent
of the opposite sex is still present in the group (Pusey and Wolf, 1996). This phenomenon is
known in prairie dogs (Cynomus ludovicianus), where a young female is significantly less
likely to come into oestrus when her father is still living in her natal coterie territory
(Hoogland, 1982, 1992). The mechanisms behind this are, as yet, unknown but one possibility
is that hormonal activity could be affected by the scent of related individuals (Blouin and
Blouin, 1988). In the communally nesting acorn woodpeckers (Melanerpes formicivourus) a
female does not breed in her natal territory until her father has been replaced. Other females
of the same age, however, reproduce after having migrated out from their natal group (Koenig
and Pitelka, 1979). No true assessment of genetic similarity is needed for this kind of incest
avoidance. Individuals must, however, be able to identify different individuals of their family

and some kind of regulation of reproduction in response to this is necessary.

4.3 Direct mate choice

Relative to dispersal, inbreeding avoidance by mate choice is probably a very “cheap”
mechanism (Blouin and Blouin, 1988). This is because several of the costs of outbreeding
have to do with dispersal itself (Table 2) (Keane, 1990) and these costs can easily be avoided
simply by avoiding dispersal. Mechanisms leading to mate choice avoidance of close kin
should therefore be favoured by selection under many environmental conditions. Such choice,
however, requires some kind of assessment of genetic similarity or relatedness of potential
partners. The various ways in which individuals can assess kinship and similarity will be dealt
with in the next chapter. Here, I will focus on different kinds of mate choice and their

consequences for inbreeding.

In most cases females are the choosier sex, the reason for this being the high reproductive
investment of females relative to males. The female simply has more to loose from choosing a
bad partner and should thus be careful when choosing a mate (Waser, Austad and Keane,

1986). A typical example of this are lek-systems. Here males gather at arenas (leks) where

14



they display and defend small territories. Females come to the arena with the sole purpose of
choosing a partner and mating with him. After mating the female takes care of all parental
duties by her self (Hoglund and Alatalo, 1995). Females are, however, not always the most
choosy sex. In the case of reversed sex roles, found in some species, the opposite is true.
Here, the males have most to gain by avoiding close inbreeding (or extreme outbreeding) and
they are thus the ones to choose mates most carefully (Waser et al., 1986). These species

provide important possibilities to test different hypotheses about mate choice.

It is important to note that mate choice and dispersal are non-exclusive to one another.
Instead, one common driving force of male dispersal is competition for mates. If females
prefer to mate with unrelated males, then males should profit from dispersing out of the natal
territory to find unrelated females. Such female mediated male migration has been found in
for example olive baboons (Papio anubis) (Packer, 1979) and white-footed mice (Peromyscus
leucopus) (Keane, 1990). In this way, female mammals could force males to bear the high
cost of inbreeding avoidance (dispersal) by using a cheap mechanism (choice). In birds,
females are usually the dispersing sex, a fact that has puzzled investigators of inbreeding
avoidance (Pusey, 1987). If the costs of dispersal are smaller in birds than in mammals, this
could possibly lead females to disperse themselves instead of forcing the males to disperse by

means of mate choice.

When studying mate choice and sexual selection it is often assumed that all females have
similar preferences, for example that all females prefer long tails or bright plumage. Recently,
researchers have instead started to focus on the importance of individual variation in
preferences (Widemo and Saether, 1999). This view is especially important in the case of
mate choice for optimal outbreeding and inbreeding avoidance. Here the goal is not to find the

most popular of all mates, but rather a partner that is genetically compatible to oneself.

A final important point to make is that the outcome of mate choice is not only dependent of
the preferences themselves, but also by how well these preferences can be matched to a
potential set of males. If there is only one mate to choose from it is not much use being
choosy. In some cases mate choice can be viewed as a “best of a bad job”, where the goal is to
find the least bad mate of a set of potential partners. When it comes to pair bonding, other

aspects than well matched genes are probably important for mate choice as well.
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4.4 Extra pair copulations as an inbreeding avoidance mechanism

In pair bonding species, factors such as territory quality and parental care must be considered
along with genetical similarity, when choosing a mate. One possibility for females of pair
bonding species is to seek extra pair copulations (epc’s) with males having optimal genetical
similarities (Pusey and Wolf, 1996). This gives a female the possibility to avoid dispersing
but still mate with an unrelated male. One classical example of this kind of behaviour comes
from the splendid fairy wrens (Malurus splendens). In this species high relatedness within
pairs was taken as evidence for close inbreeding (Rowley et al., 1985) until a closer
examination by allozyme electrophoresis showed that at least 65% of all young were the
result of epc’s (Brooker ef al., 1990). This mating system resulted in less inbreeding and still
secured group living without dispersal costs. A similar strategy seems to be adopted by West

African chimpanzees (Pan troglodytes) (Gagneux et al, 1999).

The existence of extra pair paternity has been shown in numerous studies and in some cases,
for example in red-winged blackbirds (Agelaius phoeniceaus) (Gray, 1997), females do
increase their reproductive success by means of this behaviour. In blue tits (Parus caeruleus)
the genetic similarity between the female and the extra-pair male was not lower than between
the female and her social partner (Kempenaers et al., 1996), so in this case epc is not a
method for decreasing inbreeding. One condition which needs to be fulfilled in order to
engage in extra-pair copulation is that the female can cheat her social male. If the male knows
that he is not the father of any of the young he has nothing to gain from helping with the

parental care of the brood.

4.5 Divorce to avoid inbreeding

If the female and her social partner are not genetically compatible with each other and she can
not cheat him with extra pair copulations, one way of dealing with the situation would be to
get a new partner. Both the female and the male should benefit from a divorce if breeding is
unsuccessful. A study of great- and blue tits (Parus major and P caeruleus) show that divorce
is beneficial if part of the clutch fails to hatch (Kempenaers et al., 1998). The same study,
however, fails to find any evidence that the decision of whether to divorce or not was affected

by the number of unhatched eggs in the nest.
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4.6 Criticism against studies of inbreeding avoidance

When testing inbreeding avoidance on natural populations it is of great importance to have a
good null model. It is often not enough to contrast the observed data of mate choice against a
model of random mating. Instead, more complex models, taking the distribution of individuals
and population structure into account, must be used. Also field experiments may often be
necessary in order to draw conclusions about inbreeding avoidance (Pért, 1996). In addition
mate choice experiments have often been accused of not taking important environmental
factors into account, and thus may not reveal true mate choice. Instead, the observed pattern

may only be artefacts of the experimental set-up (Penn and Potts, 1999).

In addition to this theoretical criticism, there is empirical evidence that inbreeding is often
tolerated in nature. There is, for example, no inbreeding avoidance in spite of high inbreeding
depression in song sparrows (Melospiza melodia) (Keller and Arcese, 1998) and zebra finch
(Poephila guttata) (Schubert et al., 1989)). In dwarf mongoose (Helogale parvula) there is no
inbreeding avoidance neither from dispersal nor from mate choice (Keane, 1990). Part (1996)
concluded that the costs for collared flycatchers (Ficedula albicollis) of avoiding inbreeding
are greater than those of tolerating it. He also concluded that dispersal to new areas has
evolved for other reasons than avoiding inbreeding. Similar conclusions have been drawn by

other authors as well (Moore and Ali, 1984; Waser et al., 1986).
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5. Kin recognition mechanisms

In order to actively avoid inbreeding by mate choice, animals must have some kind of
mechanism for assessing kinship to possible partners. This kind of assessment may be
beneficial not only for avoiding inbreeding, but may also be used for knowing when to engage
in altruistic behaviour, such as helping. It has also been argued that kin recognition can evolve

as a “by-product” of species recognition (Grafen, 1990).

In order to assess kinship, the animal usually uses some phenotypical cue and matches this
against some kind of reference. The process of learning this reference is usually known as
imprinting, and when it comes to learning the properties that will be used in mate choice we
generally speak of sexual imprinting (Ten Cate, 1985). The reference may be the animal itself
(self-inspection) or a parent or sibling (familial imprinting) (Pusey and Wolf, 1996).
Alternatively, the animal can learn to recognize the different individuals with whom they
grow up and avoid mating with these. In this case, we can no longer speak of true kin
recognition since the recognition is independent of the true kinship between the individuals.
Instead it is the familiarity of individuals that determines the behaviour (Brown and Eklund,
1994). In many natural situations this mechanism may be sufficient for avoiding inbreeding,
for example, by triggering natal dispersal or reproductive suppression. In naked mole-rats
(Heterocephalus glaber), for example, familiarity is used by females to reduce inbreeding

(Clarke and Faulkes, 1999).

5.1 Phenotypical cues

As seen above, phenotypical cues may be used both for true kin recognition (phenotype
matching) or for specific recognition of different individuals (familiarity). These cues can be,
for example, plumage characters, sounds, odours, pheromones or electrical signals. What kind
of signals and cues are used depends highly on what kind of organism it is. Signals that are to
be used for true kin recognition must have a high heritability and this limits the number of
potential signals. For example, male indigo buntings (Passerina cyanea) have dissimilar
songs to their fathers and thus in this species, song can not be used as a kinship marker (Payne
et al., 1987). In contrast, call characteristics of American toads (Bufo americanus) are
correlated to genetic similarity and these calls are also used by females to avoid incest
(Waldman et al., 1992). Preferences for odours from different related and unrelated

individuals have been investigated thoroughly in domestic mice (Mus musculus domesticus)
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and it seems probable that they use odours to avoid incestuous mating (see for example Egid
and Brown, 1989; Krackow and Matuschak, 1991). The genetical background for the signals
and recognition mechanisms are often unknown (Waldman et al., 1988). One candidate seems
to be the major histocompatibility complex (MHC) genes and these will be discussed in more

detail in the next section.

5.2 Major histocompatibility complex

The MHC is a group of genes essential for vertebrate immunity. The function of the MHC is
to present antigens to the immune defence system, a presentation that triggers the immune
response (Penn and Potts, 1999). There are two main classes of MHC molecules. MHC Class
I is involved in the protection against viruses and intra cellular parasites. They present pieces
of the pathogen on the surface of the cell, the immune system than destroys the infected cells.
Class II MHC instead triggers the antibody response against extra cellular pathogens (Grahn,
2000). Some of the genes in the MHC shows tremendous amounts of polymorphism both
within and between populations. High non-synonymous substitution rates of active sites on
the MHC genes have been viewed as evidence for balancing selection causing this

polymorphism (Hughes and Nei, 1989).

In some species, MHC genes seems to be of importance for mate choice. In mice, for
example, (Potts et al., 1991) both males and females prefer mates with a different set of MHC
genes than their own. Olfactory cues seems to be important for these preferences, and inbred
lab strains of mice are able to discriminate between urine from strains that differ only at MHC
loci. Most of the data on mate choice from mice comes from experimental studies in
laboratory conditions (Egid and Brown, 1989). There are, however, also reports on MHC
dependent mating preferences from semi-natural conditions (Potts et al., 1991). There are also
studies on humans indicating similar kinds of preferences (see Penn and Potts, 1999 for a

review of these).

In ring-necked pheasants (Phasianus colchicus) MHC genotype correlates with male spur
length (von Schantz et al., 1996). Male spur length in turn is a secondary sexual character,
positively correlated to age, body size and viability. Females also prefer to mate with long
spurred males. Female choice is thus under strong influence of MHC genotype in this species

(von Schantz et al., 1997).
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One possibility is that individuals use the MHC as a basis for kin recognition, and that MHC
dependent mate choice is used to avoid inbreeding in general (Grob et al., 1998; Penn and
Potts, 1999). It is, however, also possible that this choice aims at the MHC itself. Evolution
could favour MHC dependent mating preferences if these give the offspring a better immune
defence system. Mating with individuals with a different set of MHC genes than ones own
would produce MHC heterozygous offspring. These would be able to cope with a larger set of
antigens than homozygous offspring (overdominance hypothesis) (Hughes and Nei, 1992). It
would also be preferable to choose mates with specific MHC alleles that are adapted to deal
with the pathogens that are present in the specific environment at the time (negative frequency
dependent selection) (Brown and Eklund, 1994). Studies have revealed an association
between certain MHC alleles and susceptibility to infectious and autoimmune deceases (Briles

et al., 1977; Klein, 1986; Hill, 1991).

Conclusions

The effects of inbreeding in natural populations remain puzzling. Inbreeding depression has
been demonstrated convincingly in some cases, but in other organisms inbreeding seems to
have little or no effect on fitness. Purging is the most commonly used explanation for this, but
proof of this mechanism seem hard to find. It seems clear that inbreeding avoidance behaviour
is important some times, but in other cases potential costs of such behaviours may exceed the
benefits. Finding a balance between outbreeding and inbreeding may be a good strategy but if
available partners are scarce this may be hard to do, and individuals must choose a less
optimal mate. Nevertheless, I believe that mate choice for optimal outbreeding may be a very
important factor for females (and males) when searching for a partner. As techniques for
revealing such mate choice improves it will be easier to study in the future. Understanding
mate choice is one of the greatest tasks in behavioural ecology and I am convinced that
several important answers in this field will be revealed by investigating inbreeding avoidance

mechanisms.
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