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This doctoral thesis deals with context-
dependent variation among females in choice of
mating partners. Understanding the
evolutionary view of animal reproduction may
help to solve problems in conservation of
endangered species and in management of
populations that are utilised for ever-increasing
human consumption. In addition, context-
dependent mating decisions relate to the
question of how the high level of individual
variation in sexual traits, revealed by empirical
studies, is explained. This is a widely discussed
and partly controversial topic in the field of
evolutionary ecology. Most importantly,
however, I find the subject intrinsically
fascinating. Many other branches of science
might be intriguing as well (had I what it takes
to study them), but for me, the opportunity to
learn something of the life itself has been the
ultimate attraction. As a representative of  the
wonders of life on Earth, I have used the sand
goby, Pomatoschistus minutus, a small,
relatively sluggish fish that many people
consider insignificant, if not outright ugly.
However, the fish has many fine qualities,
reviewed on pages 13 – 14.

The thesis consists of two parts. The first
one serves as an introduction to and summary of
the second part, which includes five studies
that relate to the subject of the thesis. The five
manuscripts, referred to in the first part by their
Roman numerals, can also be read
independently as separate entities. Chapters 1
and 2 of the first part provide an introduction to
the study field. In these chapters, I repeatedly
refer to review articles that I have found helpful
for understanding the topics in question. Hence,
if necessary, the reader may turn to these
reviews for additional study examples and more
elaborate treatment of each theme. In chapter 3,

INTRODUCTION AND SUMMARY

Topi Lehtonen
ERB lab, Department of Biological and Environmental Sciences, PO Box 65,
FI - 00014 University of Helsinki,Finland

I introduce the model species and the study
methods. Finally, I sum up my main findings in
chapter 4.

 1.  A short introduction to sexual
selection

Females typically invest a lot of energy in each
gamete and therefore their potential
reproductive rate is often limited by the
availability of resources that can be invested
into gamete production. In contrast, the number
of sperm that can be produced rarely limits male
reproductive success. Consequently, females
are usually more selective in their choice of
mating partners than males, who are likely to
benefit more by investing in obtaining additional
partners rather than in the quality of the
offspring [71]. Individuals possessing
properties that help them to obtain many mates
or mates of high quality are likely to have a high
reproductive success, increasing the proportion
of their genes passed to the next generations.
The increased prevalence of these properties in
the population with time is possible even if their
effects on survival are neutral or (slightly)
negative [3]. The process is called sexual
selection and its most obvious agents are
competition for mating opportunities and
selective mating. This thesis focuses on
selective mating by females, but the same
principles apply when males are the more
selective sex. Indeed, males and females may
exhibit different degrees of selectivity and
mating competition and in some species sex
roles are reversed altogether [3].

Individuals that are selective concerning
mating partners are likely to lose mating
opportunities and energy in search for more
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attractive suitors. For this behaviour to be
adaptive, these individuals are expected to
benefit one way or another. On the one hand,
the benefits may come in a form of direct
enhancement of survival or fecundity; selection
favours mating preferences towards mates that
are more fertile, provide superior resources,
offer more parental care or otherwise help to
reduce reproductive costs. On the other hand,
selective mating may be adaptive as a
consequence of indirect benefits: the offspring
may inherit genes that promote their survival or
reproduction [3]. Specifically, mate choice may
lead to production of offspring with genotypes
that increase viability, or that make them (male
offspring) more attractive to the members of the
opposite sex (females). In the former model
(‘good genes’), the viability of a male is
attractive to females and the offspring inherit
these ‘genes for viability’. In the latter case
(‘Fisherian runaway’), an important component
of male fitness is attractiveness itself, which is
inherited by male offspring while females inherit
the preference for the attractive male traits; a
genetic correlation between the preference and
the target traits will develop. Finally, it is
possible that the origin of selective mating is
not in direct or indirect benefits, but in a
behaviour evolved in other context, such as
predation avoidance or foraging [13]. For
example, there has apparently been selection on
the sensory system of female guppies, Poecilia
reticulata, to bias foraging towards orange-
coloured items, such as fruits. Hence, female
preference for males with large orange spots
may originally have been a side effect of this
sensory bias [60]. The above mechanisms may
work either alone or, perhaps more likely, in
combination in evolution of mate choice and
sexual signals. The females selecting orange-
coloured males or partners signalling good
parental abilities benefit indirectly if the male
offspring inherit these properties and are
therefore popular among females [33].

Mate choice can be defined as the pattern
of mating, which arises as a consequence of
behaviour modes that restrict the set of potential
mates [28]. According to this point of view, mate
choice is not only affected by which types of
partners are preferred (mate preferences), but
also by the tactic used for mate sampling and
sensory properties that affect it. Mate
preferences, in turn, can be thought to involve
the rule for ranking available mates and the effort

that is invested in finding and assessing mates,
i.e. choosiness [28]. Hence, although there is
clearly a close relationship between mate
preferences and mate choice, many
environmental and innate factors may cause
differences between them.

 2.  Context-dependent variation in
mate choice

Theories of the evolution of mate choice,
reviewed above, have treated mate preferences
as non-variable and static traits; females benefit
by mating with the highest-quality mate
available and consequently all females are
selected to prefer this male type. Until recently,
this trend was also reflected in empirical
studies, which have been paying less attention
to individual variation among females than in
male traits [28]. Nevertheless, there are no clear
a priori reasons to expect the traits underlying
female choice to be less plastic or variable than
signal traits of males [5, 57]. Indeed, significant
variation among females in their mate choice has
been demonstrated both between and within
populations, most examples coming from
insects, amphibians, fish and birds [28]. These
differences among females may have a genetic
basis; there is abundant evidence for genetic
variation in mating preferences in a wide range
of species [6, 54].

Some differences among females in mate
choice may be due to different mate sampling
tactics adopted. For example, a female may
compare a sample of mates and then choose
the best one (‘best-of-n’), whereas another
female may use a threshold criterion for
accepting and rejecting potential partners
(‘fixed threshold tactic’). In addition, if females
assess multiple mate traits, a different sampling
tactic may be used for different cues [11]. In
practise, however, it is very difficult to
distinguish which tactics females are using.
Hardly any data exist on within-species
variation in sampling tactics, apart from the
fact that choosiness (willingness to invest in
mate choice, an integral part of a mate
preference) is expected to affect the number of
mates sampled. In general, there is likely to be
a relationship between choosiness and the
choice of a sampling tactic, since some
sampling tactics are expected to be more time-
consuming and to require more energy.

Introduction and summary
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In addition to their willingness to invest
time or energy in mate discrimination, females
may vary in their general ability to discriminate.
Indeed, errors in assessment may affect mating
decisions. Hence, females with identical
preferences might differ in mate choice
depending on their ability to assess critical
stimuli [28]. Factors that may affect mate
assessment, and therefore potentially induce
spatial or temporal variation in mate choice,
include the physical and social context at the
time of choice. For example, direct or indirect
competition between females for access to
mates may impose time constrains on partner
sampling [28]. Moreover, male-male competition
obviously affects female choice if it physically
prevents females from mating with preferred
males. Mating competition between males may
also have more subtle effects on female mate
choice; interactions between these two agents
of sexual selection were recently reviewed by
Wong & Candolin [78]. Individual differences in
sensitivity to these social constraints may also
induce differences among females in mate
choice [28].

A female that is willing to invest time and
resources for sampling many males before
mating (i.e. is choosy) will show a greater bias in
her mate choice than a female that ranks mate
candidates identically, but samples fewer males.
Selection favours females to find an optimal
balance between the benefits obtained by
finding a high quality mate and the costs
associated with increased choosiness.
Therefore, choosiness is expected to be
affected by the mate sampling costs [58]. When
Milinski & Bakker [46] tested the relationship
between choosiness and environmental energy
costs of sampling, they found that female three-
spined sticklebacks, Gasterosteus aculeatus,
more readily accept a dull-coloured mate when
they have to swim against a strong current. The
result indicates that variation in the sampling
costs may lead to spatial or temporal variation
in the strength of the association between male
phenotype and mating success. Sampling costs,
and consequently the number of males females
can afford to assess, may also be affected by
predation pressure [43] or availability of
receptive males [28]. The latter is often assessed
by estimating the operational sex ratio (OSR),
which is the ratio of receptive males to receptive
females over a given time period. Empirical
studies on a range of different taxa support the

expectation that the OSR influences female
choosiness [28].

Finally, females may vary in how they rank
available mate candidates. Female guppies in
populations with fish predators that prey on
adult individuals show a reduced preference for
conspicuous males with more orange
colouration [66]. Hence, variation in mating
preference among populations of guppies
seems to arise partly due to differing risks of
predation [10]. Female sand gobies gave up
their preference for colourful males when a
predatory fish was visually presented to them
[16]. Here, the change occurred within the
population as a result of a change in conditions
at the time of the choice. The goby females
were able to assess two males simultaneously,
both in the treatment with and without a
predator. Thus, the change in mate preference
was not due to a change in choosiness in the
sense of the number of males sampled. Berglund
[7] presented a corresponding result for a sex-
role reversed pipefish, Sygnathus typhle.

Some of the different mechanisms
resulting in variation in mate preferences within
a population are introduced in the next sections,
2.1.-2.4. The list does not aim to be all-inclusive.

2.1.  Genotype x environment interactions in
mate preferences

Genotype x environment interaction refers to
the extent to which expression of genes is
influenced by the environment. As one of the
most important components of the environment
as experienced by individuals is the one
provided by conspecifics [77], social as well as
physical environment is relevant in the context
of genotype x environment interactions.
Because of these interactions, genes that have
a positive effect on an individual’s fitness in
one environment (or social context) might have
a weaker or even negative impact under other
conditions [57, 24]. It follows then that genetic
benefits of choosing certain mates may depend
on the environmental or social context and
selection pressures on female preferences may
fluctuate across environments [57]. Hence,
studies showing that potential benefits of mate
choice might be highly dependent on
environmental conditions have challenged the
view that adaptive mate preferences are static
traits. Possible evolutionary responses include
enhanced genetic variation or plastic expression

Introduction and summary
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of preferences in different environments [28,
57]. The two outcomes are not mutually
exclusive and both imply that the most extreme
expression of the trait is not always favoured.

Genotype x environment interactions are
not the only reason why females may not
always ensure the highest benefits by choosing
a certain male type (e.g. the most ornamented)
as a mate. Another example, self-matching mate
preferences, will be discussed below.

2.2.  Mate preferences to ensure genetic
compatibility

The theory of mate choice for genetic benefits
(chapter 1) assumes that the heritable ‘good
genes’ of a male (or genes for attractive
offspring) are equally beneficial for all females.
However, it is also possible that offspring
viability is significantly affected by the amount
of heterozygousity with respect to certain
genes, or by compatibility of certain genetic
elements inherited from the parents [53, 70]. In
these cases, females may benefit by preferring
mates with a genetic make-up that matches their
own genotype. In other words, according to the
theory of mate preference for genetic
compatibility, offspring viability will depend on
the interaction between male and female
genotypes, and therefore one male may not be a
good partner for all females [53, 45]. The sources
of incompatibilities between the parents include
selfish genetic elements and cellular
endosymbionts, which cause decreased
viability especially in the early stages of
ontogeny [70]. In addition to the avoidance of
deleterious effects of genetic incompatibilities,
genotype matching may have other benefits,
especially when the genes of the major
histocompatibility complex, MHC, are involved.

The MHC is a large chromosomal region
containing several highly polymorphic genes
that play a central role in controlling
immunological self/non-self recognition. [53].
MHC genes have been found to vary
considerably in all major vertebrate groups
(mammals, birds, reptiles, amphibians and fish),
and the degree of heterozygosity at the MHC
loci is typically higher than would be expected
by chance [70]. Penn and Potts [53] reviewed
three adaptive hypotheses for MHC-dependent
mating preferences: First, offspring that have an
optimal heterozygousity with respect to MHC
may be resistant to a wide variety of different

pathogen strains. Second, MHC-dependent
mating preferences may produce offspring that
provide a ‘moving target’ against rapidly
evolving parasites that try to escape immune
recognition (the Red Queen hypothesis). This
mechanism results in advantage for rare alleles.
Third, mate preferences based on MHC genes
may help females to avoid costs of inbreeding to
their offspring. Indeed, MHC genes have been
found to play a role in kin recognition. [53]. The
three hypotheses are not mutually exclusive as
MHC-dependent mating preferences may
perform all of these functions.

The possibility of genotype-dependent
mate preferences, with females preferring males
that complement their own genotype, has
received much interest in the recent years.
What is the current evidence for self-referring
mate preferences? The clearest cases are in the
almost universal preference for conspecific
partners. However, mate choice on the basis of
genetic compatibility may be much more
widespread than that; there is increasing
empirical support from both field and laboratory
studies for female preferences favouring
genetically dissimilar or compatible males [76,
45]. These examples include the three-spined
stickleback [1, 46], a species with a mating
system similar to that of the sand goby. How is
it possible that females ‘know’ their own
genotype and the one of their mating partner?
For one thing, mate selection can take place
directly on molecular level after mating. This
post-copulatory selection for genetic
compatibility is largely dependent on females
mating with multiple males. Indeed, selection for
genetic compatibility offers an adaptive
explanation for the commonness of polyandry
[29]. The empirical evidence, however, also
includes many cases of pre-copulatory choice
for mate compatibility. These studies indicate
that chemical signals provide a better means of
assessing genotypes before mating than do
visual signals [45]. Humans, fish and mice are
known to use odour cues to make self-
referential decisions of mate attractiveness [45].
House mice, for example, seem to use olfaction
to learn the MHC identity of their family (familial
imprinting) and then later avoid mating with
individuals carrying familial MHC genes [53]. In
humans, both men and women prefer the odour
of MHC-dissimilar individuals [70]. In general,
however, selection for genotype matching is
likely to be limited to specific genetic systems,
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such as MHC, because of the need for reliable
cues for recognizing one’s own genotype as
well as the genotypes of potential mates. In
addition, if a high number of genes were
involved, complex genetic interactions would
result in unpredictable offspring performance
[56].

Mate preferences for ‘good genes’
(chapter 1) and ‘genetic compatibility’ are not
mutually exclusive processes; theoretical and
empirical evidence suggests that both can
operate within the same species [56, 49]. For
example, female house mice prefer MHC-
dissimilar over MHC-similar males and also
males with a high scent marking rate, an
indicator of ‘good genes’ [59].

2.3.  Female body condition and variation in
mate preferences

Female body condition may affect her sampling
strategy or ability to assess males [28]. At one
extreme, females that are not in a sufficient
condition to reproduce are not expected to be
receptive to males at all. Among receptive
females, physical condition may affect
choosiness: Female upland bullies,
Gobiomorphus brevis, and guppies, Poecilia
reticulata, carrying parasites had a lower
activity level and spend less energy in
discriminating between males than healthier
females [55, 42]. In some species, body
condition affects the distance females are ready
to travel to choose a mate [28]. But does
physical condition induce variation in mate
preferences in the sense of how the mate
candidates are ranked?

Theoretical models have attempted to
explain the high genetic variance observed in
sexually selected male traits (see section 2.5.),
among others, by the condition-dependence of
these traits [61]. The model predicts that if there
is a high genetic variance of physical condition,
and if expression of sexual traits depends on
condition, some of the genetic variance in
condition will inevitably be reflected on the
sexual traits [61]. The general importance of the
mechanism for natural populations is still under
debate because of insufficient empirical data
[69]. Bakker [4] suggest that the same line of
reasoning may also apply to female mate
preferences. If it is costly to be choosy,
expression of female preferences is expected to
depend on body condition. Furthermore, given

a high genetic variance in condition, some of
this variance will be reflected on the expression
of female preferences. Hence, the model
predicts condition-induced genetic variance
among females in mate preferences. Fawcett &
Johnstone [14] presented another model for
condition-dependent mate preferences. The
model predicts that in the face of costly
competition, adaptive female preferences
depend on the females’ physical state, i.e. body
condition.

There is a general lack of empirical studies
testing whether physical condition does affect
the way females rank mate candidates. However,
Bakker et al. [5] found that females in good
condition preferred a red, animated male over an
orange one, while the preference was reversed
for females in worse condition. In the stalk-eyed
fly, Diasemopsis meigenii, female preferences
were associated with female eye-span, a
condition-dependent trait that might be linked to
visual acuteness [12]. In general, there is some
evidence that ‘familiar’ heritable traits, such as
body size, parasite resistance and growth rate,
may be related to body condition and induce
variation in preferences [28]. Further discussion
of condition-dependent variation in mate choice
can be found in e.g. Jennions & Petrie [28] and
Bakker [4].

2.4.  Interactions between multiple mate
choice cues

Mate preferences are often based on several
choice cues simultaneously or sequentially
[11]. When multiple cues are used
simultaneously, female preference for a male
trait may vary in relation to the expression of
other target traits, leading to either positive or
negative relationship between these traits, and
therefore generating variation among males for
any one trait [27]. Consequently, males can be
equally attractive in different ways [28], and
preferences for any single cue may be
obscured [11]. As different male ornaments
have been found to reflect different aspects of
mate quality, additional variation in mate
preferences is induced if females differ in the
attention or weight they give to different mate
qualities [11]. Furthermore, females may
emphasise different cues in different contexts
or vary in the number of cues they evaluate.
These possibilities have, however, raised
surprisingly little interest [11].
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Finally, female preferences may vary for
entirely phenotypic reasons. For example,
smaller females may be unable to withstand the
cost of mating with a large male, or mechanical
constraints may lead pairing to be (size)
assortative [28]. Hence, even if phenotypic
variation in female body size generates variation
in preferences for absolute male size, the innate
predisposition might still be identical for all
females [76]. Female preferences may also vary
in a density-dependent manner. The rule of
thumb for all females may then be “if available,
choose an unfamiliar male type” [23].

So far, this second chapter has provided
possible mechanisms and empirical examples of
individual or context-dependent variation
among females in mate choice. The section 2.5.
deals with consequences of this variation.

2.5.  Evolutionary consequences of variation
in mate choice

For years, one of the most widely debated
topics in evolutionary ecology has concerned
the persistence of heritable variation in sexually
selected traits. According to the traditional
models of the evolution of female choice,
reviewed in chapter 1, all females are expected to
choose males possessing high quality
resources, good genes or the tendency to sire
attractive sons. This directional female choice is
expected to exert a strong selection on male
sexual traits reducing genetic variation in them
by driving beneficial alleles to fixation.
Consequently, the benefits of choice accruing to
females should gradually disappear. The
expected low potential for female choice to
result in genetic benefits is called the ‘lek
paradox’. (In most species that mate in leks,
males do not seem to offer females anything but
their genes.) However, the expected outcome
does not accord with empirical data, which
suggest that heritable genetic variation in both
female choice and male sexual traits is
widespread [3, 54].

One or several of the mechanisms
introduced in this second chapter may help to
explain the high levels of genetic variation
observed in sexually selected traits. When the
benefits of female choice depend on the
environment or the female’s own properties, the
highest mating success is not restricted to the
same male type everywhere, all the time.
Variability in preferences will therefore decrease

the intensity of female-driven directional
selection on male ornaments, as well as
subsequent indirect selection on the preferences
themselves, slowing down or even preventing
the loss of genetic variation in sexual traits [28].
For example, if male sexual signals are expressed
as a product of genotype x environment
interactions (section 2.1.), male attractiveness is
not absolute, but depends on the genotypic
quality in a particular environmental context.
Consequently, the direction and strength of
sexual selection may vary between
environments and fluctuate over time [57].
Similarly, given that the attractiveness of males
is affected by the match of genotypes, and
female genotypes differ, mate choice is unlikely
to result in directional selection (section 2.2.).
The differences among females, resulting in non-
directional mate choice, may also be caused by
differences in physical condition (section 2.3.),
which some authors suggest to be genetically
variable as a result of the high number of genes
affecting it [61, 4].

Despite it being, strictly speaking, beyond
the scope of this thesis, it is appropriate to here
touch upon models that aim at explaining the
abundant genetic variation in sexual traits
without assuming any variation in females, i.e.
expecting that mate choice is more or less
directional. For example, the persistent variation
might be explained assuming the condition-
dependence of sexually selected male traits and
high genetic variance in condition [54, 61].
Moreover, male-male competition and female
mate choice may induce opposing selection
forces that, especially together with
environmental fluctuations, may maintain
genetic variability [48, 78].

Mate choice for genetic compatibility may
induce population diversification, at least when
incompatibilities occur between gene complexes
of subpopulations, evolved during a period of
allopatry (arguably possible also in sympatry
[73]). Reduced fitness of the offspring resulting
from ‘incompatible’ matings creates a selection
pressure to prefer members of one’s own
subpopulation, i.e. compatible mates. This
process, herein called ‘reinforcement’, is
opposed by recombination, which is likely to
break the genetic correlation between mate
choice for compatibility and genes behind
incompatibility effects in the offspring.
Nevertheless, there is convincing evidence that
reinforcement has occurred in sticklebacks [62].
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In addition, theoretical considerations suggest
that adaptive variation in mate preferences may
even make speciation in sympatry possible [72,
52]. In some species groups of cichlid fish,
frequent sympatric occurrence of different
colour morphs of the same biological species is
indeed suggestive of the role of mate choice in
sympatric speciation [51]. When mate choice
between some sympatric Lake Victoria cichlids
is prevented, the fish interbreed [64, 63],
producing viable offspring [65]. Variation in
female preferences is the perquisite ‘raw
material’ for the diversified mate preferences to
evolve. Hence, knowledge of the processes
generating variation in mate preferences is not
only interesting in its own right, but also
needed for a deeper understanding of how
diversity arises and persists in nature.

 3.  The ‘why and how’ of mate
choice studies in the sand goby

In the five studies of this thesis, we have used
the sand goby (Figure 1), as a model organism
for exploring individual and context-dependent
variation in mate choice. The species has been
an increasingly important model in studies of
sexual selection and mate choice. According to
a review by Amundsen [2], of the more than
20 000 species of fish, the sand goby has been
the fifth most used in behavioural studies of
sexual selection. What makes the species so
popular?

3.1.  Why?

Sand gobies have an intriguing mating system.
Males of the species are more colourful than
females, and some populations are also size-
dimorphic [19]. A male establishes a nest under
a suitable substrate, such as a shell of Mya
arenaria or a flat rock [37], and cares for the
eggs the females have deposited in the nest.
Large males are more dominant [44] and have
been found to have an advantage over smaller
rivals in competition for reproductive
opportunities [38, 41]. Successful females are
able to lay more than one successive clutch of
eggs during a breeding season [36], and nest-
holding males often care for eggs of more than
one female at a time [30]. The number of eggs
that can fit in the male’s nest may be physically
limited by the nest size [39]. Mating decisions

 

Figure 1. Male sand goby, Pomatoschistus
minutus

during the first, prolonged breeding season
define the whole lifetime reproductive success
of sand gobies, because it is most likely the only
one they have [21, 15]. Because of the
complexity of the sand goby reproductive
behaviour, the species can be used to study a
variety of questions related to sexual selection
and parental care.
The sand goby occurs in high numbers in many
parts of its wide distribution area, e.g. on the
Finnish and Swedish coasts of the Baltic Sea [25,
67], in the Southern Baltic [79], in the North
Atlantic [22], in the North Sea [15] and in the
Mediterranean Sea [9]. Because of the high
densities of the species in the littoral zone,
researchers from many geographical areas have
a possibility to capture an adequate sample of
individuals with a reasonable effort and a
minimal strain to the local population. In
addition, the small size, easy captive breeding,
visually assessable receptive state and the
natural behavioural repertoire exhibited in
captivity make the sand goby an ideal species
for laboratory studies. The commonness
together with sedentary breeding habits in the
littoral zone also enables many kinds of study
questions to be addressed in the field. In
different geographical areas, the sand goby has
adopted different environments [19, 9], and
locally it is able to utilise several habitats [79,
37]. Hence, the species has proven suitable for
studies of environmental effects on behaviour.

The sand goby does have one
shortcoming as a model species in behavioural
studies with an evolutionary approach. The
juveniles start independent life in the pelagic
immediately after hatching and hence are very
small. This makes the rearing of juveniles very
difficult; early mortality will inevitably be very
high and unnaturally biased in captivity. Hence,



14

studies dealing with fitness consequences of
mate choice are limited to the period until the
eggs hatch. Furthermore, the species is not used
for human consumption, not traded as a pet and
does not cause problems for commercial fishing
or any other human activity. Consequently, the
species is not considered economically
significant and it lacks interest in the eyes of the
public. This does not mean, however, that the
fish is insignificant outside the context of
scientific research. Many parasites have
adapted to use the sand goby as an
intermediate host [80], which reflects the fact
that the species is an important node in the food
web of the littoral zone [15].

Female sand gobies have been suggested
to prefer colourful males [16], males with a large
ornament spot on the dorsal fin [31], males with
good parenting skills [17], intensively courting
males [18] and males with more sand on top of
their nests [68]. If males with these properties
always have the highest mating success, how
can the high variability among individuals in
these traits, discovered by the same studies, be
explained? Could it be that the preferences
suggested by the above studies do not apply
to every situation or to every female? This
seems to be the case at least in the case of female
preference for male size. Population level
studies have suggested female preference for
large males [16, 35], indifferent preference in
relation to male body size [44, 40] and a
marginally non-significant tendency to prefer
small males (III, IV). However, none of the earlier
studies have addressed questions concerning
variation among females in mate choice within a
sand goby population.

3.2.  How?

To study variation in mate preferences and mate
choice, a method for measuring them is needed.
One approach is to put males and females in the
same tank and observe who mates with whom.
This works fine for some study questions, but
the downside is that the method does not
separate the effects of the different agents of
sexual selection and the different components
of mate choice. For example, the role of male-male
competition in determining the observed mating
distribution remains unknown (see III). When
only female preferences are assessed, some
other methodological tool is needed. The
association preference test (I) is a method that

is based on the idea that a sexually receptive
female’s tendency to position itself in relation to
mate candidates, or other stimuli relevant in the
mate choice context, corresponds with her
mating intentions. When live mate candidates
are used, the target males (typically two of them)
are separated from each other, but the focal
female is left with an access to each male’s
vicinity. The time or the number of visits in the
proximity of each male is measured, and this
information is then used to reveal the mate
preference of the female.

This widely used method has been
criticised for neglecting potential individual
differences in preferences [74]. Indeed, the
extent of individual differences in mate
preferences is not routinely assessed in mate
choice studies. Furthermore, when each female
is tested only once and with only two target
males, more precise information of the manner
the females rank the males in relation to the
target of interest (i.e. ‘preference function’)
remains unknown [74]. It has also been
suggested that association patterns may arise
under a variety of conditions other than mating
preference, such as shoaling behaviour or
predation avoidance [20]. Finally, according to
Östlund-Nilsson & Nilsson [50], association
preferences may be unnaturally biased when
males are confined behind transparent walls or
nets that prevent physical contact.

After using the association preference
method in one form or another in all of the five
studies of the thesis, I feel obligated to
challenge at least some of the above criticism.
Unlike in sailfin mollies, Poecilia latipinna [20],
association preferences in the sand goby seem
to be sexually motivated (I). Second, it is
possible to assess differences among females
using association tests, for example by
measuring the repeatability of the preference.
This was done in study I. Establishment of
‘preference functions’, recommended by
Wagner [74], imposes difficulties that may
outweigh the additional information value
gained. When measuring preferences of a
sluggish fish like the sand goby, multiple testing
of the same female necessarily spreads over a
long time period, because of the time needed for
conducting each test. This increases the
possibility that the receptive state of the female
changes between the tests, which may affect
preferences (section 2.3.). In the sand goby,
several tests on the same female sometimes

Introduction and summary
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induce the female to release her eggs
independent of whether she has an opportunity
to spawn (author’s observation, see also [21]). A
female that has deposited her eggs is not ready
to spawn again for several days [36] and during
that time is not interested in males (author’s
observation). The idea of the superiority of
testing the female with several males or male
pairs, needed for defining a preference function
[74], is based on the assumption that if a female
prefers male A to B and B to C, she also prefers
A to C. However, this is not necessarily the case
[32]. In addition, the number of males most sand
goby females appear to sample in natural
conditions is low [18].

Östlund-Nilsson & Nilsson [50] showed
that the preferences of female sticklebacks were
different when males were confined behind
transparent walls, compared to the case when
each male was leashed with a thin fishing line
allowing physical contact with the focal female.
For one thing, the transparent walls of the
authors were not reported to have holes for water
exchange. However, chemical cues may be
important in mate choice in sticklebacks and
many other species (section 2.2.). Secondly, the
two most similar results were obtained in the
transparent walls and unrestricted mate choice
situations; only when males were leashed, the
average mating success of red males was not
higher than that of duller-coloured males. Third,
Östlund-Nilsson & Nilsson [50] used treatments
with samples of 4 and 6 for showing that the
behaviour of the leashed males was similar to that
of the control males. I doubt that the authors
would have used such small sample sizes if they
had wanted to falsify the null-hypothesis. In the
sand goby, association preferences directed to
males confined behind transparent dividers do
correspond with actual mating decisions, when
the opportunity to mate is given (I).

Association preference tests used in this
thesis were conducted as follows: The position
and behaviour of the focal female and two target
males was noted every 5 minutes for a total of
20 observation events, giving a total duration
of 105 minutes. After this first trial was
completed, the female was removed from the
tank. In order to control for possible side
biases, the tank was then turned around its
vertical axis 180°, and the second part of the
test was conducted a few hours later in the
manner described above. The female was
considered to associate with a male when her

body was oriented towards that male and the
distance between her and the male compartment
was no more than 3 cm. The male with whom the
female associated more often was considered to
be the ‘preferred’ mate. A more detailed
description of the procedure, with an illustration
of a test tank, is given in manuscript I. In study
II, we applied a variation of the same theme. All
of the five studies were conducted at Tvärminne
zoological station on the southwest coast of
Finland.

 4.  Main results and conclusions

Before this thesis, there were already some
indications that environmental factors may
affect mate choice in the sand goby; the effect
of predation risk on a mate preference was
covered in chapter 2. In addition, when the
water was obscured with suspended algae, the
distribution of matings differed from clear-water
control conditions [26]. Mating patterns also
differed between adjacent habitats with
dissimilar environmental conditions [37]. In
these two cases, physical environment may
have affected male-male competition as well as
mate choice, resulting in the observed variation
in mating success. Indeed, the two processes
are often inter-correlated, since male-male
competition has a potential to affect many
aspects of mate choice and even to overrule it
altogether (chapter 2). We tested whether such
interaction between male mating competition
and female choice really does exist in the sand
goby. Specifically, in study III, we gave sand
goby females a choice between two males, the
smaller of which had an a priori advantage of
being preferred on the basis of mate choice
cues other than body size, and repeated the
experiment in two conditions differing in the
intensity of male-male interactions. The results
revealed that independent of the a priori
attractiveness advantage, large body size was
more advantageous under intense competition
than in conditions where the scope for male-
male interactions was limited. Hence, mating
success of sand goby males depended on the
social context.

We also wanted to know whether mate
preferences in particular show individual or
context-dependent variation. One approach to
assess individual differences in mate preference
is to measure repeatability of the preference.
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Repeatability provides an index of the level of
phenotypic variation among females and sets
an upper limit to the heritability of the mate
preference [8]. If females do not exhibit
repeatable mating decisions, one can expect
genetic variation in mate preferences to be low
to non-existent. Repeatable patterns in mate
selection that vary among females suggest, but
do not prove, individual differences in mate
preferences; mechanisms that may result in
misleading repeatability values were reviewed
by e.g. Widemo & Sæther [76]. The repeated
mate choice trials conducted in study I showed
that preferences for male size (Figure 2) and for
well-covered nests were highly and significantly
repeatable. A rarely applied possibility for
studying variation in mating preferences more
directly is to compare the consistency of the
preferences of a single female to the
concordance of the preferences of two or more
females. We found that the magnitude of the
difference between the two treatments was
substantial, but statistical analyses provided
only partial evidence for a difference between
them (I). On the basis of these results and the
high repeatability, I conclude that individual
differences between sand goby females in mate
preferences seem very likely, but not
indisputably proven.

If fitness pay-offs of mate choice depend
on the environmental or social context, and
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Figure 2. Repeatability of female preference for
male body size. Each dot represents the number
of times a focal female associated with the
larger of the two males subtracted by the
number of times the female associated with the
smaller male. The results of the first test are on
the x-axis and the ones of the second test,
conducted on the next day, on the y-axis.

females will encounter different environments,
there is no single universally optimal phenotype
of male to be preferred (section 2.1.), possibly
resulting in differences in preferences even in a
constant environment. Hence, the dependence
of preferences on the choice context is one of
the mechanisms that could explain the results of
study I (variation in preferences among
females). Indeed, the results of study IV
provide support for the importance of choice
context. While the impact of a male’s body size
on his mating success depended on the
intensity of male-male competition (III, IV), the
high success of the males with more sand piled
on their nest was independent of the intensity
of competition between the males (Figure 3;
IV). This result is in concordance with the
possibility that females alter their preferences for
body size, but not for nest-building, depending
on the competitive environment. If the
increased success of large, dominant males with
intensifying male-male competition was caused
by male competition overshadowing female
preferences, I would expect the high mating
success of males with a high-covered nest (a
trait preferred by females and uncorrelated with
body size) to weaken or disappear under
intense competition as a consequence of
females not being able to realise their
preferences. Alternatively, large males might
monopolise matings by suppressing the nest
building of smaller individuals to a degree.
However, these two possibilities are at odds
with the results of study IV, which better accord
with the idea that female preference for body
size is plastic and depends on a feature of the
social environment, the intensity of male-male
competition.

Mate choice for genetic compatibility is a
mechanism that specifically predicts individual
preference differences between females (section
2.2.), and it therefore offers another possible
explanation for the results of study I. When
fitness consequences of mate choice depend on
partner compatibility, females pairing with their
preferred male should enjoy the highest
benefits and females mated with the male they
disfavour should experience the lowest
success, with matings with a random level of
compatibility falling somewhere between these
extremes. These different types of mating
combinations were conducted in study II. The
number of eggs, egg fanning behaviour, nest
characteristics and male weight loss were
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Figure 3. Female choice for male body size and
sand coverage of the nest under different
competitive regimes. The bars indicate the
prevalence of the cases where the male with the
higher trait value (length or nest-building score)
was chosen. Sample sizes are also given.

compared between the four different mating
groups. In a separate experiment, we also
assessed the immediate reproductive allocation
by weighing the residual gonad weight of
females and by estimating the amount of filial
cannibalism separately for both sexes. The main
result was that the nests guarded by preferred
males had the highest number of surviving
eggs. This result suggests that mate choice in
the sand goby involves substantial fitness
consequences. The high success of preferred
males was related to the lower tendency of
these males to cannibalise eggs they are
guarding. However, we found no support for
compatibility-dependent offspring success.
Hence, it is possible that in an invariable
environment, there is a certain optimal male type
for all sand goby females to mate with. In nature,
gobies encounter highly variable environments
[37], which may cause a selection pressure for
variation in female preferences, observed in
study I. Moreover, the findings of II cannot rule
out the possibility that some compatibility-
dependent fitness benefits of choice exist in the
system. For example, these could be too minor in
effect to be detected with feasible sample sizes
or only detectable during some later life stage of
the offspring.

Section 2.3. dealt with the condition-
dependent effects on mate preferences.
According to a related idea, mate preferences
may be affected by body measures, such as
body size, which are potentially regulated by
gene x environment interactions at many loci,
and therefore should show condition
dependence (section 2.3.). In study I, the

magnitude of preference differences between
two females was not related to difference in their
body size, suggesting that female size did not
affect preferences in any consistent manner.
The possibility of condition-dependent female
preferences in the sand goby has not yet been
examined directly. Future studies may wish to
explore this potential mechanism for the
generation of variation among females in mate
choice.

When females assess several mate choice
cues simultaneously, preferences for male traits
may vary in relation to other choice cues,
obscuring preferences for any single cue
(section 2.4.) This is exactly what was found in
study V. In that experiment, the focal females
were given a binary choice between males that
differed either in body size or the size of their
nest or both. We found that neither body size
nor the size of the nest alone affected male
attractiveness, but a combination of these two
cues had a significant effect: females preferred
a large male with a large nest to a large male with
a small nest. In study III, we also failed to find a
linear relationship between mate choice for male
size and other choice cues, possibly because of
a more complex nature of interactions between
the cues.

How do the results of the thesis relate to
the current knowledge of context-dependent
mate choice? In the late nineteen nineties,
Jennions & Petrie [28] and Widemo & Sæther
[76] drew attention to the observations that
female preferences are not necessarily universal
but may vary among the individuals of a
population. To this date, nevertheless, the
outcomes of mate preference experiments are
often interpreted as applying to the entire
population. The individual preferences revealed
in study I support the position that such
practice may be misleading. However, the
benefits of individual preferences in the sand
goby, if they indeed exist, seem to be small
when assessed in a constant environment (II).
A more pronounced effect of parent
compatibility on the offspring success has been
found e.g. in a whitefish [75] and many mammal
species (section 2.2.). In 2001, Qvarnström [57]
reviewed three case studies, in which the
benefits of female choice depended on the
environmental context. In the review, she called
for further studies to establish the dependency
of female preferences (i.e. not only their
potential benefits) on the environmental context.
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Study IV provides a potential example case.
Subsequently, Candolin [11] reviewed cases
which indicate that mate preferences are based
on more than one choice cue. Sometimes these
multiple cues may have interactive effects if, for
example, a male trait (choice cue) has to reach a
threshold value before females start to pay
attention to other target traits. Fewer examples
exist of cases where different cues have
simultaneous, combined effects on female
preferences. The interplay between male size
and nest size as determinants of male
attractiveness, revealed in study V, offers a
good example of such non-additive effect.

The non-additive joint effects between
dmultiple mate choice cues (V) as well as sexual
selection for body size that depends on the
social environment (III, IV) and differences
between females in preferences (I) provide
support for theories of mechanisms that promote
the persistent genetic variation in sexually
selected traits. As seen above, some evidence
for each of these mechanisms already existed
before this thesis. However, the role of most of
the mechanisms have been subject to a
prolonged debate because, despite theoretical
advancements, empirical tests of their
importance are sparse and limited to only a few
model systems. Hence, a multitude of empirical
studies is needed to draw any conclusions of
the prevalence and general importance of each
of these mechanisms. My PhD project has
aimed at contributing to the production of this
indispensable empirical knowledge.

The studies of this thesis revealed
context-dependent variation in mate choice
mainly in relation to male body size. Is this
result the consequence of some difining
difference between body size and the rest of the
sexually selected traits? For example, it might be
easier to conceive of variation in preference for
body size rather than for males with well-built
nests, good parenting skills or signals of high
heritable pathogen resistance. While the
singular quality of body size among mate choice
cues is possible, it is perhaps more likely that
the trait is not fundamentally different from the
rest in this respect. The most obvious difference
compared to many other sexually selected traits
is that size is straightforward to measure; hence
this is often done in empirical studies. After all,
the structure of the nest that offers the best
surroundings for the developing offspring and
the identity of the male that is the best father or

sires the most pathogen-resistant offspring may
depend on the environmental context, as do
benefits of choosing a certain-sized male.
Hence, the results of this thesis suggest that
whenever mate preferences are assessed,
interactions between different cues and the role
of the environmental context should be
considered. If mate preferences are assessed
ignoring interactions between different target
cues and only in a constant environment (as
usually is the case), there is a danger of a
biased interpretation of sexual selection
pressures operating in the population. Indeed,
the results presented in this thesis may help to
resolve cases where mate choice studies have
revealed contradicting results.
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