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Chapter 1

General introduction



10 Chapter 1

n 1860 Charles Darwin wrote: “The sight of a feather in a peacock’s tail, whenever I gaze at it,
Imakes me sick!”. When considering his theory of natural selection, it seemed

counterintuitive that animals would have evolved such exaggerated traits that do not
aid, and sometimes even hinder, their survival abilities. Some years later Darwin himself
proposed a theory that would explain the evolution and the maintenance of these traits.
Sexual selection “depends on the advantage which certain individuals have over other individuals
of the same sex and species, in exclusive relation to reproduction.” (Darwin 1871). Under sexual
selection traits are selected to increase an individuals’ reproductive success through
competition over mates: it is selection generated by differential access to gametes of the
opposite sex allowing the bearer of those traits to leave more copies of its alleles in future
generations (Andersson 1994; Kokko et al. 2006).

Typically, sexual selection is divided into intra- and intersexual selection, leading to the
evolution of armaments and ornaments (Danchin and Cézilly 2008). In the first case
individuals compete with others of the same sex for access to the gametes of the opposite
sex. This competition is usually most intense in the sex that has greater variance in
reproductive success (Bateman 1948). Traits have evolved to increase success in these
contests, such as scramble competition or sperm competition. In the second case traits have
evolved to attract or stimulate potential mates (Andersson 1994). In the broad sense this
can also include passive processes that increase the likelihood of individuals of one sex to
be encountered or found by the other sex. However, in the narrow sense, intersexual
selection describes the selection of certain phenotypes or traits of one sex by the other
(Andersson 1994). Individuals that have these traits are preferred over other individuals
not possessing these traits (see Andersson and Iwasa 1996; Rosenthal 2017). By having
preferences for certain traits in a mate, individuals can gain benefits through which they

can increase their reproductive success and with it their fitness.

Terminology

While often females are considered as the choosing, and males as the courting sex, in more
and more species it is found that there is no such clear division. In some species females
choose, in others males are the choosier sex, and in many other species there is mutual
mate choice (Amundsen 2000; Danchin and Cézilly 2008). Therefore, following Rosenthal

(2017), I will use the terms chooser and courter.

The process of mate choice can be defined as the effects of traits in one sex that lead to
non-random mating or non-random allocation of reproductive investment with members
of the opposite sex (Kokko et al. 2003; Edward 2015). Mate preferences, on the other hand,
say something about a chooser’s internal representation of courter traits that predisposes
her (or him) to mate with some phenotypes over others (Jennions and Petrie 1997). Thus,

mate choice is the outcome of the interaction between preferences and other internal and
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external factors such as competition over mates and the availability of mates. Therefore,
throughout this thesis I will make a distinction between the terms mate preference and

mate choice.

The evolution of mate choice

Direct selection

Mate preferences can evolve under direct selection if individuals can gain direct benefits
from being choosy (Kirkpatrick and Ryan 1991; Kokko et al. 2003). Through direct benefits
choosers can reduce their investment in the current breeding event, which increases their
prospects for future reproductive success or survival. Direct benefits associated to the
choice for a high-quality partner can be nuptial gifts (Vahed 1998), fertilization insurance,
access to resources or territory quality (Alatalo et al. 1986), and parental care (Hadfield et
al. 2006; Nakagawa et al. 2007; Garcia-navas et al. 2012). For instance, in blue tits (Cyanistus
caeruleus), it has been shown that the breeding success is mainly determined by parental,
rather than genetic effects (Hadfield et al. 2006) and that parental breast plumage
colouration is positively correlated with provisioning rates and breeding success (Senar et
al. 2002; Garcia-navas et al. 2012). Thus, female blue tits may be able to increase their
reproductive success by choosing for males with very yellow breast plumage who

provision their offspring more than pale males.

Indirect selection

When choosers can secure genetic benefits via their offspring by mating with certain
individuals there is an indirect selection for preferences for these individuals. Indirect
benefits are additive, when an individuals' genetic traits are passed on to the offspring,
giving them a higher relative fitness by increasing their survival and/or reproductive
success (Trivers 1972; Iwasa et al. 1991; Kokko et al. 2006). This idea assumes that there is
additive genetic variation in fitness, and that choosers can assess this heritable genetic
quality in courters when choosing a mate. These additive genetic benefits can be divided

into two categories: ‘good-genes” and ‘sexy sons’.

In the case of the good-genes hypothesis, choosers are thought to prefer certain traits in a
mate that indicate their heritable viability (Meller and Alatalo 1999). Only high-quality
courters can afford to maintain or develop these traits, ensuring the honesty of the signals
(e.g. by giving a handicap to the carrier (Zahavi 1975), or by indicating resistance to
parasites (Hamilton and Zuk 1982). Since viability or quality is dependent on a large
number of alleles, good-gene indicators are expected to reflect genome-wide quality
(Andersson and Iwasa 1996). However, it is difficult to show this good-genes effect

empirically. Although Moller and Alatalo (1999) found a weak, but significant effect of
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male attractiveness on offspring viability, a later meta-analyses on a larger set of studies
failed to show such a correlation (Prokop et al. 2012). In many studies no distinction is
made between additive genetic effects and variation in maternal effects or epigenetic
effects, which makes it difficult to demonstrate these good-genes effects (Hettyey et al.
2010).

In the case of the sexy-sons hypothesis, the focus is more on attractive offspring, rather
than viable offspring. In this case the trait of interest does not have to signal genome-wide
quality, since the indirect benefits are realised through higher mating success rather than
through a higher viability (Andersson and Iwasa 1996). Therefore, if there is a population-
wide preference for a certain trait, mutations increasing the expression of this trait will
directly be selected for, regardless of any potential negative effects on survival or viability.
Under this hypothesis, if choosers that are choosy mate more often with courters with a
high expression of the trait, alleles for the preference for the trait and alleles for the
expression of the trait will become linked (via linkage disequilibrium), which can result in
a significant positive covariance between the preference and the display (Kokko et al.
2006). This can lead to runaway selection where the preferences for and the expression of
the trait co-evolve and are driven to extremes (Fisher 1930; Lande 1981; Kokko et al. 2002).

While good-genes and sexy-sons were previously often seen as two mutually exclusive
processes, recently it has been suggested more and more that these two hypotheses may
not be as dissimilar as is often suggested. Both sexy-son and good-genes benefits can result
from the same process of female choice for males with high breeding values for fitness
(Eshel et al. 2000; Kokko et al. 2002). Which type of benefits determine preferences depends
on the costliness of choice. If choice is cheap, leading to a high mating skew among males,
the breeding value for the fitness of males is mainly determined by the sexiness of his sons.
However if the costs of choice are high, the breeding value for fitness also has to include
other components of fitness and therefore choice for viability - good genes, will play a
larger role (Kokko et al. 2002).

Exploitation of pre-existing biases

Preferences for certain traits may have been selected for in other contexts than a mating
context, and may be the result of a naturally selected sensory bias or differences in
environmental conditions (Rodd et al. 2002; Kraaijeveld et al. 2011). For instance in
guppies (Poecilia reticulata), who have a sensory bias for orange food items to optimize
their foraging, it is thought that the intensity of male orange colouration has been selected

for though the choosers’ bias for this colour in their choice of a mate (Rodd et al. 2002).
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The ‘Lek paradox’

Most of the theory described above suggests that all individuals should have the same
preferences for the same universally best individuals, or superior traits. However, if all
choosers consistently choose for the same courter traits indicating quality, as a
consequence this will rapidly exhaust the genetic and phenotypic variation and will drive
the traits to fixation. When this happens, the genetic benefits of preferring and choosing
such traits will decrease. This apparent paradox is called the ‘Lek paradox’ (Borgia 1979;
Kirkpatrick and Ryan 1991; Rowe and Houle 1996; Kotiaho et al. 2008). Nevertheless,
empirical evidence shows that substantial variation still persists in courters’ traits, despite
this often-assumed directional selection. Solving this paradox is a long running and much
debated issue in the study of sexual selection (Kirkpatrick and Ryan 1991; Kotiaho et al.
2008). Numerous attempts to solve the problem have been done by considering condition
dependence of male ornaments (the handicap principle; Iwasa et al. 1991), selection for
non-additive traits, and fluctuating selection, but no consensus has been reached yet.
Currently, there is a growing acceptance that individual variation in mate preferences may
weaken the strong directional selection on male ornaments and thereby allow genetic
diversity to persist (Jennions and Petrie 1997; Widemo and Seether 1999; Brooks and Endler
2001; Forstmeier and Birkhead 2004; Mays and Hill 2004).

Individual differences in mate preferences and compatibility

Previously, it was assumed that all individuals should have the same preferences for the
same superior individuals. Empirical research, however, has shown that this is not always
the case and that choosers can actually differ consistently in their preferences (Godin and
Dugatkin 1995; Brooks and Endler 2001; Forstmeier and Birkhead 2004; Lehtonen and
Lindstrom 2008). Similarly courter attractiveness may not always be repeatable between
choosers, suggesting variation in chooser preferences (Forstmeier and Birkhead 2004).
This variation in preferences has been suggested to be due to differences in physical
condition, in ontogeny, and in the environment (Jennions and Petrie 1997, Widemo and
Seether 1999; Cotton, Small, et al. 2006): when the costs of being choosy are too high for the
individual to bear, for instance due to increased sampling costs or a lower condition,
individuals will be less selective in finding a mate according to their preferences (Milinski
and Bakker 1992; Cotton, Small, et al. 2006).

Sometimes, however, the same courter may give higher benefits to some choosers than to
others. Interfering with free mate choice tends to harm choosers and lowers the average
reproductive success (Gowaty et al. 2007). In mice (Peromyscus polionotus rhoadsi;
Koeninger Ryan and Altmann 2001; Mus musculus; Drickamer et al. 2003; Gowaty et al.
2003), zebra finches (Taeniopygia guttata; Ihle et al. 2015), fruit flies (Drosophila
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pseudoobscura; Anderson et al. 2007) and giant pandas (Ailuropoda melanoleuca; Martin-
Wintle et al. 2015) it has been shown that reproductive success and offspring viability were
higher when individuals were paired with preferred rather than unpreferred partners,
irrespective of the partner’s phenotype. In these cases, compatibility rather than quality
seems to be important for reproductive success. Thus, when an individual is mated with
a compatible partner, it has a higher reproductive success than when mated with a

different (incompatible) partner, regardless of each pair mates” separate qualities.

Socially monogamous species are especially likely to have evolved individual preferences
for compatible mates rather than uniform preferences, due to the fact that individuals
become unavailable after pairing. In these monogamous systems, strong preferences for
attractive individuals may not be favoured by selection, since scramble competition over
attractive mates leads to increased costs of choosiness, which may not outweigh the
benefits (Dechaume-Moncharmont et al. 2016; Wang et al. 2017). Instead of uniform
preferences it may therefore be more beneficial to have individual preferences for
compatible mates, which leads to optimal direct or indirect benefits (Ihle et al. 2015;
chapter 3). Thus, there may be adaptive explanations for variation in mate preferences. In
the literature, individual variation in preferences and preferences for compatibility may
have been somewhat overlooked, since selection for compatibility may reduce variation
in male mating success and consequently is likely to reduce the strength of population-
wide sexual selection (unless the preferences are very strongly assortative that it will lead
to speciation). Benefits of preferences for compatibility, similar to universal directional

preferences, can be direct or indirect.

Indirect benefits of compatibility

In the case of non-additive genetic variation in fitness-relevant traits it is not directly the
individual quality of the parental genomes, but the combination of these genomes that
affects offspring fitness (Zeh and Zeh 1996; Neff and Pitcher 2005; Puurtinen et al. 2009).
Most of the models on genetic complementarity are based on the assumption that
offspring fitness is related to their heterozygosity (Tregenza and Wedell 2000; Neff and
Pitcher 2005; Kempenaers 2007; Mays et al. 2008). Heterozygosity, the genetic variability
within an individual, is known to be positively correlated with reproductive success,
survival, immunocompetence and parasite resistance (Kempenaers 2007; Chapman et al.
2009). The most common example of genetic (in)compatibility is perhaps inbreeding and
the homozygote disadvantage in offspring from related individuals (inbreeding
depression). This disadvantage is thought to be due to an accumulation of recessive
deleterious alleles in homozygous genotypes causing a fitness disadvantage, or due to the
advantage that heterozygote individuals have. This heterozygote advantage can either be

the result from masking deleterious alleles when paired with a dominant allele, or by
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overdominance or heterosis, giving heterozygote individuals a fitness advantage
(Charlesworth and Charlesworth 1987; Mays et al. 2008).

By finding an unrelated, or genetically dissimilar mate, offspring heterozygosity can be
increased and the negative effects of inbreeding avoided when inbreeding depression is
larger than any negative effects caused by extreme outbreeding (i.e. outbreeding
depression; Van de Casteele et al. 2003; Szulkin et al. 2007). While there is ample evidence
of inbreeding depression (Keller and Waller 2002; Spottiswoode and Meller 2004), the
evidence of inbreeding avoidance is not as clear (reviewed in Kempenaers 2007). Some
studies found disassortative mating patterns for genetic similarity (Freeman-Gallant et al.
2003; Marshall et al. 2003; Gerlach and Lysiak 2006; Oh and Badyaev 2006; Sanderson et
al. 2015), other studies have found mating patterns do not differ from random (Edly-
Wright et al. 2007; Hansson et al. 2007; Jamieson et al. 2009), or have even found choice for
genetically similar mates (Cohen and Dearborn 2004; Loyau et al. 2012; Robinson et al.
2012). Even within species mating patterns with regard to genetic similarity have been
found to vary, such as variation in mating patterns between populations in blue tits
(Krokene and Lifjeld 2000; Foerster et al. 2006). It should be noted however, that most of
these studies measure mate choice, the partner an individual eventually pairs with, and

not mate preference.

There is an on-going discussion about the possible reasons underlying inbreeding
tolerance. Inbreeding avoidance may not be necessary in species with sufficient natal
dispersal (Szulkin et al. 2012), or the risk of inbreeding depression may not weigh up to
the costs associated with inbreeding avoidance. In addition, these costs may be dependent
on the level of inbreeding in the population (Kempenaers 2007; Jamieson et al. 2009), which
may lead to between population differences in inbreeding avoidance. Additionally, in
species with biparental care, genetic compatibility may be traded off against direct benefits
or compatibility, such as territory quality, or paternal care (Mays et al. 2008). In this case
choosers have been shown to have more extra-pair matings when paired with genetically
similar social partners (Freeman-Gallant et al. 2006; Brouwer et al. 2011; van Oers et al.
2008; reviewed in Arct et al. 2015, but see also Foerster et al. 2006; Edly-Wright et al. 2007;
Rubenstein 2007), potentially enabling them to increase their offspring heterozygosity.
Alternatively, inbreeding avoidance may not always be the best strategy. In some cases
there may be an optimal level of inbreeding/outbreeding due to outbreeding depression,
or benefits associated with kin selection or inclusive fitness benefits may lead to random
mating or even mating patterns for genetic similarity (Tregenza and Wedell 2000; Mays
and Hill 2004; Kokko and Ots 2006).
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Direct benefits of compatibility

Direct benefits of compatibility may also play a role in mate preferences, emerging from a
combination of both parents’” behaviours. Especially in species with pair bonds and
biparental care, behavioural compatibility is expected to play a role in reproductive
success (Schuett et al. 2010). Likely candidates for behavioural compatibility are expected
in individual differences in personality traits, such as boldness, exploratory behaviour or
aggressiveness (see Royle et al. 2010). The combination of personalities within a pair has
been shown to affect reproductive success (Dingemanse et al. 2004; Both et al. 2005), and
it is likely that these benefits are mediated through parental care (Royle et al. 2010; Schuett
et al. 2011). In a number of species, mate preferences or choice for behavioural similarity
have been reported (Schuett 2008; Kralj-Fiser et al. 2013; Class et al. 2014). Behavioural
compatibility can increase the likelihood of reproducing, pair coordination and success
(Schuett et al. 2011; Ariyomo and Watt 2013; Jiang et al. 2013; Kralj-Fiser et al. 2013; Class
et al. 2014). For instance in cockatiels (Nymphicus hollandicus) pairs with more pair bonding
behaviour had a higher incubation coordination and subsequently hatched more eggs
(Spoon et al. 2006), and in zebra finches behaviourally similar pairs were more successful

in rearing their offspring (Schuett et al. 2011).

It is likely that depending on their behavioural compatibility pairs may differ in their
coordination of parental care (Johnstone et al. 2014). Personality types may vary for
instance in their provisioning rules, risk taking, behavioural consistency or the
responsiveness to their partners’ efforts (Both et al. 2005; Hinde 2006; Hinde and Kilner
2007; Royle et al. 2010; Schuett et al. 2011; Gabriel and Black 2012; Mutzel et al. 2013; David
et al. 2015). Personality-based differences in perception and response to partner foraging
effort, consistency and strategy may in turn influence a parent’s own investment. When
individuals have similar personalities, and thus similar provisioning rules or strategies,
this may lead to greater coordination of care, greater investment, and subsequently a

higher reproductive success (Royle et al. 2010; Schuett et al. 2011).

Self-referent preferences

Different courter traits may indicate different benefits to choosers (Johnstone 1995;
Johnstone 1996; Candolin 2003). Depending on the choosers traits some benefits may be
more important or more beneficial to some than to others. However, if and how courters
differ in the attention they pay to different mate qualities and how they weigh different
signals of quality has received relatively little attention. Self-referent preference may also
be related to the choosers own traits such as size or quality. For instance in convict cichlids
(Amatitlania nigrofasciata) females preferred a male that was approximately 30% larger than
themselves, and thus large females preferred relatively large males, and smaller females

showed a preference for relatively small males (Dechaume-Moncharmont et al. 2013).
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Individual quality may not only affect choosiness (as mentioned earlier), but it is also
suggested that there has the potential to affect preferences. Low-quality individuals with
a preference for high-quality mates may try in vain to obtain such a high-quality mate
even though their competitive ability is not high enough to get one, or to keep one. To
avoid these costs of competition it is suggested that individuals with poor competitive
ability may have evolved preferences for mates with a similar quality to themselves
(Fawcett and Johnstone 2003; Holveck and Riebel 2010).

Additionally, choosers may differ in their preference, depending on whether individuals
choose for direct or indirect benefits. Females may increase their reproductive success by
choosing males with high parental care or a good territory when choosing a social mate
(Senar et al. 2002), but may focus on genetic quality or compatibility when choosing an
extra-pair mate (Foerster et al. 2003; van Oers et al. 2008). But choosers may also differ in
how they weigh courter traits, depending on their own traits and qualities, such as their
ability to compensate for reductions in parental care (Burley 1986; Sheldon 2000) or for
certain genetic characteristics (Pilakouta and Smiseth 2017). For instance, in burying
beetles, inbred females had strong preferences for outbred males, while outbred females
did not show such preferences. It seems that the inbreeding status of the male was very
important for inbred females to increase their offsprings’ genetic variability, while for
outbred females this trait was much less important for their choice of a mate, since they
themselves were outbred enough to ensure their offsprings’ genetic variability (Pilakouta
and Smiseth 2017). Choosers may also pay more attention to genetic quality than to direct
benefits in a mate, when they themselves are able to compensate for the potentially
reduced parental care and vice versa. Thus, having these self-referent preferences, can

optimise choice for each individual depending on their own qualities and weaknesses.
Plastic preferences

Preferences may also differ depending on the physical or social environment and to
depend on the state of the chooser. For instance, environmental circumstances can affect
preferences depending on the expected benefits of certain courter traits in that
environment. Consequently, chooser selection for traits in a mate may also vary between
years. In lark buntings (Calamospiza melanocorys) female selection for male traits was found
to differ between years, with even reversals of direction of selection for some traits (Chaine
and Lyon 2008). Females were shown to be very flexible in their choice for mates, with
large between-year differences in choice for male traits, and the changes in these
preferences paralleled the changes in expected benefits from male traits for that year. In
collared flycatchers (Fidecula albicollis), there were differences in the strength of preference
even within seasons: only late breeding females showed strong preferences for the male

forehead patch size, a sexually selected trait, which coincided with the reproductive
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benefits they can gain from this. In late breeding pairs male patch size correlated with
reproductive success, while this benefit it not present in early breeding females
(Qvarnstrom et al. 2000). This suggests that differences in female preferences within the
same population may result from short-term environmentally driven changes in the
expected benefits from the choice for males with certain traits. Similarly, it is suggested
that the social environment an individual experiences may affect its preferences
(Rodriguez et al. 2013). For instance, mate preferences of female wolf spiders (Schizocosa
uetzi) for male leg colours, were determined by their experience with black- or brown-
legged males when they were immature (Hebets 2003). If they were familiar with black-
legged males they preferred males with black legs, and vice versa, whereas when they had
no experience with either of them, they showed no preferences. Thus, the environment,
social or physical, and the expected benefits from certain traits in a mate can influence

chooser preferences in order to optimize reproductive success in a given environment.

Mate choice

Many variables play a role in the translation of preference of the chooser into choice, both
internal (e.g. sampling strategy and choosiness) and external (e.g. competition over mates
and local availability). Due to these variables, choice is often not the same as preference,
and these two should therefore be considered as separate processes, both playing an
important role in selection. For instance, choice patterns for size in orb weaving spiders
(Zygiella x-notata) may suggest assortative preferences for size. But when individuals are
given a choice in the absence of (or under low) intrasexual competition, all males will
prefer the largest and most fecund females and the size assortative mating pattern
disappears (Bel-Venner et al. 2008). Similarly, in numerous studies, assortative mating
patterns are thought to be the result of competition for mates leading to assortative mating
for a certain quality trait, without considering the possibility of assortative preferences for
compatibility instead of quality (Garcia-navas et al. 2009; Holveck and Riebel 2010). While
often the terms mate preference and mate choice are used interchangeably, here I strongly
advise that the terminology for mate preference (functions) and mate choice should be
used consistently, to be able to compare studies and draw conclusions (Jennions and Petrie
1997; Wagner 1998; Edward 2015). Only by considering both preference and choice, with
both playing a role in sexual selection, is it possible to disentangle these separate effects

and to clarify how selection acts on preferences and traits.

Differential allocation

As described earlier, individuals can gain direct or indirect benefits from mating with a
compatible partner, leading to increasing reproductive success. But these benefits are not

the only effects that mate attractiveness can have on reproductive success. Parents trade-
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off their current and future reproduction by allocating resources to reproduction over time
(Houston and McNamara 1999), and have been selected to do so in response to the
expected costs and benefits of these current and future reproductive opportunities
(Brommer 2000). The attractiveness of a current mate affects the trade-off between current
and future reproductive opportunities, and thus the optimal investment (Ratikainen and
Kokko 2009). This idea of differential allocation depending on mate attractiveness was first
presented by Burley (1986, 1988) to explain differences in reproductive success after
artificially increasing mate attractiveness. Differential allocation was originally assumed
to entail a higher reproductive success with increasing mate attractiveness or quality
(reviewed in Sheldon 2000 and Horvathova et al. 2012). However, several studies have
shown a decrease in reproductive investment with increasing mate quality (Bluhm and
Gowaty 2004; Byers and Waits 2006; Gowaty et al. 2007; Bolund et al. 2009), initially termed
reproductive compensation (Gowaty et al. 2007). Currently, however, differential
allocation and reproductive compensation are seen as the ends of a continuum of
reproductive investment patterns depending on mate qualities (Harris and Uller 2009;
Ratikainen and Kokko 2009). Modelling approaches have attempted to determine when
and how investment should change depending on mate quality and attractiveness (Harris
and Uller 2009; Kindsvater and Alonzo 2014; Haaland et al. 2017), and this seems to
depend on how mate quality benefits reproductive success, and the choosers age or
energetic state, and prospects for future reproduction and future distribution of mate
quality (Harris and Uller 2009; Kindsvater and Alonzo 2014).

Aspects of mate preference and choice

Here I distinguish between three different aspects of mate preferences that may depend
on the choosing individual (Figure 1.1): preference functions (What to choose?), sampling

tactic ("How to choose?’) and choosiness (‘How much to invest?’).
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Cognitive and
neurological constraints

Physiological and Innate Reference
environmental constraints predisposition template

Choosiness Preference function
(How much to invest?) (What to choose?)

Assessment error J

Spatial and temporal
distribution of
potential mates
A

Choice outcome;
mating patterns

Sampling tactic
(How to choose?)

Competition over
mates

Figure 1.1 — From preference to choice: the figure illustrates important aspects that play a role in mate

preferences and mate choice.

Preference functions: What to choose?

Preferences or the ranking of stimuli (Jennions and Petrie 1997; Widemo and Saether 1999)
can be characterised as preference functions (Wagner 1998), in which the mating response
varies with the value of the trait. Perhaps the simplest form is the preference threshold, in
which all trait values above a certain threshold are preferred equally, while all values
below this threshold are rejected (Figure 1.2a). Preference functions can also be directional,
when preferring larger or smaller values or can be unimodal, in which there is a more
intermediate optimum to their preference (Figure 1.2b: unimodal preference; Wagner
1998; Edward 2015). But more complicated preferences are found such as optimal or
disruptive preferences can occur (Figure 1.2c-d: bimodal preference; (Sappington and
Taylor 1990; Turner et al. 1995; Rosenthal 2017). When preferences are largely driven by
single traits, preferences will generally be directional or unimodal. However, when
preferences are complex, integrating multiple traits or multiple cues, this may result in
more complex preference functions such as disruptive (multimodal) preferences.

Eventually, such disruptive preferences may lead to speciation (Turner et al. 1995).
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Preference

Trait value Trait value Trait value Trait value

Figure 1.2 — Variation in preference functions. Each graph depicts variation in trait values
of potential mates (x-axis) and the preference or investment of resources into these potential
mates (y-axis). A) preference threshold; B) directional preference; C) optimal preference; D)

disruptive preference.

Sampling strategy: How to choose?

To translate internal preferences into choice, individuals have to sample potential mates.
How they sample the available options and by which strategy they evaluate them can
greatly affect their choice of a mate (Janetos 1980). Typically, sampling is divided into two
extremes of mate-encounter scenarios. On the one hand, individuals encounter courters
sequentially - one at a time, and on the other hand, individuals may encounter multiple
courters simultaneously. How individuals evaluate these courters (e.g. by evaluating the
available options comparatively or by assigning an absolute attractiveness value to certain
trait values) and how individuals subsequently choose their partner (e.g. by choosing the
best option from a certain number of sampled courters, ‘best-of-n” or by choosing the first
courter that exceeds a certain threshold, ‘fixed threshold rule’) depends on their sampling
strategy (Janetos 1980; Bateson and Healy 2005; Dechaume-Moncharmont et al. 2016).

Chapter 2 addresses how individuals compare potential partners.

Choosiness: How much to invest?

Choosiness can be described as the time or effort that a chooser is prepared to invest in a
choice (Brooks and Endler 2001). Choosiness can be divided into two components: 1)
responsiveness and 2) discrimination. Responsiveness is the mean response by a chooser
over the distribution of available options and corresponds to its motivation to mate.
Therefore this attribute of its sampling behaviour is likely to be correlated with its
physiological state and the environment (Brooks and Endler 2001). On the other hand,
discrimination reflects the choosers’ variance in response among the sampled options.
When discrimination is low all options receive a similar response, while when
discrimination is high there is a large bias in response towards one (or a few) potential
mates (Toomey and McGraw 2012). This aspect of choosiness may also be condition or
environment dependent. For instance in crickets, females with a high body condition

showed a higher responsiveness and more discrimination in their responses to male call
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characteristics than females with a low body condition (Holman and Kokko 2014).
Similarly, female guppies decreased both their responsiveness and discrimination in their
preferences for brightly coloured males when a predation risk was present (Godin and
Briggs 1996).

Availability of potential mates and environmental constraints

A chooser has to be selective about which of the potential partners that it has encountered
it will mate with (Byers et al. 2005). When the density of potential partners is low, or
searching costs are high, the number of mates sampled by the chooser will decrease. The
smaller this sample, the weaker the correlation between the preferences and the benefits
of having these preferences will be (Benton and Evans 1998). This weakening of sexual
selection occurs because if choosers are limited to a small sample of suboptimal potential
mates, they will still choose one of them to mate with, despite it not being preferred. Thus,
the availability of potential mates can have large effects on the choices made, and with it,

on the strength of selection.

Competition over mates

Since gametes are a limiting ‘resource’, courters compete over the access to these gametes
amongst each other. Therefore, high competition over mates may limit the access to
potential mates, through for instance interfering competition or scramble competition
(Danchin and Cézilly 2008; Dechaume-Moncharmont et al. 2016). Under high competition
or intra-sexual competition mate searching costs often increase which may lead to a lower
choosiness and can influence mating patterns (Jennions and Petrie 1997; Wagner 1998; Bro-

Jorgensen 2002; Dechaume-Moncharmont et al. 2016).

Choice outcome

The eventual choice of a mate results from the combination of preferences, sampling
strategy, choosiness and the environmental constraints (competition and local availability
of potential mates). Since so many variables play a role in translating preference into
choice it is important to realise that the mate that an individual obtains (mate choice) may
not represent its mate preference, as is often assumed. Therefore preference and choice
should be considered as two distinct processes, both of which should be studied
independently to fully understand how selection may act upon preferences (Jennions and
Petrie 1997; Wagner 1998; Widemo and Seether 1999; Edward 2015). In chapters 3 and 4 I

compare preference with choice and study the effects on reproductive success.

Measuring mate preferences

The outcome of mate choice and thus the impact and action of sexual selection on courter

traits can readily be observed in a population. However, to better understand how
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selection works we need to learn more about how preferences, sampling and the effects of
the external factors interact to result in this eventual partner choice (Wagner 1998; Widemo
and Sether 1999). These can only be done experimentally. Similarly, when testing mate
preferences it is crucial to consider a species’ sampling tactic (or evaluation method) and
what is ecologically relevant for this species (Bateson and Healy 2005; Castellano et al.
2012; Dougherty and Shuker 2014).

An important way in which experimental designs measuring preferences differ lies in the
number of options or stimuli the chooser is presented with: the choice design (Dougherty
and Shuker 2014). Tests can use a no-choice or a choice design (Wagner 1998). In a no-
choice design the chooser is presented with one stimulus at a time, often showing different
stimuli sequentially. In contrast, in a choice design, choosers are presented with more than
one stimulus individual simultaneously allowing for comparative evaluation of potential
partners (Edward and Chapman 2011). Typically, 2 stimuli are presented to measure a
directional preference. However, when preferences are actually disruptive or stabilising,
two-choice tests may lead to confounded conclusions, especially when choosers are only
presented with extreme courter trait values. By presenting choosers with 4 or 6 stimuli it
is also possible to measure disruptive or stabilising preference functions. Often these tests
are repeated with different groups of stimuli to obtain more reliable preference functions
(Wagner 1998).

Depending on the study species and how it evaluates and encounters potential partners,
there are advantages and disadvantages for both no-choice and choice design. The
sampling strategy and evaluation method that a species uses can strongly influence the
strength of the results and the conclusions drawn (Castellano et al. 2012). When
comparison is possible in 2-choice tests, it is possible to detect relative, directional
preferences between stimuli (Wagner 1998; Maclaren and Rowland 2016). Therefore, these
tests may give stronger results, since even small differences in stimulus trait values may
lead to large differences in chooser responses. However, this may also lead to an
overestimation of the effects, especially when dichotomous yes or no choice outcomes are
recorded (Wagner 1998). In the case of no-choice tests however, choosers don’t have the
possibility to compare options, possibly making preference patterns weaker, and it gives
the possibility for order effects, when the previously presented stimuli affect responses to
later shown stimuli. Additionally, if choosers perceive no-choice tests as an environment
in which there is an exceptionally low mate encounter rate, the perceived costs of rejecting
a potential mate are also much higher, leading to confounded measures of preference
(Barry and Kokko 2010; Booksmythe et al. 2011). Thus, consideration of the species, its
evaluation of potential mates and its ecology are crucial for the choice of the most

appropriate test design (Castellano et al. 2012; Dougherty and Shuker 2014). Chapter 2
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focuses on how great tits compare potential partners and how this may affect results

depending on the choice design used.

The aim of this thesis

While in many studies population-wide preferences are assumed, more and more studies
suggest that individuals differ in their preferences, and may actually prefer compatible
mates rather than universally attractive individuals. These differences in preference can
be adaptive and may depend on the choosers” own traits. Moreover, several studies on
captive populations have found that the fitness benefits from mating with a certain
individual may differ between individuals, suggesting individual differences in
preference and both direct and indirect benefits of mating with these compatible mates.
However, it is still unclear how perceived mate attractiveness and compatibility affect

reproductive success in a wild population.

Additionally, while there is a vast base of literature regarding mate preferences, mate
choice and the fitness effects of choice, in these studies, observed mating patterns are often
assumed to represent preference, even though they result from the interaction between
preference, sampling strategy, choosiness and environmental factors. Therefore, the mate
that an individual obtains (mate choice) may not represent its mate preference, as often
assumed. Instead, to understand fitness consequences and the evolution of mate
preferences, preference and choice should be studied as two distinct processes. To our
knowledge, no study thus far has combined all three and tested what the fitness benefits

of mate preferences are under mate choice constraints in a wild population.

Therefore, the overall aim of this thesis was to study the role of individual differences in

mate preferences and its effects on reproductive success.

- Do individuals differ in their preferences for a mate?
- How are mate preferences reflected in mate choice?

- How does pair (in)compatibility affect reproductive success?
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Study system

Species

In this study we used wild great tits (Parus major) to test mate preferences and mate choice.
This non-migratory passerine bird occurs widespread throughout Europe, the Middle East
and Asia. Great tits live in deciduous or mixed forests but can also commonly be found in
gardens. In the summer they are predominantly insectivorous, while in the winter they

mainly live on plant-based materials such as nuts and seeds (Gosler 1993).

Great tits are a key model species to study behaviour in the wild and have been widely
studied for decades to link variation in behaviour to fitness. Because great tits (in this part
of Europe) rarely migrate they can be monitored throughout the year and, being a cavity-
breeder, their reproductive success can be measured accurately using data collected from
pairs breeding in nest boxes. Between spring and autumn, great tits live in pairs and
occupy a territory in the forest. In the Netherlands it has been shown that already in
December the total breeding density for the following breeding season is determined
(Kluijver 1971). The birds roosting in nest boxes during the winter months are the territory
owners who will also breed in this territory in the subsequent breeding season. During the
winter they often forage in larger fission-fusion foraging flocks, whilst maintaining local
dominance in their own territories (Hinde 1952; Gosler 1993). This period between late
autumn and early spring is also the time during which great tits pair up (Drent 1983;
Dhondt et al. 1996; Culina 2014). Not only first year birds will pair up for the first time
during the winter period, but also older birds, after divorce or the death of a partner will
choose a new mate (Dhondt et al. 1996). In a study on great tits in Wytham Woods (UK),
it was shown that pairs that ended up breeding together already started to associate
increasingly during the winter months (Culina 2014), and that this happens throughout
the entire winter period. After removal of their mate, just before egg laying started, males
had difficulty finding a new partner to breed with, which suggests that during the
breeding season only few unmated individuals remain (Slagsvold et al. 1994).
Consequently, if most individuals are mated during the breeding season, the last
individuals to mate will automatically have very limited choice between potential mates,

which may cause high variation in compatibility between pairs.

Within their territory the pair chooses a natural cavity, or - in our case - a nest box to breed
in (Kluijver 1971). After the female has built the nest from moss and animal hairs, she will
lay between 3-13 eggs (Tinbergen and Daan 1990; Gosler 1993). The eggs are incubated by
the female for 13-15 days, after which parents feed the offspring in the nest box for 18-21

days until fledging. During this period both males and females invest heavily in their
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offspring: both parents provide parental care and provision their offspring with insects

such as caterpillars, spiders, moths, and flies (Gosler 1993).

General study methods

Great tits as study species for mate preferences

Here we use great tits as a model species to measure differences in mate preferences, mate
choice and reproductive success in a wild population. This species is particularly suitable
since it breeds in a nest box population and therefore can be monitored easily throughout
the year, is known to be relatively stress resilient and will participate in experiments in the
lab. Additionally, since this species is socially monogamous, we can observe which partner
they paired up with (mate choice) and observe their coordination of parental care. Using
this unique approach, we can combine measurements of mate preference in the lab with
observations of mate choice in the field, and directly measure the effects of parental

compatibility under ecologically realistic conditions.

Study populations
I conducted my study in the study site Boslust in the Netherlands (52°01" N, 5°85" E: Figure

1.3, area A). In this mixed deciduous and pine woodland 130 nest boxes have been
distributed over an area of around 70 ha. Every year around 60 great tit pairs are found

breeding in these nest boxes.

Testing mate preferences

Between January and March 2014 and 2015 we tested 70 males and 69 females for their
preferences (‘focal birds”). We caught these birds in the main study site Boslust while they
were roosting in nest boxes. Great tits that roost in nest boxes are known to be territorial
and keep local dominance in their breeding territories throughout the winter (Kluijver
1971). The preference tests took place in a using a carrousel shaped six-choice chamber
(Figure 1.4). We presented each focal bird with 3 different groups consisting of 6 birds of
the opposite sex (‘stimulus birds’), who originated from different field sites than the focal
birds (see Figure 1.3; areas B-F). With the six-choice test we were able to measure
individual directional and quadratic (stabilising or disruptive) preferences (Edward 2015).
Additionally, using this approach we made it possible for the birds to compare potential
partners simultaneously (see chapter 3). During the winter great tits often forage in larger

fission-fusion foraging flocks and it is therefore not unrealistic for this species to
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Figure 1.3 — Distribution of field sites from which we caught birds. Our main field site where we
caught our focal birds and subsequently monitored all breeding attempts is A: Boslust. All stimulus birds

originated from other field sites (B: Westerheide and Nuon; C: Lichtenbeek; D: Heijkamp; E: Roekelse bos;
F: Bennekomse bos. (Adapted from Google maps, 2018).

simultaneously encounter six birds of the opposite sex. We recorded the time spent in front
of each stimulus bird, which is commonly used as a measure of preference. Great tits do
not show clear courtship or copulation solicitation behaviours outside the fertile period
and it is therefore difficult to validate these tests and the association time measured using
behavioural data. However, in numerous species association time in a choice test has been
shown to predict courtship behaviours or pair formation (Clayton 1990; Hill 1990; Mays
and Hill 2004; Witte 2006; Lehtonen and Lindstrom 2008; Dechaume-Moncharmont et al.
2011; Jeswiet and Godin 2011) and correlated with reproductive success (Drickamer et al.,
2003). We therefore use this association time as a measure of preference. After 7 days in
the laboratory all birds were returned to their field site of origin. By measuring trait values
of both focal and stimulus individuals, we were able to analyse which traits in potential

mates were important for preferences, and whether these preferences also depended on

the choosers’ traits.
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Stimulus bird
Choice zone
Perch

Focal bird
Central platform

Figure 1.4 — Experimental setup mate preference test. Birds were tested for their preference in a six-

choice test room. Time spent in each of the choice zones was measured.

Reproductive success

Since great tits, after natal dispersal, rarely show breeding dispersal, we were able to
follow the birds that we tested for preferences, and all other great tit pairs breeding in the
Boslust field site, in the subsequent breeding seasons. During the breeding season, we
checked unoccupied nest boxes at least twice a week for nesting activity. Once the nest
was built and egg laying had started we estimated the egg-laying date, the start of
incubation, hatching date and fledging date, and recorded the clutch size, brood size and
the number of fledged offspring (Hinde 2006). By cross fostering offspring we were able
to distinguish between direct and indirect effects of parental compatibility. Additionally,
to study parental care in more detail, we recorded parental provisioning behaviour for
each nest using RFID and video recordings. Using these recorders, we were able to record

parental provisioning behaviour.

Mating preferences in great tits

Despite a number of correlative studies reporting mating patterns or fitness effects for
several traits in great tits (eg. Norris 1990; Ko et al. 1999; Both et al. 2005; Quesada and
Senar 2009; Sepil et al. 2015), so far no studies have actually tested preferences in great tits.
We hypothesized that the following characteristics may play a role in mate preferences
and reproductive success: plumage traits (yellowness and black breast stripe size), genetic
characteristics (heterozygosity and relatedness), body condition and personality (see
Figure 1.5).
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Figure 1.5 — Traits that were hypothesized to play a role in mate preferences in great tits: Breast
stripe size; genetic traits such as heterozygosity and relatedness; yellow breast plumage coloration;

personality; body condition.

Plumage traits

The size of the melanin based breast stripe has been suggested to be an important indicator
of male quality (Norris 1990), although this was never directly shown. Melanin plumage
colouration is so called structural colouration and is often suggested to be a trait with a
genetic basis due to which it is stable between years and heritable. For instance in sparrows
melanin based bib size has been shown to correlate with social dominance and male-male
competition (Nakagawa et al. 2007; but see Sanchez-T¢jar et al. 2018). Thus, this plumage
trait is thought to be indicative of indirect benefits, as well as, through dominance effects,

direct benefits in the form of for instance territory quality (Norris 1990; Norris 1993).

The yellow colour of the breast plumage on the other hand, cannot be synthesised by the
birds, and is therefore dependent on the ingestion of carotenoids from food (McGraw
2006). Especially the consumption of caterpillars during moult is thought to increase the
intensity of the yellow breast plumage. This plumage ornament appears to be indicative
of direct benefits in the form of higher foraging ability. More yellow males are thought to
be better at finding food (Senar et al. 2008; Garcia-navas et al. 2012) and thus better at
provisioning offspring either through a higher visit rate or through the provisioning of
higher quality prey types (Senar et al. 2002; Garcia-navas et al. 2012; Pagani-Nufez and
Senar 2014). However, not all studies find this correlation between plumage coloration

and feeding rates (Hegyi et al. 2007).
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Personality

Personality describes the individual consistency of suits of behavioural traits (van Oers
and Naguib 2013), which in part has a genetic basis (van Oers & Sinn 2013, Laine & van
Oers 2017). In great tits, a commonly used operational measure of personality is the
reaction to a novel environment as a measure of exploratory behaviour (Drent et al 2003),
which is correlated with other behavioural characteristics such as boldness and
aggressiveness. Personality is known to influence survival and reproductive success (Both
et al. 2005; Smith and Blumstein 2007; Dingemanse and Reale 2013) and is thus expected
to be selected upon (Dingemanse et al. 2004). For instance, fast exploring female great tits
have smaller fledglings and a lower probability of successful breeding (Both et al. 2005),
and while fast exploring males were found to obtain a higher quality territory (Both et al.
2005; Scales et al. 2013), aggressive males are also known to provision less often (Mutzel
et al. 2013). Therefore, the personality of a mate may have a direct effect on reproductive
success and hence may be subject to mate preferences (Schuett et al. 2010). Additionally,
studies are beginning to indicate that individuals differ in their preferences for a mate
depending on their own personality. Indeed, in a number of species mate preferences or
choice for behavioural similarity have been reported (Schuett 2008; Kralj-FiSer et al. 2013;
Class et al. 2014). And especially pair compatibility on basis of personality is expected to
affect parental investment and coordination (Both et al. 2005; Schuett et al. 2010; Patrick
and Browning 2011; Patrick et al. 2012). Since great tit pairs rear their offspring together
we expected that behavioural compatibility, depending on the combination of
personalities may affect their parental care and with it reproductive success. We explored

these effects of personality and compatibility on reproductive success in chapter 5.

Genetic traits

Heterozygosity, or the genetic variability within an individual, is known to be positively
correlated with fitness aspects (reviewed in Chapman et al., 2009), such as reproductive
success (Foerster et al. 2003; Seddon et al. 2004; Ortego et al. 2007), survival (Coltman et al.
1998; Hansson and Westerberg 2002; Da Silva et al. 2009), immunocompetence (Acevedo-
Whitehouse et al. 2002; Hawley et al. 2005, Reid 2007) and parasite resistance
(MacDougall-Shackleton et al. 2005; Rijks et al. 2008; Voegeli et al. 2012). An individual
can thus potentially increase its fitness by selecting a mate with which it would produce
more heterozygous and ‘fitter” offspring (Tregenza and Wedell 2000; Foerster et al. 2006;
Tomiuk et al. 2007; Szulkin et al. 2009). By finding an unrelated, or genetically dissimilar
mate, offspring heterozygosity can be increased and the negative effects of inbreeding
avoided when inbreeding depression is larger than outbreeding depression (Van de
Casteele et al. 2003; Szulkin et al. 2007). Moreover, although most studies focus on these
indirect effects, genetic traits can have direct effects on reproductive success as well,

especially in species with biparental care (Ferrer et al. 2015). While in great tits the effects
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of heterozygosity on mate preference and reproductive success have not been studied very
extensively, in blue tits heterozygous females have been found to lay larger clutches
(Foerster et al. 2003), and heterozygous males have been shown to have better territories
(Seddon et al. 2004; Ryder et al. 2010), and to feed their offspring more often (Garcia-navas
et al. 2009). This suggests that in great tits these traits may also affect reproductive success
and may therefore play a role in mate preferences. In chapter 3 we explore the effects of
genetic characteristics such as heterozygosity and relatedness on preference choice and

reproductive success.

Outline of this thesis

The overall aim of this thesis was to assess individual differences in preferences in great
tits and the role of compatibility in mate preferences, mate choice and reproductive
success. To test mate preferences, in chapter 2 I first studied how great tits evaluate
potential partners, since this may affect results and conclusions drawn from these
preference tests. Using these preference tests, I examine in chapter 3 how preferences for
traits in a mate may differ depending on the choosers own traits, in this case in particular
genetic traits such as heterozygosity and relatedness, how these preferences are reflected
in choice, and how this compatibility gives both indirect and direct benefits to
reproductive success. In chapter 4 I study these preferences on an even more detailed
level, where I test for individual differences in preferences for certain traits in a mate and
estimate individual preference functions for several traits. On the basis of these preference
functions I subsequently calculate a measure of partner attractiveness - the extent to which
parents have the trait values that are preferred by their partner, and test for reproductive
benefits of having an attractive mate. In chapter 5 I examine the role of personality and
behavioural compatibility in parental care and provisioning behaviour and how
behavioural compatibility may influence reproductive success. Finally, in chapter 6, the
general discussion, I draw general conclusions from all findings in previous chapters and
discuss them in a wider context. I conclude with identifying gaps in our current

knowledge and potential for future research
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Abstract

Quantifying the direction and strength of mate preference is essential to better understand
the process of sexual selection. Experimental designs, however, often fail to consider how
individuals evaluate and compare the available options, which may affect the results
significantly. Preferences are often assumed to be absolute, assigning a fixed, absolute
value to a cue or potential partner they encounter. However, in reality, individuals may
compare the available options, in which case the social context plays an essential role in
the preference for each potential partner. Here we investigate the importance of
considering the choosers’ evaluation process in mate preference tests. Using a study of
wild great tit mate preferences for heterozygosity as a case study, we tested whether
individuals use absolute or comparative mate preferences. We analysed how the
perceived average attractiveness and the variation in attractiveness of the group of
potential mates, they were presented with, affected the measured preference functions.
With such knowledge of how a study species encounters and evaluates potential mates, it
is possible to choose the most appropriate experimental design and analysis to obtain
reliable measurements of mate preferences. The ability to more accurately quantify
preference is expected to increase our understanding of mate preferences, mate choice,

and ultimately sexual selection.
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Introduction

Mate choice is the process in which the effects of traits expressed by one sex lead to non-
random mating (Kokko et al. 2003). By choosing a suitable mate, individuals are expected
to benefit either in terms of direct fecundity or survival benefits, or in terms of indirect
benefits such as compatible or good genes. To be able to maximise benefits, individuals
need to correctly assess the available options and, according to their internal assessment
rules, select a suitable mate. These internal assessment rules can be characterised as
preference functions, in which the mating response varies with the value of a trait (Wagner
1998; Edward 2015). Since mate preferences in combination with external factors such as
sampling strategy, local availability and competition lead to the ultimate choice of a mate,
they are a vital part of understanding how sexual selection works. In theoretical models
on sexual selection mate preferences are often assumed to be absolute, assigning a fixed,
value to a certain trait or potential partner they encounter (Real 1990; Jennions and Petrie
1997). To do this, individuals have to assess each courter and remember the information
about each of these potential mates before they can make a decision (Bateson and Healy
2005). This is often the case in species where choosers commonly only encounter potential
mates one at a time. In this case the response to a certain trait value is directly linked to an
internal preference, and the social context does not change these results (Moore and Moore
1988). This cognitive process of information processing is relatively complicated,

especially when multiple cues indicating quality are combined (Candolin 2003).

In reality, to choose faster and more efficiently, individuals may instead compare the
available options relative to each other, without assessing the absolute trait value (Bateson
& Healy, 2005). This so called comparative choice is assumed to be a shortcut that involves
less cognitive processing than absolute choice. In this case the attractiveness of one
individual depends on who it is being compared to, rather than the absolute value of its
quality (Bateson & Healy, 2005). Since in many species potential mates are encountered
simultaneously (Duval and Kempenaers 2008; Reaney 2009), this would allow for a direct

comparison of the courters (Castellano et al. 2012).

Depending on a species’ memorising abilities, if different individuals or groups are
encountered at different time points, there may even be the potential to compare between
individuals or groups over different time points. Especially in species where males are
distributed scarcely, for instance over different territories, the ability to remember the
attractiveness of potential mates that were encountered previously, will enable choosers
to compare between them (Dale and Slagsvold 1996). Thus, when individuals use a
comparative evaluation process, the measured response or attractiveness of a potential

mate may vary depending on the social context in which it is encountered (Royle et al.
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2008; Locatello et al. 2015). This distinction between absolute and comparative choice may
not be as black and white as it seems, which has been shown for a number of species. For
instance, sailfin mollie females (Poecilia latipinna) show preferences for larger sized males
when sequentially presented with a single male, but when alternatives were presented
simultaneously much stronger size preferences were observed (Maclaren and Rowland
2016). This suggests that when given the opportunity to compare, females can use both
absolute evaluation and comparative evaluation and thus the experimental design can
influence the (strength of) measured preferences. Commonly, the evaluation process used
by the choosers is not considered, and this variation in mating responses caused by the
social context is often assumed to be an assessment error or noise in the data. Perhaps
more importantly, depending on which evaluation process choosers use, not all methods

of measuring mate preferences may be equally appropriate.

An important way in which studies measuring preferences differ lies in the number of
options or stimuli the chooser is presented with: the choice design (Dougherty and Shuker
2014). Tests can use a no-choice or a choice design (Wagner 1998). In a no-choice design
the chooser is presented with one stimulus at a time, often showing different stimuli
sequentially. In contrast, in a choice design, choosers are presented with more than one
stimulus simultaneously allowing for comparative evaluation of stimuli (Edward 2015).
Typically, 2 stimuli are presented to measure a directional preference, but by measuring,
for example, 4 or more stimuli it is also possible to measure disruptive or stabilising
preference functions. Preferably these tests are repeated with different groups of stimuli.
If choosers use an absolute evaluation process, the value of a trait is directly linked with
the internal preference and thus the social context or the possibility for direct comparison
does not play a role in measurements of preference. Thus, presenting stimuli sequentially
or simultaneously will not affect preference measurements. However, when choosers only
use direct comparison for mate selection, a sequential presentation of single stimuli may
give aberrant results. In that case all options are evaluated equally if individuals cannot
compare. Alternatively, if individuals are able to compare previously assessed stimuli
with current stimuli (comparison over different time points), order effects can influence
the results. Additionally, when using multiple choice tests, the social context may still be
important to consider. Differences between stimulus groups, such as mean trait values and
variation in trait values may add noise to the results, making it more difficult to discern
preference patterns. Therefore, taking into account the effects of the social context in
analysing the data can significantly improve preference functions and conclusions drawn
from the data. Moreover, when individuals can compare over different time points, group
characteristics of a previously measured stimulus group may have carry-over effects for

the measured preferences into a subsequent test. Thus, depending on how a study species
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evaluates (absolute, comparative or a combination of both), and how well it is able to
compare between contexts (only direct comparison or also comparison over different time

points), different methods of measuring and analysing preferences should be used.

Here we study the importance of considering the choosers’ evaluation process in mate
preference tests. As a case study, we use a study on great tit mate preferences for
heterozygosity (chapter 3). In this study, wild great tits were tested for their preferences
for mate heterozygosity using a 6-choice setup. Using this dataset, we tested whether wild
great tits use absolute or comparative mate preferences and how the perceived
attractiveness and variation in potential mates affects preference functions. By studying
the effects of between stimulus group differences in average stimulus group
heterozygosity and variation in heterozygosity on the total association time (total time
spent with any of the stimulus birds in a given test) and on the preference slope per test
(regression of trait value and association time in a given test) we were able to test how
great tits evaluate potential partners. Additionally, by analysing the effects of previously
presented stimulus group characteristics we test whether previous experiences have an
effect on current preferences, and thus whether choosers also compare over different time
points. We hypothesize that depending on the evaluation process used by a chooser, the
group characteristics of the stimulus groups (mean attractiveness and variation in
attractiveness) choosers are presented with, will have different effects on the preference

(total association time) and the preference slope (for hypotheses see Box 1).
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A. Absolute preference Absolute preference Box 1 - For different evaluation processes, the
g g variation in total association time and slope
g ] /- _E g in response to differences in mean trait values
% 1 % and variation in trait variation. How do the
g ] ! g total association time and slope vary between

--- stimulus sets, which differ in mean trait values and

* Trait value "~ Traitvalue variation in trait values, depending on the different
- - evaluation processes? Here we assume positive
B. Comparative preference|| Comparative preference

preferences for a hypothetical trait. A) In the case
of absolute choice individuals will assign a fixed

attractiveness value to a specific trait value,

Association time

regardless of the available options. Thus, we expect

Association time

the total association time during a test to increase

: : . . . with increasing mean attractiveness, and that,

Trait value Trait value .. . .
regardless of the variation in the attractiveness
C. Combined preference Combined preference | within the stimulus group, the preference slopes
will stay constant. B) In the case of comparative
choice, we assume that individuals will assess each

stimulus option in comparison to the other five

Association time
Association time

options. Thus, we expect them to have a fixed total

association time (which is dependent on their

" Trait value T Traitvalue motivation to choose, rather than the available

options) and to not increase their total association
time depending on the mean attractiveness. However, with an increase in attractiveness variation we expect
choosers to have a lower preference slope, as the same total association time is now divided over a larger range
of trait values. C) This choice process may be somewhere on the gradient between absolute and comparative
choice. In this case, both the slope and total association time increase with higher attractiveness. Choosers
may spend most time with the most attractive option in the stimulus set, but when this most attractive option
is extremely attractive they may be even more motivated to spend time with this particular potential mate.
Similarly, with increasing variation the most attractive individual may seem even more attractive compared
to the other available options causing them to spend a higher amount of time with this individual, increasing
the total association time and preference slope. Additionally, we tested whether individuals showed between-
test comparisons. We analysed whether a previous experience would affect the preference measured in a
current test. We hypothesised that if individuals remember the previously presented stimulus groups and
compare them to the current stimulus group, that the total association time and/ or the slope for the current
stimulus group would change depending on the mean trait value and the variation in trait values of the

previously presented stimulus group.
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Methods

Preference tests

For all details on the methods of the preference tests see chapter 3. We performed
preference experiments using wild great tits originating from six different field sites, to
minimize the chance the stimulus birds (chosen birds) were familiar with the focal birds
(choosers). We carried out the mate preference tests at the NIOO-KNAW facilities. All tests
took place in a test room (4.0 x 2.4 x 2.5 m) with white walls, and high-frequency
fluorescent lights to mimic natural lighting conditions. We tested individuals mate
preferences using a carrousel shaped six-choice chamber (chapter 3). As unmated great
tits pair up throughout the winter period (Culina 2014), we tested the birds for their mate
preferences in the months of January, February and March. During the winter great tits
often forage in large foraging flocks, while keeping local dominance in their breeding
territories. Encountering 6 birds of the opposite sex is therefore not unrealistic for this
species. Moreover with the six-choice test it is possible to measure individual directional

preferences as well as quadratic (stabilising or disruptive) preferences (Edward 2015).

Each focal bird was tested with 3
different groups of 6 stimulus birds. In

total we tested 69 focal females and 70

focal males for their preference with a gmiuzsozzd
total of 42 groups of 6 stimulus birds (N Perch
Focal bird

= 252).

Central platform

The setup consisted of a central zone for

the focal bird and 6 stimulus cages

placed around the central zone (Figure

2.1). The stimulus cages were separated

from the central area with transparent Figure 2.1 - Experimental setup mate preference test.

UV transmitting panels, to allow visual Birds were tested for their preference in a six-choice test
contact between the focal bird and a room. From the hexagonal central platform the focal bird
stimulus bird. All birds were within could observe all stimulus birds, whereas from the perches
auditory range of each other. In the in the choice zone only one stimulus bird was visible. Time
middle of the central focal Spentin each of the choice zones was measured.

compartment we placed a hexagonal
platform to prevent visual contact
between the stimulus birds. On top of this, we placed a stick with 6 branches of equal
length pointing in the direction of the stimulus cages, from which the focal bird could

observe all stimulus birds simultaneously. Two perches were present in front of every
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stimulus cage, for the focal bird to sit on in proximity of the stimulus bird (choice zone).
From this position it could only observe that specific stimulus bird. The movements of the
focal bird were recorded using a central camera pointing down from the ceiling (Panasonic
WV-CP500). We analysed the video using EthoVision XT software (Noldus Information

Technology), to calculate the time that the focal bird spent in each choice zone.

For every test, we placed an individual bird in each of the six stimulus cages and gave
them 15 minutes to habituate. After introducing the focal bird into the setup, we started
the recording, which lasted 45 minutes. Each focal bird was tested with 3 groups of
different stimulus birds (groups A, B and C), of which one group was repeated (order of
testing: ABCA). Every stimulus bird participated in 13 or 14 trials with 10 focal birds,
divided over 4 mornings and afternoons over a period of six days. We randomised the
positions of the stimulus birds within a group. We composed every group of stimulus
birds blind with regard to their traits (natural variation). From the videos, we calculated
the time spent in front of every stimulus bird, which is commonly used as a measure of
preference. In numerous species, association time in a choice test has been shown to
predict courtship behaviours or pair formation (Clayton 1990; Hill 1990; Mays and Hill
2004; Witte 2006; Lehtonen and Lindstrom 2008; Dechaume-Moncharmont et al. 2011;

Jeswiet and Godin 2011) and correlates with reproductive success (Drickamer et al., 2003).

Trials in which the focal bird did not visit any of the stimulus birds (N = 51) were excluded

from the analysis.

Heterozygosity

We genotyped all birds that participated in the mate preference experiments (344
individuals) across 17 polymorphic microsatellite markers. Blood samples of 9 birds tested

in the mate preference tests were missing and thus omitted from the genotype analysis.

We used homozygosity by locus (HL; Aparicio et al., 2006) to estimate individual genome
wide genetic diversity and calculated this measure for all genotyped individuals with the
R package GENHET (Coulon 2010). Because HL represents homozygosity instead of
heterozygosity we transformed the HL values into an estimate of heterozygosity by
calculating the complement of HL (1-HL). Full details on marker-characteristics and the

genetic analyses can be found in chapter 3.

Statistical analyses

To test what type of evaluation method great tits used during our experiments: absolute,
comparative or a combination of both, we tested their responses in the preference tests
against our hypotheses (see box 1). We tested the effects of between stimulus group

differences in average heterozygosity and variation in heterozygosity on the total
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association time (total cumulative time spent with any of the stimulus birds in a given test)
and on the preference slope per test (regression of trait value on association time in a given
test). From previous research we know that in great tits heterozygosity is a trait that plays
an important role in mate preferences (chapter 3). Therefore, we use this trait to measure
preference responses. However, since individuals differ in their preference, both in
direction and in strength, high heterozygosity levels have been found to be attractive to
some, but unattractive to others. Consequently, also the effects of mean heterozygosity
levels within a stimulus set may have opposite effects on individuals depending on their
preference. To overcome this in our analysis we analysed how the total association time
changed with between stimulus group differences in mean heterozygosity levels,
depending on their previously measured preference (which is based on within stimulus
group effects of stimulus heterozygosity on the association time spent with each stimulus
individual). To make the difference between ‘effects of within-group differences in
heterozygosity” (preference) and ‘effects of between-group differences in heterozygosity’
more intuitive we will refer to the mean attractiveness and variation in attractiveness in
stimulus groups respectively. For birds that have increased association times with stimuli
with a high heterozygosity level within a group (a positive preference), groups with a high
mean heterozygosity level are referred to as attractive groups, and vice versa. To obtain
these overall preference slopes for each individual, we ran linear models for each
individual, with the logged association time as the dependent variable, stimulus
heterozygosity as the explanatory variable and corrected for other traits such as body
condition. We included breast stripe size and yellowness (see appendix A for details on
these measurements) as the explanatory variables and test identity as the random effect.
Mean stimulus heterozygosity levels were calculated as the mean of heterozygosity levels
of the six stimulus birds in a given stimulus set. We calculated the variation in stimulus
heterozygosity levels by taking the standard deviation of the heterozygosity levels of the

six birds in the stimulus set.

We first tested the correlations between the slope, the total association time and number
of visited birds in tests. We found no significant correlation between the preference slope
and the total association time in a test (r=0.02, P=0.73), or between the slope and the
number of birds visited in a test (r=-0.02, P=0.73). However, when the number of visited
birds in a test was higher, the total association time for stimulus birds in that test was also
higher (r=0.75, P<0.001). Additionally, we tested the correlation between mean stimulus
trait and the variation in stimulus traits. Stimulus sets with a higher mean heterozygosity
also had higher variation in their heterozygosity levels (r=0.39, P=0.02). Despite the
correlation between these variables, having both in the same model did not cause

problems of collinearity. Moreover, by having both in the same model, we were able to
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distinguish between the effects correlated with mean heterozygosity and variation in

heterozygosity.

We tested how the total association time and the preference slope changed depending on
the trait values of the stimulus individuals within a stimulus set (whilst taking the
preference of the individual into account). All continuous variables in the models were
mean centred. For all models described we used backwards elimination on the basis of the
estimated confidence intervals and the corresponding P values to obtain the minimal
adequate models. Non-significant terms were deleted stepwise, starting with the highest

order interactions and/or the least significant term (P<0.05).

Total association time

First we tested how the total association time changed depending on between-group
differences in mean heterozygosity level and the variation in heterozygosity levels within
a stimulus set. For this we ran a linear mixed model with the logged total association time
as dependent variable. The total association time was calculated as the sum of the time
spent in the choice zone of each of the stimulus birds. As fixed effects we added the mean
stimulus group heterozygosity, the within stimulus group variation in heterozygosity and
the overall preference slope for heterozygosity of each focal individual. Since the effects of
changes in mean stimulus values will differ depending on an individuals’ overall
preferences, we added the interaction between mean stimulus heterozygosity and the
overall preference slope for heterozygosity. To account for the multiple tests we ran with
each individual we included a random effect for focal individual, and a random effect for

stimulus group identity.

Subsequently we ran two extra models to test whether a change in total association time
could be explained by a change in the number of stimulus birds that was visited, or by a
change in the average time spent with each visited bird. First we ran a binary generalised
mixed model with the number of visited birds out of the total of 6 birds as the dependent
variable (numerator = number of visited birds, denominator = 6 — number of visited birds),
and the mean stimulus heterozygosity, the variation in heterozygosity, the overall
preference slope for heterozygosity of each focal individual and the interaction between
the mean stimulus heterozygosity and the overall preference slope of each focal individual
as fixed effects. Second, we ran a linear mixed model with the average association time of
only the stimulus birds that were visited as a dependent variable. In this model we added
the number of visited birds, the mean stimulus heterozygosity, the variation in
heterozygosity, the overall preference slope of each focal individual and the interaction
between the mean stimulus heterozygosity and the overall preference slope for

heterozygosity of each focal individual as fixed effects. Both models had a random effect
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for focal individual and stimulus group identity. Using these two models we were able to
tease apart whether a change in total association time could be explained by a change in
the number of stimulus birds that was visited, or by a change in the average time spent
with each visited bird

Slopes

We then tested how the preference slopes changed depending on the mean stimulus group
heterozygosity level and the variation in heterozygosity levels within a stimulus group.
To calculate the preference slopes per test we ran a linear regression for each focal
individual and for each test, with the logged association time as the dependent variable
and stimulus heterozygosity, body condition, breast stripe size and yellowness as the
explanatory variables. From each model we extracted the coefficient of the preference
slope for heterozygosity levels and used these as the dependent variables for the
subsequent models. We then tested how the steepness of these individuals” slopes were
affected by the mean heterozygosity value of the stimulus group and the variation in
heterozygosity levels in that stimulus set. Under combined preferences (combination of
absolute and comparative), we expect that slopes may change when stimulus groups are
more attractive, however, which stimulus groups are more attractive again depends on
the direction of the preference. For instance, for birds with a positive preference we expect
higher slopes for stimulus groups with higher mean trait values, whereas for birds with a
negative preference we expected slopes to be lower with high mean trait values. To
overcome this, we filtered the dataset for birds with a positive overall slope (slope estimate
>3) and birds with a negative overall slope (slope estimate <-3). We then ran a linear mixed
model in which we tested the absolute value of the test slope as the dependent variable,
with the mean heterozygosity level and the variation in heterozygosity levels of the
stimulus set as explanatory variables. We added focal identity and stimulus group identity

as random effects.
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Results

Total association time

The total association time spent with all stimulus birds, depended on both the social
context stimuli were presented in and on the preference of the chooser (Figure 2.2). Birds
spent less time in association with stimulus birds from groups with a high mean
attractiveness. Birds for which high heterozygosity levels are more attractive (i.e. that
showed a positive correlation between association time and stimulus heterozygosity levels

within a test), showed a negative correlation between total association time and the mean

stimulus group heterozygosity levels 8 7

between different tests (mean stimulus HL §° 7

* overall preference slope, LMM: t-328=-2.73, § 6

P=0.007; Table 1). Vice versa, birds for % > ] 1

which low heterozygosity levels are more % : ]

attractive showed a positive correlation g , o

between the total association time and the , : Egggrlt%\;e

mean stimulus group heterozygosity levels I I | |
0.15 0.20 0.25 0.30

between different tests.
Mean stimulus trait

The fact that individuals spent less time in Figure 2.2 — Effects of mean stimulus group

association when confronted with attractive leterozygosity on total association time spent

groups had two different causes. Firstly, P¢" test were dependent on the overall

focal birds visited a higher number of birds preference of the choosing birds. Choosers spent
) ) ) ) more time visiting birds when presented with
In unattractive groups than in attractive ) )
unattractive groups. Models contained overall
groups (mean stimulus HL * overall . ,

preference slopes as continuous variable, for

preference slope, Binomial GLMM: Z=-2.57, visualisation purposes here we indicate positive,

P=0.01: Table 2, Figure 2.3a). And secondly,
when analysing the mean association time
per visited bird, birds spent more time per
stimulus birds in unattractive groups.

(mean stimulus HL * overall preference

neutral and negative overall preferences with
different colours. Error bars indicate mean + SE for
focal birds with positive (red), negative (blue), and

neutral (green) preferences for that trait.

slope, LMM: t=-2.44, P=0.02: Table 2, Figure 2.3b). Additionally, when visiting more
stimulus birds, focal birds also spent more time per visited bird (number of visited birds,
LMM: t3016=10.05, P<0.001) and when stimulus groups had a higher variation in HL, focal
birds spent less time per visited bird (variation in stimulus HL, LMM: t-.=-2.34, P=0.03).
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Table 1: Minimal adequate model for LMM, testing whether the total association time was
dependent on the mean and variation in stimulus heterozygosity (HL). Table consists of all variables
tested in the linear mixed model with the total association time as the dependent variable (N=398). Random
effects for focal identity (var + SD: 0.66 + 0.81) and stimulus group identity (var + SD: 0.45 + 0.67) were
included in the model. Given is the estimate, the degrees of freedom (df), the test statistic (t value) and the

significance (P value). Significant terms are indicated in bold.

Estimate df tvalue P value
Minimal adequate model
Intercept 4.63 - - -
Mean stimulus HL 2.24 24.5 0.70 0.49
Preference slope (HL) -0.003 104.7 -0.18 0.85
Mean stimulus HL : preference slope (HL) -0.89 328.0 -2.73 0.007

Dropped terms

timulus HL i : f
Mean stimulus (previous group) : preference 025 3153 067 0.50

slope (HL)
Variation stimulus HL (previous group) -0.12 227.30 -0.04 0.97
Variation stimulus HL -6.08 26.90 -1.37 0.18
A. - B.
6 6
- b
HT |
O p c =
= 9
g 47 , ¢ { ks é
5 o8
— 3 - & he]
(] o 8
£ g
5 5 o
z —_— posittivcle = —— positive
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1 4 — negative — negative
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0.15 0.20 0.25 0.30 0.15 0.20 0.25 0.30
Mean stimulus trait (HL) Mean stimulus trait

Figure 2.3 — A) Effects of mean stimulus group heterozygosity on the number of birds visited per
test were dependent on the overall preference of the choosing birds. Choosers visited more birds in
unattractive groups. B) Even when taking into account the number of birds visited, the effect of mean
stimulus group heterozygosity on the time spent per bird depended on the overall preference of the bird.
Choosers spent more time per bird in unattractive groups. Models contained overall preference slopes as
continuous variable, for visualisation purposes here we indicate positive, neutral and negative overall
preferences with different colours. T bars (mean + SE) indicate for each stimulus group the number of visited
birds (A) or mean association time per visited bird (B) for focal birds with positive (red), negative (blue), and

neutral (green) preferences for that trait.
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Table 2. Minimal adequate model for LMM testing whether the number of visited birds was
dependent on the mean and variation in stimulus heterozygosity (HL). Table consists of all variables
tested in the binary mixed model with the number of visited birds per test (numerator = number of visited
birds, denominator = number of birds not visited) as the dependent variable (N=398). Random effects for
focal identity (var £ SD: 1.06 + 1.03) and stimulus group identity (var + SD: 0.65 + 0.81) were included in
the model. Given is the estimate, the degrees of freedom (df), the test statistic (z value) and the significance
(P value). Significant terms are indicated in bold.

Estimate Z value P value

Minimal adequate model

Intercept 0.13 - -
Mean stimulus HL 3.19 0.86 0.39
Preference slope HL 0.14 2.22 0.02
Mean stimulus HL * preference slope HL -0.75 -2.57 0.01
Dropped terms

Mean stimulus HL (previous group) * preference slope (HL) -0.57 -1.57 0.12
Variation stimulus HL -1.59 -0.30 0.76
Variation stimulus HL (previous group) -2.08 -0.71 0.48

Table 3. Minimal adequate model for LMM testing whether the time spent per visited birds was
dependent on the mean and variation in stimulus heterozygosity (HL). Table consists of all variables
tested in the linear mixed model with the time spent per visited bird per test as the dependent variable
(N=398). Random effects for focal identity (var + SD: 0.15 + 0.38) and stimulus group identity (var + SD:
0.04 + 0.21) were included in the model. Given are the estimate, the degrees of freedom (df), the test statistic

(t value) and the significance (P value). Significant terms are indicated in bold.

Estimate df t value P value

Minimal adequate model

Intercept 3.51 - - -
Mean stimulus HL 1.66 24.5 1.09 0.29
Preference slope HL 0.01 101.8 0.52 0.60
Variation stimulus HL -4.59 27.4 -2.34 0.03
Visited stimulus birds 0.28 301.6  10.05 <0.001
Mean stimulus HL * preference slope HL -0.57 364.8  -2.44 0.02
Dropped terms

Mean stimulus HL (previous group) * preference slope ~ -0.03 3399  -0.10 0.92
(HL)
Variation stimulus HL (previous group) -0.28 1.98 106.9 0.89
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Slopes

There was no effect of mean stimulus attractiveness nor of the number of stimulus
individuals visited on the individual preference slopes. Only the variation in
attractiveness has an effect on the steepness of the preference slopes: the slopes were lower
for groups with high variation (variation stimulus HL, LMM, positive slopes: t2185=-2.50,
P=0.02, table 4A; negative slopes: t21.60=-2.78, P=0.01, table 4B).

Table 4. Minimal adequate model for LMM testing individual preference slope was dependent on
the mean and variation in stimulus heterozygosity (HL). Table consists of all variables tested in the
linear mixed model with the absolute slope per test as the dependent variable were included in the model.
Given is the estimate, the degrees of freedom (df), the test statistic (t value) and the significance (P value).
Significant terms are indicated in bold. A. Model for all birds with negative preferences (N = 74), random
effects for focal identity (var + SD: 0.16 + 0.40 and stimulus group identity (var + SD: 0.26 + 0.51) B. Model
for all birds with positive preferences (N=138), random effects for focal identity (var + SD: 0.08 + 0.28) and
stimulus group identity (var £ SD: 0.02 + 0.14).

A Estimate df tvalue P value
Minimal adequate model

Intercept 2.40 21.62 16.44 -
Variation stimulus HL 956 2185 -2.50 0.02
Dropped terms

Mean stimulus HL (previous group) * preference slope (HL) -0.14 46,52 -0.39 0.70
Mean stimulus HL * preference slope HL -145  55.02 -1.54 0.13
Variation stimulus HL (previous group) 0.92 6222 0.22 0.82
B Estimate df tvalue P value
Minimal adequate model

Intercept 2.15 2236 26.98 -
Variation stimulus HL -6.03 21.60  -2.78 0.01
Dropped terms

Mean stimulus HL (previous group) * preference slope (HL)  -0.27 85.78  -0.75 0.46
Mean stimulus HL * preference slope HL -0.51  128.62 -0.77 0.44

Variation stimulus HL (previous group) 3.80 5285  1.63 0.11
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Discussion

Here we show that when experimentally testing mate preferences, the evaluation method
used by the study species to assess the potential mates matters. In this case study, wild
great tits used a combination of both absolute and comparative choice, indicating that for
such evaluation methods the social context affects the response, and with it the
measurement of preference functions. Birds spent on average more time visiting less
attractive stimulus groups compared to the more attractive stimulus groups. This
increased association time can be explained by two different effects. Firstly, focal birds
visited more stimulus birds in unattractive groups. And secondly, in those unattractive
groups choosers spent more time on average with each of the stimulus bird they visited.
Thus, although these birds had a preference for high heterozygosity mates within groups
of stimulus birds, they spent more time on average with birds when they were in an
unattractive group. Additionally, the variation in attractiveness within groups affected the
measured preference slopes. Preferences measured in groups with low variation in

attractiveness were stronger than preferences measured in groups with high variation.

We found that great tits respond differently to stimulus groups depending on the group
characteristics. Here we found that the preference slopes depended on the variation in trait
values, which indicates that the choosers did not attribute a fixed “preference value’ to
each trait value. Instead, the attractiveness of each individual depended on the social
context it was presented in, indicating a comparative evaluation process. In this species,
unpaired individuals form pairs throughout the winter period (Culina 2014), during
which they often form large fission-fusion foraging flocks, which makes it very likely that
they have the opportunity to assess multiple potential mates at the same time. Since
comparative evaluation requires less cognitive processing (Bateson and Healy 2005; Beatty
and Franks 2012), we expected great tits to use this shortcut in decision making, and to
compare stimuli for mate choice. And indeed, our results show that great tits are able to
compare available options and are able to make choices that depend on the availability of

potential partners.

Additionally, we found that the total time spent with each stimulus group was affected by
the mean stimulus group attractiveness, indicating that the choosers not only compare
stimulus individuals, but also have an absolute notion of the attractiveness of each
individual. Surprisingly however, choosers did not spend more time with more attractive
stimulus groups as we expected. Instead, they spent more time with the stimulus groups
that were on average less attractive. Thus, birds for whom large trait values are more
attractive, spend less total time in association with all members of the stimulus group

when their group mean trait value was higher and vice versa. This could be explained by
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an increase in both the number of stimulus individuals visited and the time spent with
each of the stimulus birds separately. When correcting for the number of stimulus
individuals visited, a higher variation in trait values decreased the association time per
visited stimulus individual. So, while mean attractiveness affected the number of
individuals visited, the time spent with each visited bird is higher for on average
unattractive groups and groups with little variation in attractiveness. We hypothesize that
this is caused by the evaluation time needed to make the correct decision. When all
potential mates are relatively attractive, the costs of making the wrong decision may be
lower, which may make it easier to decide. And, when all individuals to choose from are
relatively unattractive the costs of making a wrong decision are higher. Choosers may
therefore be more motivated to make a right decision and spend more time assessing.
Similarly, when the variation between the options is high, choice making may be easier,

leading to a lower association time per stimulus individual.

In our experiments, the previous group individuals encountered had no effect on the
association time or the preference slope of the next group. It seems that the previous social
experience did not affect preferences or choice behaviour. In field crickets (Teleogryllus
oceanicus), however, females were less responsive to male song when they had previous
experience with male song, and responded differently to current song depending on the
quality of the previously heard song (Bailey and Zuk 2009). Also female flycatchers
(Ficedula hypoleuca) visited several males in their territories before committing to one of
these males (in which the likelihood of choosing a male did not depend on the order of
sampling potential mates) (Dale et al. 1992; Dale and Slagsvold 1996). These experimental
tests on crickets and the visits by flycatchers, however, took place right after each other,
whereas our subsequent tests were done one or two days apart. Thus, either great tits do
not remember previous experiences with potential mates, or they don’t respond
correspondingly. Since adult great tits in winter often forage in large fission fusion flocks,
they may have a good understanding of the variation and range of trait values and are

therefore not affected by these previous experiences.

The simultaneous use of comparative and absolute evaluation of potential mates in
preference tests has been found before. In sailfin mollies female preference for larger males
was much stronger when they were presented with multiple choice than when potential
males were presented sequentially (Maclaren and Rowland 2016). Similarly, lesser wax
moth (Achroia grisella) females rejected males below a certain call rate in a sequential test,
but when in the possibility to compare between multiple males above this threshold they
chose comparatively for the male with the highest call rate (Brandt et al. 2005). These
results (see also Castellano et al., 2012 for a further overview), together with our results

suggest that choosers may be able to switch flexibly between or combine different
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evaluation methods depending on the opportunity to compare simultaneously. Great tits
may have an absolute internal reference about the attractiveness of potential mates, which
would be beneficial in environments with very few potential mates or widely spread
potential mates preventing simultaneous comparison. In this way, individuals do not have
to remember each specific trait value of each potential mate they encountered, which
would be a cognitively demanding process, but can mirror it to an internal reference.
However, when there is the possibility to compare potential mates, these birds will use
comparative evaluation and change their selectivity depending on the social

circumstances and the attractiveness of the available mates (Castellano et al. 2012).

If species differ in the use of absolute or comparative evaluation, or the combination of
both, then the choice of experimental design may affect the results and conclusions drawn
from mate preference experiments (Dougherty and Shuker 2014). If choosers only use
absolute choice the study design will not necessarily affect results of preference tests.
When choosers only use simultaneous comparative evaluation, sequential presentation of
stimuli may give similar responses to each stimulus they are presented with. However,
sequential tests may still give results if individuals can remember what they have seen
before to compare with the current, or when they use a combination of absolute and
comparative preferences. In the first case however, there would be a large order effect in
which preferences may differ depending on the attractiveness of the previous options they
were presented with (Bailey and Zuk 2009). And in the second case, results would depend
on how absolute and comparative evaluation is combined. For instance in red jungle fowl,
females (Gallus gallus), when presented with two males with large combs, preferred the
male with the largest comb (Zuk et al. 1990). But when presented with two males with
small combs, they made no choice or chose randomly, indicating an absolute threshold as
well as a comparison of the large-combed males. Although in our case sequential choice
experiments would be needed to really know how responses to sequential tests differ from
simultaneous presentation of 6 stimuli, our results suggest that the social context in which
stimuli are presented may play a large role. This may perhaps also be the reason that
measured effect sizes for preferences in sequential and simultaneous choice tests often
have the same direction, but are larger in simultaneous choice tests (Dougherty and
Shuker 2014). It should be noted, however, that while choosing a test design, apart from
the evaluation process, also the ecological relevance should be kept in mind. In species
where mates are only encountered sequentially, even though simultaneous test may give
directional preferences, if comparison of potential mates is not ecologically realistic, the
effect of these comparative preferences on sexual selection may be minimal and are
difficult to interpret (Barry et al. 2010; Booksmythe et al. 2011).
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In species where preferences are affected by the social context, differences in the
composition of stimulus groups may add noise to the measurement of these preferences
functions. The fact that birds in our study spent on average more time with stimulus
individuals from unattractive groups could have suggested a negative correlation between
trait values and association time with stimulus birds. However, within tests, there is
actually a positive correlation between trait values and association time per stimulus bird.
This emphasizes the importance of calculating preferences whilst taking into account these

within and between test effects of traits.

Here we have found that the social context can affect the behavioural responses to
stimulus groups. Thus, by comparing within and between stimulus group effects on the
preference measures it is possible to determine how species evaluate potential mates, and
how this social context may affect the results. With such knowledge on how a species
commonly encounters and evaluates potential mates, it is possible to choose the most
appropriate experimental design. And, additionally, knowing how the social context
affects preference measures enables the correct analysis to be done. Additionally, the
application of statistical transformations of variables, in order to decrease noise in the
response data, is likely to improve the chances of finding reliable preference patterns when
those are present. More reliable measurements of mate preferences will improve our

understanding of mate preferences, mate choice, and ultimately sexual selection.
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Appendix: Methods trait measurements

Yellow breast plumage intensity

We took a sample of at least 12-15 yellow breast feathers from all adult birds that were
used in the preference tests (n=391) or caught in the breeding season (n=128, of which 29
individuals were sampled in both 2014 and 2015). We obtained plumage reflectance
measurements from these feather samples using the method of Quesada and Senar
(Quesada and Senar 2006). Here it was shown that all colour measurements stabilise and
are comparable to measurements on live birds if measures are taken from more than 9
feathers. Measurements were done using a field portable spectrometer (Jaz; Ocean Optics),
a xenon light source (Jaz-PX; Ocean Optics) and a bifurcated fibre-optic probe fitted with
a cylindrical probe holder at the tip to standardize measuring distance (8.0mm) and to
exclude ambient light (Andersson and Prager 2006). We held the probe perpendicular to
the surface of the feathers during the measurements. To imitate the plumage surface of the
bird with the feather sample, we stacked the 12 feathers by superimposing four layers of
three feathers on a black velvet surface (Quesada and Senar 2006). We calculated
reflectance measures relative to a white tile using SPECTRASUITE v. 2.0.162. In total we
took nine readings from the feathers, each of which in itself was an average of 12 scans,
while rearranging the stack of feathers after every third measurement. Subsequently we
calculated an overall mean reflectance spectrum for the avian visible spectrum (taken to
be 320-700nm; Andersson and Prager, 2006). Using the TETRACOLORSPACE (Stoddard
and Prum 2008) we calculated the photon catch of each colour cone type; ultraviolet
sensitive or violet (UVS); short-wavelength-sensitive or blue (SWS); medium-wavelength
sensitive or green (MWS) and long-wavelength-sensitive or red (LWS) (Stoddard & Prum
2008). On the basis of these cone catches we calculated the SWS ratio, as a measure of

intensity of the yellow plumage (Evans et al. 2010) using the following formula: 3-
(UVS+MWS+LWS)/SWS.

Breast stripe size

We took photos of all adult birds tested in the mate choice tests or caught during the
breeding season. The camera (Casio EX-H30) was mounted on a portable copy stand
maintaining a standard distance to the bird. While taking the photo of the breast stripe,
we held the bird outstretched by its tarsi and beak on top of graph paper as a reference
(Figuerola and Senar 2000). We defined breast stripe area as the area of the black band
between the point of inflexion where the ventral stripe widens to a throat patch and the
posterior end of the stripe. The area was calculated in square centimetres using image

analysis software Image] (Abramoff et al. 2004).
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Body condition

We calculated body condition as the residuals from a linear regression of mass and tarsus

length.
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Abstract

Under sexual selection, mate preferences can evolve for traits advertising fitness benefits.
Observed mating patterns (mate choice) are often assumed to represent preference, even
though they result from the interaction between preference, sampling strategy and
environmental factors. Correlating fitness with mate choice instead of preference will
therefore lead to confounded conclusions about the role of preference in sexual selection.
Here we show that direct fitness benefits underlie mate preferences for genetic
characteristics in a unique experiment on wild great tits. In repeated mate preference tests,
both sexes preferred mates that had similar heterozygosity levels to themselves, and not
those with which they would optimise offspring heterozygosity. In a subsequent field
experiment where we cross fostered offspring, foster parents with more similar
heterozygosity levels had higher reproductive success, despite the absence of assortative
mating patterns. These results support the idea that selection for preference persists

despite constraints on mate choice.
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Introduction

ndividuals can incur fitness benefits by choosing the right mate (Andersson 1994).
ITherefore, preferences are expected to evolve for traits that advertise mate quality. Such

preferences can be additive, or non-additive suggesting preference for compatibility
(Neff and Pitcher 2005). Selection for compatible mates predicts that individuals prefer a
mate with whom they would achieve the highest reproductive success, even though this
mate may not necessarily be the universally ‘best individual” (Drickamer et al. 2003; Ihle
et al. 2015). Preference functions can have different directions and shapes (Edward 2015)
and can consistently differ between individuals (Brooks and Endler 2001; Forstmeier and
Birkhead 2004). Only by studying the reproductive benefits individuals gain from finding
a preferred mate, we can unravel the selective pressures underlying the evolution of these

mate preferences (Andersson 1994).

Even though mate preferences may be at the basis of mate choice, sampling strategy and
environmental or social constraints can largely influence that choice (Jennions and Petrie
1997; Wagner 1998). For instance, the presence of intra-sexual competition and the
availability of potential mates limit the possibilities for an individual (Jennions and Petrie
1997; Wagner 1998; Bro-Jorgensen 2002). Additionally, since searching for a mate is costly,
the effort invested in finding a suitable mate may be dependent on the condition of the
chooser (reviewed in Cotton et al. 2006b). Therefore, the mate that an individual gets (mate
choice) may not represent mate preference, as often assumed. Correlating fitness benefits
with the observed choice of social partner instead of the measured preferences will
therefore lead to confounded conclusions about the role of mate preferences in sexual
selection. Instead, to understand fitness consequences and the evolution of mate
preferences, preference and choice should be studied as two distinct processes. Although
studies on mate preference, mate choice and mating patterns, and on the fitness effects of
choice are abundant, there is, to our knowledge, none that has combined all three and
tested what the fitness benefits of mate preferences are under mate choice constraints in a

wild population.

Genetic characteristics are important for reproductive success (Foerster et al. 2003;
Kempenaers 2007; Garcia-navas et al. 2009), and are thus expected to affect mate
preference. Heterozygosity, the genetic variability within an individual, is known to be
positively correlated with fitness aspects such as reproductive success, survival,
immunocompetence and parasite resistance (reviewed in Kempenaers 2007 and Chapman
et al. 2009). An individual can thus potentially increase its fitness by selecting a mate with
which it would produce heterozygous and therefore ‘fitter’ offspring (Tregenza and
Wedell 2000; Tomiuk et al. 2007; Szulkin et al. 2009). By finding an unrelated, or genetically



60 Chapter 3

dissimilar mate, offspring heterozygosity can be increased and the negative effects of
inbreeding avoided when inbreeding depression is larger than outbreeding depression
(Van de Casteele et al. 2003; Szulkin et al. 2007). Moreover, although most studies focus
on these indirect effects, genetic traits can have direct effects on reproductive success as
well, especially in species with biparental care. For instance, heterozygous females have
been shown to lay larger clutches (Foerster et al. 2003), and heterozygous males have better
territories (Seddon et al. 2004; Ryder et al. 2010), and feed their offspring more often
(Garcia-navas et al. 2009).

Here we tested 139 wild great tits, both males and females, for their preference for mate
heterozygosity, relatedness and simulated offspring heterozygosity, and how such
preferences relate to the choosers” own genetic characteristics. In a subsequent experiment,
we studied how mating patterns relate to genetic characteristics. By cross fostering chicks
between broods, we assessed the direct and indirect benefits of the (biological and foster)
pairs” heterozygosity and relatedness on reproductive success. We aimed at investigating
how mate preferences are reflected in mate choice (pair formation in the wild), and what
the direct and indirect fitness benefits of these preferences are. Using this unique
experiment, we were able to study the evolutionary benefits of sexual selection, by
measuring mate preferences, and the reproductive benefits of these preferences under
mate choice constraints in a wild population. Here we show that, despite the fact that mate
preferences might not be reflected in choice, there is potential for selection on preferences

for genetic advantages via direct reproductive benefits.
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Methods

Study population

We used wild great tits originating from six field sites for the preference experiments. We
caught all focal birds (choosers in the preference test) in the main field site Boslust (5°85'E,
52°01'N), while the stimulus birds (chosen individuals in the preference tests) originated
from more distant field sites Heijkamp (5°83'E, 52°03'N), Roekelse bos (5°71'E, 52°08'N),
Westerheide (5°84'E, 52°02'N), Lichtenbeek (5°85'E, 52°00'N) and Bennekomse bos (5°69'E,
52°00'N) to minimize the chance they were familiar with the focal birds. Great tits pair
throughout the winter period (Culina 2014), therefore we have tested birds in the months
of January, February and early March, a period where they are highly likely to show mate
preferences. On 8 evenings in total, between January — March in 2014 and 2015 we caught
420 birds in total while they were roosting in nest boxes (on two evenings in January 2014
we caught 30 birds and we caught 60 birds on 2 evenings in February - March 2014 and on
4 evenings in January — March 2015), and transported them to the bird housing facilities
at the Netherlands Institute of Ecology (NIOO-KNAW, Wageningen, the Netherlands). At
this facility, we banded and weighed them and photographed their breast stripe, after
which we housed them individually in standard cages (0.9 x 0.4 x 0.5 m), with a solid
bottom, top, side and rear walls, a wire-mesh front and three perches. The birds had ad
libitum access to water and sunflower seeds, supplemented daily with commercial egg
mixture, ground peanuts, live mealworms, soldier fly larvae, dead wax moth larvae, green
bottle fly larvae and crickets. Following the 6 days of preference tests, we took a blood
sample (10 pl) by puncturing the brachial vein, and measured weight and tarsus length.
After this we released the birds back into the field site of origin. Three birds out of the 420
birds caught died after their first night at the facilities of the NIOO-KNAW.

Preference tests

We carried out mate preference tests at NIOO-KNAW. All tests took place in a test room
(4.0 x 2.4 x 2.5 m) with white walls, and high-frequency fluorescent lights to mimic natural
lighting conditions. We tested individual mate preferences using a carrousel shaped six-
choice chamber (Figure 3.1). With the six-choice test we were able to measure individual
directional and quadratic (stabilising or disruptive) preferences (Edward 2015). Great tits
keep local dominance in their breeding territories throughout the winter, and often forage
in larger fission-fusion foraging flocks. Encountering 6 birds of the opposite sex is
therefore not unrealistic for this species. For every 10 focal birds we caught 20 stimulus
birds (thus in total we always caught either 30 or 60 birds per evening). 18 of these birds
participated in the experiment and two extra birds were caught in case of health or other

issues. Each focal bird was tested with 3 different groups of 6 stimulus birds each. In our
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Stimulus bird
Choice zone

Perch

Focal bird
Central platform

Figure 3.1- Experimental setup mate preference test. Birds were tested for their preference in a six-choice
test room. From the hexagonal central platform the focal bird could observe all stimulus birds, while from the
perches in the choice zone only one stimulus bird was visible. Time spent in each of the choice zones was
measured.

final dataset we tested 69 focal females and 70 focal males for their preference with a total
of 42 groups of 6 stimulus birds (N = 252).

In this six-choice setup each focal bird could see all stimulus birds from the central perch,
but when in front of a stimulus cage it could not see the other stimulus birds. The stimulus
birds could not see each other (Figure 3.1). For more details on the setup see Appendix S1-

A in the Supporting information.

For every test, we placed six stimulus birds in the test setup and gave them 15 minutes to
habituate. During the test, all birds had access to a piece of apple and before each test they
received 5 mealworms in a cup (to hide them from view for the focal bird). In most cases,
the stimulus birds had eaten all the mealworms before the focal bird was introduced.
When the focal bird was introduced into the setup, recording started and lasted for 45
minutes. We tested each focal bird with 3 groups of different stimulus birds (groups A, B
and C), of which one group was repeated (order of testing: ABCA). With this repeated test
we tested the overall repeatability of preference for focal-stimulus combinations by
conducting a one-way ANOVA with focal-stimulus combination as a factor and fraction
association time as the dependent variable. Repeatability was calculated using the mean
squares within and between focal-stimulus combinations (r=0.20 + 0.039). For further
analysis we only used the second repeat test on A in order to have equal numbers of tests
for every focal-stimulus dyad and avoid habituation effects of the first test. Every stimulus
bird participated in 13 or 14 trials with 10 focal birds, divided over 4 mornings and
afternoons over a period of six days. We randomised the positions of the stimulus birds
within group. Every group of stimulus birds was composed blind with regard to the

natural variation in heterozygosity and relatedness to the focal bird. From the videos, we
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calculated the time spent in front of each stimulus bird, which is commonly used as a
measure of preference. Great tits do not show clear courtship or copulation solicitation
behaviours outside the fertile period and it is therefore difficult to validate these tests and
the association time measure using behavioural data. However in numerous species
association time in a choice test has been shown to predict courtship behaviours or pair
formation (Clayton 1990; Witte 2006; Lehtonen and Lindstrom 2008; Jeswiet and Godin
2011) and to correlate with reproductive success (Drickamer et al., 2003). For our analysis,
we modelled the proportion of association time, i.e. the association time with each
stimulus bird divided by the total association time that this bird spent with all stimulus
birds. Using this measure we were able to separate the directional preference for traits
from variation in the motivation to choose (the total time spent in all choice zones) (Cotton,
Rogers, et al. 2006). Trials in which the focal bird did not visit any of the stimulus birds (N

= 53) were excluded from the analysis.

Reproductive success

During the breeding seasons following the mate preference tests, we monitored all
breeding attempts in the Boslust population, from where the focal individuals originated.
Boslust is a mixed wood forest of approximately 70 ha containing 130 nest boxes. During
the breeding season we checked unoccupied nest boxes every five days for nesting
activity. For every nest we estimated the egg-laying date, start of incubation, hatching date
and fledging date and recorded the clutch size, brood size, and the number of fledged
offspring (as in Hinde 2006). We weighed the chicks on the day of hatching (day 0), and
gave them a down code by selectively removing down feathers to individually identify
each chick within a brood. These down codes were visible until at least day 6, after which
we gave them a uniquely numbered aluminium ring. On day 1 after hatching we cross
fostered the chicks with chicks from two other broods that had hatched on the same day,
matched for weight as in Brinkhof et al (1999) in such a way that all chicks were raised by
foster parents. In 2014 and 2015 we cross fostered 26 and 48 broods, with 191 and 332
chicks respectively. On day 3 after hatching we took a blood sample (3 pl) from all chicks
from the metatarsal vein. Chicks were weighed 14 days after hatching (to the nearest 0.01g
using a digital scale) as a measure of fledging weight, which is closely correlated with first
year survival (Van Balen 1973), and we measured their tarsus length (to the nearest 0.1mm
using callipers). When the nestlings were 10 days old we caught the adults at the nest
using spring traps. We recorded adult body mass, tarsus length and took a blood sample
(10 ul) from the brachial vein. We fitted unbanded adults with an aluminium numbered

ring. Each nest was checked after 21-25 days for chick-fledging.



64 Chapter 3

Genotyping and genetic traits

We genotyped all birds that participated in the mate preference experiments (344
individuals) and the breeding season (142 adults, 486 chicks) across 20 polymorphic
microsatellite markers. Using known mother-offspring dyads we detected the occurrence
of null alleles and other irregularities. On the basis of this analysis we excluded three
microsatellite loci from further analyses because of the non-reliability of their results. Full

details on marker-characteristics and the genetic analyses can be found in Appendix S1-B.

We used homozygosity by locus (Aparicio et al. 2006) to estimate individual genetic
diversity and calculated this measure for all genotyped individuals with the R package
GENHET (Coulon 2010). Because the HL index represents homozygosity instead of
heterozygosity we transformed the HL values into an estimate of heterozygosity by
calculating the complement of HL (1-HL). Using the package Rhh (Alho et al. 2010) we
determined that our sample of 17 microsatellites is very likely to be representative of
genome wide heterozygosity. See Appendix S1-B for more details on the test of genome
wide heterozygosity and the choice for HL as a measure of heterozygosity. For each focal-
stimulus dyad in the mate preference tests, we simulated offspring heterozygosity using
the program STORM (Frasier 2008). For this the average HL estimate of 100 simulated
offspring was calculated over 1000 iterations and averaged for each dyad (N=2046).

We estimated marker-based relatedness by calculating the pairwise r following the
method of Wang (2002) in the program Coancestry (Wang 2011), as this measure fitted our
social pedigree best (see Appendix S1-B). The relatedness values range from -1 to 1, in
which values of 0 represent random allele sharing, and positive and negative values
respectively represent more and less sharing than at random, based on the allele

frequencies in the population.

Using the microsatellite data from 17 loci, we assigned paternity of offspring using Cervus
3.07 (Marshall et al. 1998). For 49 offspring, in 23 broods, the social father was unlikely to
be the sire. By comparing these offspring with all other males, we were able to identify the

extra-pair father for 15 offspring (see Appendix S1-B).

Statistical analyses

Mate preference

To analyse the proportion of time spent associating with each stimulus bird we used a
binomial generalized linear mixed model with a logit link function. The fixed part of the
model contained as explanatory variables: heterozygosity of focal and of stimulus birds;
relatedness, squared relatedness and offspring heterozygosity for each focal and stimulus

dyad; sex of the focal bird; interaction of focal and stimulus heterozygosities, of focal bird’s
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heterozygosity and relatedness, and of sex and aforementioned variables. The random
part of the model contained different components, following the experimental set-up as
closely as possible. In case of a significant interaction of continuous variables, we used as
a check on possible shortcomings of the systematic part of the model categorized versions
of the variables: we grouped the values of a variable into three groups, with cutpoints
based upon tertiles, and formulated the model using these factors, thereby allowing a
more flexible response surface. These extra analyses confirm the general patterns that we
found in the interactions of the continuous variables, we therefore only report these in the
supplementary information. For details on the analysis and results we refer to Appendix
S1-C and S3-D respectively.

We started the analysis with an omnibus test on the full model. Since this was significant
(F=1.95, P=0.03) we proceeded with stepwise backward selection to obtain the minimal
adequate models. Non-significant terms were deleted stepwise, starting with the highest
order interactions and/or the least significant term (P < 0.05). Because of the high number
of variables in the model and the possibility of false positives we treated P values between
0.05 - 0.01 with more caution and refrain from drawing strong conclusions. Because of this
we will describe these results in more detail in Appendix S4. The full model containing all

variables of interest is included in Appendix S5.

Assortative mating

We tested the null hypothesis of random pairing between males and females by
performing a permutation test in which we compared the test statistic, that is, the
correlation between the males and females of a pair, to a sampling distribution generated
by randomly permuting the females and computing the correlation between randomly

paired couples (10000 permutations).

We explored whether individuals paired differently from random with regard to
relatedness. To test this we compared the observed distribution of relatedness between
mates, with a distribution obtained if individuals mated randomly with regard to
relatedness in R (version 2.3.2, R Development Core Team 2015). We generated randomly
mated pairs (within each year) with 100000 iterations and compared the confidence
interval of the average relatedness between these randomly generated pairs with the
average relatedness values in the observed population. The birds could have been
restricted in their choice due to the local availability of potential mates; hence, we also ran
an analysis accounting for spatial structure (see Appendix S3-B). Furthermore, to check
whether catching birds for preference testing might have influenced mate choice patterns

we also compared mating analyses between tested and untested pairs (see Appendix S3-
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C). These additional analyses did not change our results and therefore we present only the

uncorrected analyses.

Reproductive success

We tested the effects of parent heterozygosity and relatedness on fledging weight (weight
of the chicks when 14 days old), of both biological and foster parents. For this we ran a
linear mixed model using the R package Ime4 version (version 1.1-12, Bates et al. 2015),
with biological brood and foster brood as random effects to account for the cross-foster
design and the multiple chicks per brood. As explanatory variables we added
heterozygosity of both parents of the biological and the foster parent pairs and the
relatedness and square of relatedness between the pair members. For effects of biological
fathers and relatedness we used the genetic sire, which in some cases was the extra-pair
sire. We also tested for an interaction effect of parental heterozygosity on reproductive
success. Additionally, to test whether the effect of the relatedness of the partner depended
on the heterozygosity of the individual, we also tested the interaction between relatedness
and heterozygosity for both biological and foster parents. Moreover, we also tested
whether chick heterozygosity influenced weight by adding this as an explanatory variable
to the model. Because brood size and offspring sex (as categorical variable) are known to
affect chick weight we also controlled for these. We also added brood size, catch date, year
(as a categorical variable) and the interaction between catch date and year (catch date *
year) as control variables. we started the analysis with an omnibus test on the full model.
Since this was found to be significant (X 20=43.55, P=0.002) we proceeded with stepwise

backward selection to obtain the minimal adequate models.

We tested for differences in fledging probability for each chick with a binary generalized
linear mixed model using the R package Ime4 (Bates et al. 2015), with fledging (yes or no)
as a dependent variable and heterozygosity, relatedness for biological and foster parents
as explanatory variables. We also tested for an interaction effect of parental
heterozygosity. To test whether relatedness effects differed depending on the
heterozygosity of the parents we included the interaction between relatedness and
heterozygosity for biological and foster parents. We added brood size, hatch date,
offspring sex and year as control variables (offspring sex and year as a categorical
variables). Biological brood and foster brood were random effects to account for the cross-
foster design. Similar to the preference models we started the analysis with an omnibus
test on the full model. Since this found to be significant (X{3=29.34, P=0.006) we proceeded
with stepwise backward selection to obtain the minimal adequate models. In case of
significant interactions, we checked the systematic part of the model using categorized

versions of the variables (see Appendix 53-D) and we treated P values between 0.05 - 0.01
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with more caution. These results are described in more detail in Appendix S4. Full models

containing all variables of interest are included in Appendix S5.
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Results

Mate preferences

Individuals did not spend more time with stimulus birds with which they could
theoretically optimise offspring heterozygosity (HLottspringg GLMM: Fi63=-0.24, P=0.81,
Table 1). Time spent with a stimulus bird was influenced by an interaction between the
chooser’s and stimulus birds’ heterozygosity (Figure 3.; HLfocal * Histimulis, GLMM:
F16293=2.76, P=0.008, Table 1). Very heterozygous birds spent more time with heterozygous

birds, and vice versa, homozygous birds spent more time with homozygous birds.

Assortative mating

Birds did not mate assortatively for I I

heterozygosity. There was no difference }9/ %
between  heterozygosity = correlations T 0.9 7 B
within pairs and a randomly generated NS

distribution of pairs drawn from the 0.8 - -

population (random correlation 95%
confidence interval = [-0.23, 0.25];
correlation breeding pairs = -0.07; N=70

Stimulus heterozygosity (1-HL)

breeding pairs; 10000 permutations).

Individuals did not mate differently from

random with regard to relatedness. The

0.6 0.7 0.8 0.9
Focal heterozygosity (1-HL)

between relatedness within the breeding Figure 3.2 — Preferences for genetic characteristics.

pairs and randomly generated pairs  [ndividuals spent more time with stimulus birds with

randomization test showed no difference

drawn from the population (random similar heterozygosity levels. Association time with
relatedness 95% confidence interval = [- each stimulus bird was calculated as the fraction of the
0.026, 0.022]; average relatedness breeding total time spent with all stimulus birds. Red colours
pairs = 0.009; N=70 breeding pairs; 100000 indicate that relatively more time was spent and green
iterations). For the complete observed and colours indicate that relatively less time was spent.

simulated distribution of relatedness and

heterozygosity see Appendix S3-A.
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Table 1 - Mate preferences - minimal adequate model. Table consists of all factors tested in the binomial
mixed model with proportion of time spent with each of the stimulus birds as the dependent variable (N
focals=116, N tests= 359). Given is the estimate, the degrees of freedom (df), the test statistic (F value) and
the significance (P value). A random effect for stimulus bird identity (mean + SE; 0.22 + 0.04) r and random
slopes for focal bird identity with respect to the stimulus bird’s heterozygosity (2.41 + 0.70), relatedness (1.46
+0.47), and offspring heterozygosity (3.23 +1.98), and a random effect for test number (to allow for negative
correlations among association times within one six-choice test; (-13.89 + 0.52) and an extra scale parameter
on the original scale, were included in the model. Using backwards elimination of factors, the P values, df
and test statistics given come from the last model in which the factor or interaction was included. Degrees of
freedom for F- and t-tests were calculated using the degree of freedom approximation proposed by Kenward
and Roger (1997).

Estimate Num df Denom df F value P value
Minimal adequate model:
Intercept -1.63 1 66.46 - -
HLfocal 0.14 1 204.90 247 0.01
HLstimulus 0.03 1 160.20 0.05 0.96
HLfocal * HLstimulus 6.76 1 62.93 2.76 0.008
Relatedness 0.30 1 63.05 1.65 0.10
Relatedness? -2.33 1 274.20 -2.39 0.02
Relatedness * HLstimulus -3.10 1 277.10 -2.06 0.04
Dropped terms:
HLoffspring -0.13 1 66.30 -0.24 0.81
Sex (female) 0.02 1 61.65 0.23 0.82
HLstimulus * sex (female) 0.95 1 164.80 0.93 0.35
HLfocal * HLstimulus * sex (female) 5.67 1 61.06 1.05 0.30
HLoffspring * sex (female) 0.90 1 43.50 0.94 0.35
Relatedness * HLfocal -1.42 1 63.37 -0.66 0.51
Relatedness * sex (female) -0.29 1 62.97 -0.68 0.50
Relatedness? * sex (female) 1.55 1 282.00 0.71 0.48

Reproductive success

The relatedness of foster parents showed a quadratic relationship with fledging weight (on
day 14); very unrelated and very related foster parents reared heavier offspring (Figure 3.;
relatedness?, LMM: t3491=3.19, P=0.003, table S2).
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Heterozygous offspring were not more
likely to fledge than homozygous offspring
(HLottspring, GLMM: Z=0.28, P=0.78, Table 2).
However, offspring from foster parents with
similar levels of heterozygosity had a higher

chance of fledging than offspring from

dissimilar foster parents (Figure 3.4a; HLfoster
female * HLoster male, GLMM Z=326, P<0001,

Offspring fledging weight (g)

Table 2). Biological parents produce >

offspring with higher fledging success when

they are more related and the female is more 0 | : | | | | |
homozygous (Figure 3.4b; HLbiological female * -02 -01 00 01 02 03 04
biological relatedness, GLMM: Z=-3.31, Foster parent relatedness

P<0.001, Table 2). Figure 3.3 — Effects of genetic characteristics on

offspring fledging weight. Offspring from very
related or very unrelated foster parents had a higher

fledging weight than offspring from moderately related
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Figure 3.4 — Effects of genetic characteristics on fledging success of chicks. A) Offspring from foster
parents with similar heterozygosity levels had a higher chance of fledging. B) Fledging probability depended
on the heterozygosity of the biological mother and the biological parents’ relatedness. Red colours indicate a

higher fledging probability and green colours indicate a lower fledging probability.
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Table 2. Offspring fledging probability - minimal adequate model. Table consists of all factors tested
in the binary mixed model with the fledging probability of the offspring (0/1) as the dependent variable
(N=272). Random effects for biological brood (var + sd: 0.00 £ 0.00) and foster brood (3.63 + 1.90) were
included in the model. Given is the estimate, the degrees of freedom (df), the test statistic (Z value) and the
significance (P value). Biological and foster brood identity were included as random factors. Using backwards

elimination of factors, the P- values, df and test statistics given come from the last model in which the factor

or interaction was included.

Estimate Z value P value
Minimal adequate model:
Intercept 0.45 - -
HLfoster female -10.02 -1.96 0.05
HL foster male 3.44 0.83 0.40
HL foster female * HLfoster male 176.96 3.26 <0.001
HL biological female -6.28 -1.51 0.13
HL biological male -5.15 -2.07 0.04
Biological relatedness 5.39 1.89 0.06
HLsiological female * biological relatedness -169.41 -3.31 <0.001
Offspring sex (male) -0.33 -0.86 0.39
Brood size -0.30 -1.03 0.31
Hatch date 0.21 1.27 0.20
Year (2015) -0.01 -0.01 0.99
Dropped terms:
HLofspring 0.66 0.28 0.78
Foster relatedness 5.48 1.46 0.14
HL foster female * Foster relatedness 33.95 0.78 0.43
HL foster male * Foster relatedness 16.83 0.37 0.71
HLbiological female * HLbiological male -3.08 -0.08 0.93
HLbiological male * biological relatedness -19.18 -0.70 0.48
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Discussion

Despite great interest in the evolution of mating preferences and numerous studies of
sexual selection processes, few actually test how selection acts on mating preferences in
natural populations. Here we show that both males and females preferred potential mates
with similar levels of heterozygosity to their own. While we did not find these mate
preferences reflected in the observed mating patterns, individuals gained direct fitness
benefits (greater fledging success) from mating assortatively for heterozygosity. These

direct benefits indicate the potential for selection on preferences for genetic benefits.

Against our expectations, we did not find any mating patterns with regard to
heterozygosity or relatedness. This suggests that, despite their preferences, great tits, in
this study, do not all obtain a partner according to their preference. Mating patterns can
differ from preferences due to different factors (Wagner 1998). The great tit is a territorial
species with biparental care. Therefore, individuals become unavailable after mating and
the number of available mates at any time is limited. As they have to choose from what is
available at that place and time, their choice may be limited and they might have to settle
with a less preferred partner. Despite this, they may still choose according to their
preference from this limited pool of available mates. Moreover, compared to the sample
sizes in the mate preference tests, we have only a limited dataset on mate choice. Possibly,
because of these two reasons, we were not able to pick up on mating patterns in the data.
Moreover, we also checked if mating patterns of birds used in the preference tests could
have been affected by catching them for these tests, however, this did not seem to be the
case (see Appendix S3). The difference between preference and choice that we found here
illustrates the importance of considering them as two distinct processes, both of which
should be studied independently. By measuring preferences and the fitness aspects
correlated with it, it is possible to show how selection works on these preferences (Jennions
and Petrie 1997). We strongly advise that the terminology for mate preference (functions)
and mate choice should be used consistently, to be able to compare studies and draw
conclusions (Jennions and Petrie 1997; Wagner 1998; Edward 2015).

We expected individuals to prefer heterozygous partners, as heterozygous parents may
produce more heterozygous offspring (Mitton et al. 1993; Hoffman et al. 2007), and have
been shown to invest more in their offspring (Foerster et al. 2003; Garcia-navas et al. 2009).
In our preference experiments, however, we found that rather than having a uniform
preference for the most heterozygous mate (Kempenaers 2007), individuals showed a
strong preference to spend time with individuals that had similar heterozygosity levels to
themselves. A number of studies have found similar assortative mating patterns for

heterozygosity (Bonneaud et al. 2006; Garcia-navas et al. 2009). Under the assumption that
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all individuals have the same preference for heterozygous mates, the authors suggest that
assortative mating is due to competition over mates. In our preference experiments
however, this pattern represents the actual preference, not choice, for similarity in
heterozygosity. This preference is likely to represent a behavioural, rather than a genetic
compatibility, since it benefitted the chicks through an effect of foster parents. One
potential explanation for this surprising pattern may be that, assuming that heterozygosity
is a trait indicating quality, assortative preferences have evolved to save low quality
individuals energy and time in searching and to lower the risks of being abandoned by
their mate for a higher quality individual (Burley 1988; Johnstone 1997; Mcnamara et al.
1999; Holveck and Riebel 2010). Alternatively, individuals with similar heterozygosity
may have a higher behavioural compatibility resulting in direct benefits of having this

preference.

The consequences for this preference were reflected in fledging success, as chicks raised
by pairs with similar heterozygosity had a higher chance of fledging. This effect was not
due to pre-hatching effects such as genetic and early maternal effects, but a post-hatching
rearing effect from the foster parents. From our data we cannot determine through which
mechanism these assortative pairs were more successful in rearing offspring. However,
similar to our results, offspring mortality during the rearing period in zebra finches
depended on the compatibility of the foster parents (Ihle et al. 2015). Possibly individuals
invested more when they were able to obtain a mate they preferred, regardless of its

apparent heterozygosity or quality (Drickamer et al. 2003; Ihle et al. 2015).

Against our expectations, we did not find individuals to prefer a mate with which they
would produce more heterozygous offspring, which have a higher expected fitness
prospect (Kempenaers 2007). Moreover, during the breeding season, we did not observe
any pairing patterns based on a choice for relatedness levels. Although inbreeding has
been shown to have negative effects on fitness in great tits (Szulkin et al. 2007), no
preference or avoidance of inbreeding in mating patterns was observed in the same
population (Szulkin et al. 2009), which is similar to the patterns we found in our
population. Nevertheless, we did find a direct effect of relatedness, which is not associated
with optimal in- or outbreeding, but an effect of the relatedness levels of the foster parents
that the chicks are reared by. The offspring raised by moderately related parents are
lighter, suggesting lower provisioning efforts and reproductive investment than in very
related or very unrelated pairs. Which exact mechanism could underlie this higher
reproductive investment for very related and unrelated pairs cannot be concluded from
this dataset. Possibly the higher investment in these cases occurs because of different

causes; when the pair is very related there are inclusive fitness benefits to be gained (Wang
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2011) and when the pair is unrelated, and therefore genetically compatible, they invest

more in potentially higher quality offspring (Burley 1988; Mays and Hill 2004).

Additionally, the effect of relatedness on fledging probability depended on the female’s
heterozygosity levels. Although we hypothesised that especially homozygous individuals
would obtain genetic benefits from finding an unrelated partner to increase their offspring
heterozygosity, when biological mothers were homozygous, chicks had a higher fledging
probability when she mated with a related male. These effects of the biological parents
were surprising, especially since we expected the genetic characteristics to have a positive
effect on offspring performance through offspring heterozygosity. Possibly these fitness
effects of heterozygosity will only become apparent later in life (Szulkin et al. 2007). Apart
from genetic effects the higher fledging success might also work through other pre-
hatching effects that may be related to male attractiveness, such as maternal investment in
egg size (Horvathova et al. 2012), yolk carotenoids (Marri and Richner 2014) or yolk
androgens (Kingma et al. 2009).

Our results highlight the importance of testing not just for the indirect but also for the
direct benefits of choice for genetic traits. For species with biparental care, most studies
correlate parental heterozygosity or relatedness with different aspects of reproductive
success, such as growth, provisioning or fledging success. Often, when no direct benefits
can be observed, genetic effects are assumed by default (Ryder et al. 2010). By using a
cross-foster design these direct and indirect effects can be teased apart to elucidate why
individuals show particular mate preferences and what the benefits are of these

preferences.

To conclude, in contrast to what is commonly assumed, we found that individuals do not
show mate preferences that optimise offspring heterozygosity, but individuals prefer
moderately related individuals with similar heterozygosity levels. These preferences for
heterozygosity similarity can be explained by direct fitness benefits, indicating the
importance of considering both indirect and direct benefits and effects of behavioural
compatibility when studying mate choice for genetic traits. Moreover, our findings
highlight the importance of studying preference and choice as two distinct processes, to
further understand the selection pressures working on preferences. In addition, despite
the fact that in natural situations mating patterns are not always determined by preference
alone, we indicate the potential for selection for preferences for genetic characteristics via

reproductive benefits.



Direct fitness benefits explain mate preference 75

Acknowledgements

We are grateful Maaike Griffioen, Maxime Kole, Lisanne van den Bos, Antoine Juigner,
Kristin Sauerland, Neeltje Hermus, Coen van Tuijl and Peter Clark for their help with
collecting the data analysed here. Many thanks to Piet de Goede, Marylou Aaldering,
Ruben de Wit, Coretta Jongeling and Anouk de Plaa for their help with taking care of the
birds, and to Christa Mateman for her advice and help with the genetic analyses. We also
thank Stichting Geldersch Landschap en Kasteelen for permission to do fieldwork in the
Boslust forest. Moreover, we thank Tom Tregenza for his valuable comments on an earlier
version of this manuscript. We are grateful to Alexandre Courtiol and two anonymous
referees for their helpful suggestions. This work was partly financed by a WIAS PhD
scholarship from Wageningen University and Research and the Royal Netherlands
Academy of Arts and Sciences. This research was supported by ‘SEX SEL-VAR’ project
number 334544 funded by Marie Curie Career Integration Grant from the European
Commission (FP7). Permission for animal experiments was granted by the Animal Ethics
Committee of the KNAW (DEC-KNAW) under protocol number NIOO13.12 to KVO and
LZ.

Author contributions

LZ, CAH and KVO designed the study, LZ collected the data, LZ and GG analysed the
data and LZ drafted the initial version of the manuscript. All authors contributed to later

versions of the manuscript.



76

Chapter 3




Supplement to chapter 3




78 Chapter 3

Appendix S1: Methods

A. Detailed description of the mate choice setup

The mate choice setup consisted of a central zone for the focal bird (diameter: 1.48 m,
height: 1.10 m) and 6 stimulus cages placed around the central zone (0.5 x 0.3 x 0.5 m). The
stimulus cages were separated from the central area by UV-transmitting transparent
PMMA panels, to allow visual contact between the focal bird and a stimulus bird. All birds
were within auditory range of each other. The ceiling of both the focal compartment and
of the stimulus cages was also made of UV transmitting PMMA. In the middle of the
central focal compartment we placed a hexagonal platform (0.4 m high) to prevent visual
contact between the stimulus birds. On top of this we placed a perch with 6 branches of
equal length in the direction of the stimulus cages, from which the focal bird could observe
all stimulus birds. Two perches were present in front of every stimulus cage for the focal
bird to sit on in proximity of the stimulus bird. From this position it could only observe
that specific stimulus bird. The movements of the focal bird were recorded using a central
camera pointing down from the ceiling (Panasonic WV-CP500). Using EthoVision XT
software (Noldus Information Technology) we analysed the videos to calculate for every

test the time that the focal bird spent in each choice zone.

B. Genetic analyses and microsatellite markers

DNA was isolated from blood samples using the 96-well Genomic DNA Kit following the
manufacturer’s instruction (FAVORGEN Biotech Corporation, Taiwan) and was
quantified using a Nanodrop (Thermo Fisher Scientific). We genotyped all birds that
participated in the mate preference experiments (344 individuals), and the breeding
season (142 adults, of which 86 had been in the mate choice experiment, and 426 chicks)
across 20 polymorphic microsatellite markers. Blood samples of 9 birds tested in the mate
preference tests were missing and thus omitted from the genotype analysis. In the
breeding season 37 chicks died before a blood sample could be taken and were therefore
not genotyped. Using known mother-offspring dyads it was possible to detect the
occurrence of null alleles and other irregularities. On the basis of this analysis the
following three microsatellite loci were excluded from further analyses because of the non-
reliability of their results: PmaD130, PmaGAn40 and Pma196 (Kawano 2003; Saladin et al.
2003). See table S1 for the properties of the markers used in this study.
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Table S1. Summary of properties of microsatellite markers used in this study. The table shows the
following information: range of allele sizes, category (neutral or functional), number of alleles (K), expected
heterozygosity (Hexp), observed heterozygosity (Hows), deviations from Hardy-Weinberg Equilibrium (HW),
with NS = not significant and ND = not done, and reference for each locus. Summary is based on samples
from all samples from adult birds (N=486) analysed using CERVUS (Marshall et al. 1998).

Locus Ayele k Hexp Hors HW Reference
sizes
PmaC25 310-340 11 0.862 0.879 NS Saladin et al. 2003
PmaD105 375-427 14  0.835 0.841 NS Saladin et al. 2003
PmaGAn27 196-266 25  0.922 0.904 NS Saladin et al. 2003
PmaTAGAnN71 171-214 12 0.808 0.812 NS Saladin et al. 2003
PmaTGAnN33 249-331 21  0.897 0.901 NS Saladin et al. 2003
PmaCAnl 112-143 14  0.836 0.800 NS Saladin et al. 2003
Pma303 148-153 2 0.165 0.165 ND Kawano 2003
PmaTGAnNn64 301-323 7 0.390 0.400 NS Saladin & Richner 2012
PmaD22 386-456 18  0.900 0.868 NS Saladin et al. 2003
PmaTGAN59 85-144 21 0.915 0.905 NS Saladin & Richner 2012
Titgata87 161-311 39  0.891 0.837 NS Wang et al. 2005
PmaTAGAN73 212-251 11 0.811 0.834 NS Saladin & Richner 2012
PmaCAn2 99-160 27  0.907 0.901 NS Saladin & Richner 2012
PmaTAGAN86 141-223 23 0.866 0.821 NS Saladin et al. 2003
Pma69u 218-244 11  0.723 0.705 NS Kawano 2003
PmaTGAnNn54 345-452 31 0.872 0.824 NS Saladin & Richner 2012
Titgata84 554-584 9 0549 0564 NS Wang et al. 2005
Extrapair paternity

Using the microsatellite data from 17 loci, paternity of chicks was assigned using a
likelihood approach in the software program Cervus 3.07 (Marshall et al. 1998). These loci
had a combined second-parent exclusion probability (Pre) of 0.9999999945. We calculated
critical values of LOD (log likelihood ratio) and delta (difference in LOD scores between
the most likely candidate parent and the second most likely candidate parent) using the
following parameters in CERVUS: 10000 cycles, 98% of loci typed, error rate 0.01%, two
candidate parents. Offspring were assigned to be extra-pair when these critical values
were exceeded in the comparison of the genotypes of the mother, the putative father and
the offspring. 49 offspring of in total 23 broods were classified to be sired by an extra-pair
father. By comparing these offspring genotypes with all known males from this field site

in our dataset, we were able to identify the extra-pair father for 15 offspring.

Heterozygosity
Using the R-package ‘Inbreedr’ (Stoffel et al. 2016) we tested whether our sample of 17

microsatellites could be used as a measure of genome-wide heterozygosity by calculating
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the heterozygosity-heterozygosity correlation (HHC) and the g estimator of identity
disequilibrium (Balloux et al. 2004; David et al. 2007; Stoffel et al. 2016). For this analysis
we used the genotypes from all adult birds (N=486) (Balloux et al. 2004). Adding chicks in
this analysis would overestimate the presence of rare alleles and with it heterozygosity for
these alleles, causing a lower heterozygosity-heterozygosity correlation. Correlating
heterozygosity based on one half of the markers with the heterozygosity of the other half
of the markers gave a mean correlation of r = 0.08, 95% CI = 0.004 - 0.148 (1000 iterations).
Moreover, the g2 (David et al. 2007) for this dataset differed significantly from zero g2 =
0.0019, P = 0.04 (1000 iterations, and 1000 permutations). Thus, together, the HHC and g
indicate that marker heterozygosity is representative of genome-wide heterozygosity in

this study system.

As a measure for heterozygosity we calculated homozygosity by locus (HL; Aparicio et al.
2006). HL accounts for allele frequencies and rare alleles, which makes it particularly
suitable for populations with high immigration rates, and a high expected heterozygosity
(above 0.4-0.6) (Aparicio et al. 2006). As with this population and this set of alleles the
expected heterozygosity lies around 0.77, the HL as a measure for heterozygosity is very
appropriate. We therefore decided to use HL as a measure of heterozygosity. With this
measure, birds that are completely homozygous have values of 1, and completely
heterozygous individuals would have a value of 0. Because the HL index represents
homozygosity instead of heterozygosity we transformed the HL values into an estimate

of heterozygosity by calculating the complement of HL (1-HL).

Birds used in the mate preference tests had heterozygosity levels of 0.52-1.00 with a mean
of 0.81 + 0.005 (mean + SEM (standard error of the mean) (N=344). In the breeding season
birds had heterozygosity levels between 0.52-1.00 with a mean of 0.83 + 0.01 (adults:
N=142; chicks: N=426).

Relatedness

We estimated marker-based relatedness by calculating the pairwise r following the
method of Wang (2002) in the program Coancestry (Wang 2011). By calculating r for full
sibling pairs (extra-pair chicks were excluded) using different methods we determined
that, for this population and these microsatellite markers, the relatedness measure using
the method of Wang (2002) best fitted our social pedigree (different methods of calculating
pairwise r for full siblings and its associated standard error of the mean: 0.46 + 0.004 SEM,
Queller and Goodnight, 1989; 0.42 + 0.07, Lynch and Ritland, 1999; 0.47 + 0.004 Li et al.,
1993; 0.48 + 0.004, Wang, 2002). The relatedness values range from -1 to 1, in which values
of 0 represent random allele sharing, and positive and negative values respectively

represent more and less sharing than at random, based on the allele frequencies in the
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population. In the mate preference experiments the relatedness between the focal and
stimulus birds, originating from different field sites, ranged between -0.31 and 0.405 and
amean of -0.01 + 0.002 (N=2046). In the breeding season pairs within the experimental area
had a relatedness of between -0.17 and 0.32 with a mean of 0.02 + 0.01 (N=70).

C. Statistical analysis mate preferences (As described in the main paper, with more detail
added)

To analyse the proportion of time that a focal bird spent associating with each stimulus
bird we used a binomial generalized linear mixed model (GLMM) with a logit link
function. The fixed part of the model contained as explanatory variables heterozygosity of
both the focal and the stimulus birds, relatedness between each focal and stimulus dyad,
offspring heterozygosity for each focal and stimulus dyad and sex of the focal bird. We
also added the square of relatedness since a preference for moderately related individuals
can be expected (Bateson 1983). To test for differences in preference depending on the
chooser’s traits we added the interaction between heterozygosity of the focal and the
stimulus bird, and the interaction between the focal heterozygosity and relatedness. To
test for sex differences, we also included interaction effects between sex and the previously

mentioned explanatory variables.

Modelling the combined effect of continuous explanatory variables like the focal bird’s
heterozygosity, stimulus bird’s heterozygosity and their interaction is necessarily sparse:
only three parameters are used to describe the combined effect. To check whether the
systematic trend captured in this way is not too restrictive, we also modelled the effect of
these variables after categorization of each into three groups, based upon tertiles.
Replacing the two regressors and their product by the categorized versions and their
interaction, leads to a model with eight parameters replacing the earlier three. This model

is more flexible than the original one, although it has its own shortcomings (Altman 2005).

For the random part of the GLMM we followed the experimental design as closely as
possible, specifying the next random terms (on the logit scale): 1) random effects for
stimulus birds, since each stimulus bird was tested repeatedly; 2) random slopes for focal
birds with respect to the stimulus bird’s heterozygosity, relatedness, and offspring
heterozygosity, as each focal bird was tested multiple times. Together these random effects
define the G-side covariance structure. Furthermore, for the R-side covariance structure
we allowed the six proportions per test to be negatively correlated (as they sum to one per
six-choice test), by introducing a compound symmetric correlation structure at the
proportion scale and we introduced an extra scale parameter, because we analysed a
continuous proportion, for which the binomial variance-mean relationship only holds up

to a scale factor. The statistical analysis was performed using procedure PROC GLIMMIX
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from the SAS software system (version 9.3; SAS Institute Inc., Cary, NC). We fitted the
model using backward elimination for the fixed part of the model, removing first higher
order terms and later lower order terms if not significant (P>0.01). The reported P value
for an explanatory variable is the P value in the last model in which it still occurred, or in

the final model if not removed (see table 1).
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Appendix S2: Offspring fledging weight minimal adequate model

Table S2 Offspring fledging weight minimal adequate model All factors tested in the linear mixed model
with the fledging weight (mg) of the offspring as the dependent variable (N=205). Biological (var + sd: 1619 +
40.24) and foster brood identity (15724 + 125.40) were included as random factors (residual variation = 25030 +
158.21). Given is the estimate, the degrees of freedom (df), the test statistic (t value) and the significance (P value).
Using backwards elimination of factors, the P values, df and test statistics given come from the last model in which
the factor or interaction was included. Degrees of freedom for F- and t-tests were calculated using the degree of

freedom approximation proposed by Kenward and Roger(1997).

Estimate df t value P value
Minimal adequate model
Intercept 1585.82 54.80 - -
HL foster male 535.65 29.13 2.24 0.03
Foster relatedness -379.03 33.17 -1.18 0.25
Foster relatedness? 5655.18 34.91 3.19 0.003
Offspring sex (male) -64.38 175.12 -2.67 0.008
Brood size 31.86 34.34 1.97 0.06
Catch date 7.13 28.24 0.13 0.90
Year (2015) -100.83 28.61 -1.63 0.11
Year (2015) * catch date 34.59 28.65 0.55 0.59
Dropped terms
HLofspring 11.29 120.82 0.06 0.95
HL foster female -103.86 29.69 -0.41 0.68
HL foster female * HLfoster male 1892.40 27.27 0.89 0.38
HL foster female * foster relatedness -2380.31 29.04 -0.85 0.40
HL foster male * foster relatedness 143.28 29.02 0.06 0.96
HLbiological female -218.12 18.84 -1.14 0.27
HLbiological male -277.76 55.10 -1.34 0.19
HLbiological female * HLbiological male -1342.72 35.57 0.46 0.65
Biological relatedness 251.52 36.48 1.25 0.22
Biological relatedness? -683.30 1274.16 0.54 0.60
HLbiological female * biological relatedness -2575.63 137.95 -1.40 0.16

HLbiological male * biological relatedness 1181.14 39.36 -0.50 0.61




84 Chapter 3

Appendix S3: Additional analyses

A. Observed and simulated distribution of relatedness and heterozygosity in pairs.
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Figure S1. Distributions of the observed versus the simulated pair relatedness (A) and pair difference in

heterozygosity (B).

B. Accounting for spatial structure in mating patterns

Although the study site was relatively small, there is the possibility that individuals were
constrained in their choice for a mate by the locally available potential mates. To check
this, we also compared the existing mating pattern to a different null model of random
mating; one which considers the local mate availability. Using the ‘nearest neighbour
scenario’ as used in Szulkin (2009), we paired the male and female of every pair to a known
individual of the opposite sex breeding in the nest box nearest to the focal pair and
compared the observed mating pattern with the simulated pattern. We tested for
differences in the relatedness and heterozygosity similarity between the observed and
simulated scenario of random mating using a non-parametric Wilcoxon matched-pair test.
We found no differences between the observed and the simulated mating patterns, not for
heterozygosity (WSR: females, T+=829, n1=n2=63, P=0.53; males, T+=969, n1=n2=63, P=0.87)
or for relatedness (WSR: females, T+=3616, n1=n2=63, P=0.43; males, T+=900.5, n1=n2=63,
P=0.91).

C. Accounting for effects of captures on mating patterns

By capturing and bringing the focal birds into captivity we may have unintentionally
affected pair bonds and in extreme cases even split up pairs. To check whether testing the
birds had any effect on mate choice we also compared mating patterns between untested

pairs and pairs in which one or both were brought to the lab for testing. However, the
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mating patterns in these two groups did not differ. Both tested and untested birds did not

mate differently from random mating in both heterozygosity and relatedness.

Heterozygosity (Pairs of which one or both were tested: random correlation 95% confidence
interval = [-0.27, 0.28]; correlation breeding pairs = -0.12; N=52 breeding pairs; Untested
pairs: random correlation 95% confidence interval = [-0.45, 0.48]; correlation breeding pairs

=-0.36; N=18 breeding pairs. 10000 permutations).

Relatedness (Pairs of which one or both were tested: random relatedness confidence interval =
[-0.035, 0.02]; average observed relatedness breeding pairs = 0.018; N=52 breeding pairs;
Untested pairs: random relatedness confidence interval = [-0.020, 0.067]; average observed

relatedness breeding pairs = 0.058; N=18 breeding pairs; 10000 iterations).

D. Alternative parametrization of mixed models

Results mate preference based on categorized heterozygosities

As described in Appendix S1-C we performed an extra analysis to check whether the
specification of the interaction of continuous variables is not too restrictive, we also
modelled the effect of these variables after categorization of each into three groups, based
upon tertiles. First, the focal bird’s and stimulus bird’s heterozygosities were categorized
into three groups based on tertiles. For the focal bird’s heterozygosity we took the cut
points -0.035767 and 0.064233. For the stimulus bird’s heterozygosity we took the cut
points -0.028627 and 0.051373. Next, in the GLMM we replaced the continuous
heterozygosities and their interaction by main effects and interaction of the grouped

heterozygosities. Results after removal of non-significant terms are given in table S3.

Table S3. Full model mate preference based on categorized heterozygosities. Table consists of all
factors tested in the binomial mixed model with proportion of time spent with each of the stimulus birds as
the dependent variable (N focals=116, N tests= 359). Given is the degrees of freedom (numerator df and
denominator df), the test statistic (F value) and the significance (P value).

Num df Den df F value P value

HLfocal (grouped) 2 252.70 1.54 0.22
HLstimutus (grouped) 2 142.10 0.71 0.49
HLfocal * HLstimulus (both grouped) 4 207.00 3.01 0.02
Relatedness 1 65.12 2.15 0.15
Relatedness2 1 287.30 4.23 0.04
Relatedness * HLstimulus 1 273.80 5.21 0.02
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The estimated mean response (on the logit scale; mean + se) for the combination of focal
and stimulus heterozygosities, at the average value of relatedness (i.e. value zero for
centred relatedness). We have also given the back transformed mean responses, which
indicate fractions of time a focal bird spent on a specific stimulus bird. Without preference

the fractions would be 1/6 =0.167, as the focal bird can choose from six alternative stimulus
birds.

Table S4. Least square means for combinations of levels of grouped focal heterozygosity and
grouped stimulus heterozygosity (+ error) (A). Mean responses back transformed back to the probability

(preference) scale for combinations of levels of grouped focal heterozygosity and grouped stimulus
heterozygosity (B).
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Results offspring fledging probability based on categorized heterozygosities

First, the foster mother, foster father and biological mother heterozygosities and biological
relatedness were categorized into three groups based on tertiles. For the foster mother
heterozygosity we took the cut points -0.02536803 and 0.03791166. For the foster father
heterozygosity we took the cut points -0.03623277 and 0.06356268. For the biological
mother heterozygosity we took the cut points -0.01245976 and 0.03742855. And for the
biological relatedness we took the cut points -0.06911875 and 0.04628325. Next, in the
GLMM we replaced the continuous heterozygosities and relatedness values and their
interaction by main effects and interaction of the grouped heterozygosities and

relatedness. Results after removal of non-significant terms are given in table S4.

Table S5. Full model offspring fledging probability based on categorized heterozygosities. Table
consists of all factors tested in the binary mixed model with the fledging probability of the offspring (0/1) as the
dependent variable (N=272). Given is the degrees of freedom (df), the test statistic (x? value) and the significance
(P value).

df x2value P value
HLfoster female (grouped) 2 1.96 0.38
HLfoster mate (grouped) 2 2.11 0.35
HLbiological male 1 1.90 0.17
HLbiological female (grouped) 2 0.91 0.64
Biological relatedness (grouped) 2 2.08 0.35
Offspring sex 1 0.85 0.36
Year 1 0.03 0.87
Hatch date 1 3.15 0.08
Brood size 1 1.64 0.2
HLfoster femate * HLfoster male (both grouped) 4 18.97 0.0008

4 13.12 0.01

HLbiological female * biological relatedness (both grouped)

The estimated mean response (on the logit scale; mean + se) for the combination of foster
mother and foster father heterozygosities. We have also given the back transformed mean
responses, which indicate the fledging probability for the combination of foster mother

and foster father heterozygosity.
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Table S6. Least square means for combinations of levels of grouped foster mother and foster father
heterozygosities (x error) (A). Mean responses back transformed back to the probability (of fledging) scale for
combinations of levels of grouped foster mother and foster father heterozygosities (B).

-0.73 1.60 1.64 0.33 0.83 0.84
+125 | +098 | +1.60 ' ’ :
2058 0.80 1.99
A. B. : ‘ :
+0.98 +1.13 +1.11 020 o i
1.66 0.91 3,51 0.84 0.71 0.03
£1.09 | £119 | +1.09 : ' :
1 2 3 1 2 >

The estimated mean response (on the logit scale; mean * se) for the combination of
biological mother heterozygosity and her relatedness with the biological father. We also
give the back transformed mean responses, which indicate the fledging probability for the

combination of foster mother and foster father heterozygosity.

Table S7. Least square means for combinations of levels of grouped biological mother
heterozygosity and the grouped relatedness with the biological father (+ error) (A). Mean responses
back transformed back to the probability (of fledging) scale for combinations of levels of grouped biological
mother heterozygosity and the grouped relatedness with the biological father (B).

A 2.49 -0.33 -0.84 B
+1.24 +1.00 +1.05 ) 0.92 0.42 0.30
1.27 1.60 -0.16
+0.97 +1.01 +0.93 0.78 0.83 0.46
-1.46 -0.02 1.25
+0.96 +1.01 +1.04 0.19 0.49 0.78
1 2 3
1 2 3
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Appendix S4: Additional results with weak significance

A. Mate preferences

Both males and females tended to spend more time with moderately related individuals
than with very related or unrelated individuals (relatedness?, GLMM: F1,2742=-2.39, P=0.02).
This effect was also influenced by the heterozygosity of the stimulus bird (relatedness*
HLstimulus, GLMM: F1277.1=-2.06, P=0.04). Individuals tended to spend more time when
the stimulus bird was heterozygous and relatively unrelated or when the stimulus bird

was homozygous and relatively related.

Individuals tended to prefer a moderately related mate rather than a genetically dissimilar
mate with whom they could increase offspring heterozygosity (see also Kleven et al. 2005;
Oh & Badyaev 2006). It has been suggested that such patterns can occur when individuals
balance any potential costs and benefits of in- and outbreeding by finding a mate with the
‘optimal” genetic similarity, (Neff 2004; Greeff et al. 2009; Richard et al. 2009). We did not
find any fitness effects of this preference. These genetic effects may be very small, or only
appear later in life, and because of this we did not see them reflected in the reproductive
success. Although we did find a rearing effect of parental relatedness on chick weight, this
effect was the inverse of the preference tendency. Possibly this preference was a genetic
preference for indirect benefits or optimal outbreeding (Bateson 1983), despite the

negative direct effects of this preference on chick weight.

B. Reproductive success

Heterozygous foster fathers tended to raise heavier offspring (HLfoster male, LMM:
t2013=2.24, P=0.03). Biological fathers (within-pair or extra-pair sire), which were more
homozygous tended to produce offspring with a higher fledging probability (HLbiological
male, GLMM: Z=-2.07, P=0.04).

Heterozygous parents have previously been shown to invest more in their offspring
(Foerster et al. 2003; Garcia-navas et al. 2009). Heterozygous blue tits for instance
provisioned more than homozygous individuals (Garcia-navas et al. 2009). Here we found
that the absolute heterozygosity levels of foster fathers tended to be correlated with a
higher fledging weight, which indeed suggests that these males may be able to invest more
resources in their offspring and give direct reproductive benefits (Garcia-navas et al. 2009).
Females on the other hand often provision more than males and are often more responsive
to male provisioning levels and chick begging. Because of this we may not see the same
correlation with heterozygosity as in males. Conversely, the heterozygosity levels of the
biological fathers tended to have a negative effect on fledging success. Possibly

homozygous birds and offspring are better locally adapted to the environment and
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heterozygous males were more likely to sire offspring that is less adapted. Apart from
genetic effects the higher fledging success might also work through other pre-hatching
effects that may be related to male attractiveness, such as maternal investment in egg size
(Cunningham and Russell 2000; Horvathova et al. 2012), yolk carotenoids (Marri and
Richner 2014) or yolk androgens (Gil et al. 1999; Kingma et al. 2009)
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Appendix S5 Full statistical models

Table S8 — Mate preferences full model. Table consists of all factors tested in the binomial mixed model
with proportion of time spent with each of the stimulus birds as the dependent variable (N focals=116, N
tests= 359). Given is the degrees of freedom (df), the test statistic (F value) and the significance (P value). A
random effect for stimulus bird identity (mean + SE; 0.23 + 0.05) and random slopes for focal bird identity
with respect to the stimulus birds heterozygosity (2.37 + 0.76), relatedness (1.31 + 0.51), and offspring
heterozygosity (3.21 + 2.09), and a random effect for test number (to allow for negative correlations among
association times within one six-choice test; (-13.60 + 0.51) and an extra scale parameter on the original
scale, were included in the model. Degrees of freedom for F-tests were calculated using the degree of freedom

approximation proposed by Kenward and Roger (1997).

Num df Denom df F value P value
HLfocal 1 191.50 2.76 0.10
HLsimulus 1 164.40 0.42 0.52
HLfocal * HLstimulus 1 62.56 6.47 0.01
Relatedness 1 124.40 2.37 0.13
Relatedness? 1 293.00 3.29 0.07
Relatedness * HLstimulus 1 278.50 4.19 0.04
HLoffspring 1 69.07 0.00 0.99
Sex (female) 1 75.29 0.00 0.98
HLstimulus * sex (female) 1 164.40 1.22 0.27
HLfocal * HLstimulus * sex (female) 1 61.55 1.11 0.30
Relatedness * sex (female) 1 108.10 0.93 0.34
Relatedness? * sex (female) 1 293.80 0.37 0.54
HLoffspring * sex (female) 1 45.21 0.79 0.38
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Table S9 - Offspring fledging probability full model. Table consists of all factors tested in the binary
mixed model with the fledging probability of the offspring (0/1) as the dependent variable (N=272). Random
effects for biological brood (var + sd: 0.00 + 0.00) and foster brood (3.72 + 1.93) were included in the model.
Given is the test statistic (Z value) and the significance (P value). Biological and foster brood identity were

included as random factors.

Test statistic P value
HLofspring 0.30 0.76
HL foster female -1.71 0.09
HL foster male 1.09 0.28
HTL foster female * HLfoster male 3.42 <0.001
Foster relatedness 1.44 0.15
HLfoster female * Foster relatedness 0.80 0.43
HLfoster male * Foster relatedness 0.38 0.70
HLbiological female -1.99 0.047
HLbiological male -1.44 0.15
HLbiological female * HLbiological male -0.08 0.93
Biological relatedness 2.10 0.036
HLbiological female * biological relatedness -3.06 <0.01
HLbiological male * biological relatedness -0.73 0.47
Offspring sex (male) -0.67 0.51
Brood size -0.99 0.32
Hatch date 1.07 0.28

Year (2015) 0.10 0.92
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Table S10 — Offspring fledging weight full model. All factors tested in the linear mixed model with the
fledging weight (mg) of the offspring as the dependent variable (N=205). Biological (var + sd: 0.00 = 0.00)
and foster brood identity (17943 + 134.0) were included as random factors (residual variation = 28767 *
169.6). Given is the estimate, the degrees of freedom (df), the test statistic (t value) and the significance (P
value). Given are the P values, df and test statistics. Degrees of freedom for F- and t-tests were calculated

using the degree of freedom approximation proposed by Kenward and Roger (1997).

df Test statistic P value

Intercept 30.78 - -

HLofspring 118.02 -0.04 0.97
HTL foster female 21.45 -0.64 0.53
HL foster male 19.52 1.46 0.16
HLfoster female * HLfoster male 20.17 1.15 0.27
Foster relatedness 23.23 -1.48 0.15
Foster relatedness? 22.04 2.81 0.01
HL foster female * foster relatedness 24.84 -0.66 0.51
HLfoster male * foster relatedness 22.42 0.86 0.40
HLbiological female 97.22 -0.44 0.66
HLbiological male 109.05 -1.30 0.20
HLbiological female * HLbiological male 48.27 0.14 0.89
Biological relatedness 109.19 1.94 0.05
Biological relatedness? 134.51 -1.56 0.12
HLbiological female * biological relatedness 124.03 -1.99 0.05
HLbiological male * biological relatedness 96.70 -1.26 0.21
Offspring sex (male) 123.90 -2.42 0.02
Brood size 30.77 1.39 0.18
Catch date 31.16 1.23 0.23
Year (2015) 30.50 0.14 0.89

Year (2015) * catch date 31.58 -1.06 0.30
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Abstract

Compeatibility between pair mates is known to increase reproductive success and may be
especially important in species where individuals vary in their preferences for a mate. In
the case of population-wide mate preferences, reproductive success and reproductive
investment are known to change depending on the attractiveness of an individuals” mate.
However, in species where individuals vary in their preferences, to our knowledge, no
study so far has estimated a measure of pair compatibility. Here we attempt to estimate
this via mate preference, to quantify the extent to which pair mates have the trait values
that are preferred by their partner. Next, we investigated whether the attractiveness of an
individual, as perceived by its mate, increased the reproductive success of the pair. Using
repeated mate preference tests, we found that individual great tits differed in their
preference slopes for several traits in a mate. On the basis of these tests we calculated
preference functions for each individual and in the subsequent breeding season estimated
a measure of how attractive each individual perceived the mate they were paired with.
Here we found that while individuals differed in their preference for a mate, they were
not more likely to obtain a mate that they perceived as attractive than under random
mating. Additionally, we found no effects of perceived mate attractiveness on female
reproductive investment, offspring weight or fledging probability. Thus, although with a
limited sample size, we found no effect of our measure individual mate attractiveness on
reproductive success, this method of estimating preferences and individual mate
attractiveness gives the potential for further studies studying pair compatibility and
reproductive success. A better understanding of preferences for compatibility rather than
quality and the benefits related to this may shed light on the adaptive value of individual

differences in preference for mates.
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Introduction

By choosing the right partner individuals can gain reproductive benefits and can increase
their reproductive success (Darwin 1871; Andersson 1994; Petrie 1994). These benefits can
be direct, when the offspring’s quality or quantity is increased by the behaviour or
investment of the mate, or indirect, when the quality of the offspring is increased by the
genetic contribution of the mate (Tregenza and Wedell 2000). While previously it was often
thought that these benefits were primarily caused by the higher quality of these preferred
partners, studies are beginning to suggest that it may be partner compatibility, rather than,
or in addition to absolute partner quality, that increases reproductive success (Drickamer
et al. 2003; Gowaty et al. 2003; Spoon et al. 2006; Ihle et al. 2015; Martin-Wintle et al. 2015;
chapter 3).

Mate compatibility may be especially important when individuals differ in their
preferences for a mate. When female preferences are uniform, directional selection can
lead to the evolution of male traits signalling male quality. However, although uniform
preferences have often been assumed, an increasing number of studies indicate that
individuals differ in their preference for different trait values in a mate (Forstmeier and
Birkhead 2004; Lehtonen and Lindstrom 2008; Holveck and Riebel 2010; Ihle et al. 2015;
chapter 3). Moreover, these differences in preference can depend on the chooser’s own
trait values (Mays and Hill 2004; Holveck and Riebel 2007; chapter 3). Where some studies
have found that individuals prefer a mate that is similar to themselves chapter 3), others
suggest that a partner with traits that complement the choosers’ traits would be beneficial
(Tregenza and Wedell 2000; Szulkin et al. 2009). These studies show that individuals may
prefer a mate that is the best fit for them, rather than the universally ‘best individual’.
Socially monogamous species are especially likely to have evolved individualistic rather
than uniform preferences, due to the fact that individuals become unavailable after
pairing. In these monogamous systems, strong preferences for attractive individuals may
not be favoured by selection, since scramble competition over attractive mates leads to
increased costs of choosiness which may not outweigh the benefits (Dechaume-
Moncharmont et al. 2016; Wang et al. 2017). Instead of uniform preferences it may
therefore be more beneficial to have individual preferences for compatibility that lead to

optimal direct or indirect benefits (Ihle et al. 2015; chapter 3).

Individuals paired with their preferred partner have been found to have a higher
reproductive success, regardless of their partners quality or trait values (Drickamer et al.
2003; Gowaty et al. 2003; Ihle et al. 2015; Martin-Wintle et al. 2015; chapter 3). This suggests
that individual variation in mate preferences and mate compatibility can have

consequences for the rate and direction of sexual selection and may play a bigger role in
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the evolution of sexually selected traits than was previously thought. However, the
mechanisms behind these effects of partner compatibility on reproductive success are not

yet clear.

There may be different mechanisms through which compatible parents may gain higher
reproductive success. Firstly, preferred individuals may be genetically more compatible
through which they obtain indirect benefits of a higher quality (genetically) offspring
(Tregenza and Wedell 2000; Szulkin et al. 2009). Since heterozygosity is known to affect
fitness (reviewed in Kempenaers 2007 and Chapman et al. 2009) it would benefit parents
to find a partner with whom they would have very heterozygous offspring (Tregenza and
Wedell 2000; Tomiuk et al. 2007; Szulkin et al. 2009). Thus, these indirect benefits of choice

for a compatible partner can increase their reproductive success.

Secondly, a potential cause of a higher reproductive success may lie in a higher phenotypic
compatibility for preferred pairs, leading to direct benefits of compatibility (Royle et al.
2010). This pair compatibility may be especially important for species with biparental case.
Depending on the choosers” own traits, some traits or benefits may be more important to
have in a mate than others. However, if and how choosers differ in the attention they pay
to different mate qualities and how they weigh different signals of quality has received
relatively little attention (Candolin 2003). Especially since some of these traits are known
to be negatively correlated these decisions for multiple traits in a mate may be a trade-off.
For instance, aggressive or bold males often obtain better territories (Both et al. 2005), but
also provision their offspring less (Barnett et al. 2012; Mutzel et al. 2013). For a female that
is very good at provisioning her offspring, an aggressive male that provisions less, but that
can obtain a good territory can be an optimal choice. On the other hand, for a female that
has lower provisioning abilities the provisioning abilities of her mate may be more
important, and his dominance not so much. Thus choosers may differ in how they weigh
courter traits, depending on their own traits and qualities, such as their ability to
compensate for reductions in male care (see Burley 1986; see Sheldon 2000) or their genetic

variation (Pilakouta and Smiseth 2017).

A third possibility is that individuals invest differently in this current reproductive
attempt depending on the attractiveness of their partner (Sheldon 2000). Parents trade-off
their current and future reproduction by allocating resources to reproduction over time
depending on the expected costs and benefits of these current and future reproductive
opportunities (Houston and McNamara 1999; Brommer 2000). The attractiveness of their
mate and the reproductive benefits correlated with his traits affect the optimal trade-off
between different reproductive opportunities, and thus the optimal investment by the

partner (Ratikainen and Kokko 2009). Thus, individuals are thought to increase their
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investment with increasing mate attractiveness or quality, (reviewed in Sheldon 2000 and
Horvathova et al. 2012). However, several studies have shown a decrease in reproductive
investment with increasing mate quality (Bluhm and Gowaty 2004; Byers and Waits 2006;
Gowaty et al. 2007; Bolund et al. 2009), initially termed reproductive compensation
(Gowaty et al. 2007). Differential allocation and reproductive compensation may actually
be the ends of a continuum of reproductive investment patterns depending on mate
qualities (Harris and Uller 2009; Ratikainen and Kokko 2009). Through this process,
individuals are thought to optimise their reproductive success depending on their partner,

the environmental conditions and their future prospects.

Despite these many studies suggesting individual differences in preferences and the
benefits of compatibility, few studies so far have estimated individual preference functions
(but see McGuigan et al. 2008; Kilmer et al. 2017), let alone used individual preference
functions to estimate how attractive that individual perceives its mate (to our knowledge
no study has attempted this so far). On a population level, however, this approach is quite
common. Based on preference tests population level preferences are estimated, after which
males are valued as generally “attractive or unattractive’ depending on where on the
preference function their trait value falls (Zuk et al. 1995; Galeotti et al. 2005; Holveck and
Riebel 2010). Subsequently these traits are used as signals of quality or universal
attractiveness and are correlated with reproductive success or reproductive investment
(Cunningham and Russell 2000; Horvathova et al. 2012; Arnold et al. 2016). While in cases
of uniform, population-wide preferences these methods are justified, in cases of individual
variation in preferences this may lead to confounding results or an absence of a
compatibility effect. A different experimental approach, which does take individual
differences in preference into account, lets individuals choose between two or more
stimulus individuals, after which they are paired up either with their preferred or un-
preferred choice (Koeninger Ryan and Altmann 2001; Gowaty et al. 2003; Anderson et al.
2007; Ihle et al. 2015). Preferred, and thus likely compatible pairs subsequently had a
higher reproductive success than unpreferred pairs, independent of the individual
phenotypes and thus the individual quality. These experiments demonstrate that whether
individuals obtained the mate they preferred — the one they found most attractive —had a
large effect on their reproductive success regardless of what their preferences were. While
this method works in experimental conditions in which pair formation can be controlled,
in natural populations it is impossible to test each female for her preferences for each male
in the population. In that case, an approach which relates a measure of an individuals’
preferences for certain traits to the traits of the mate they obtained could be the solution
to this, giving an indication of the extent to which individuals find their mate attractive or

not.
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The aim of this study was to investigate whether pair compatibility — the combination of
individuals that breeds most successfully together can be chosen via mate choice for the
traits measured. Breeding success could be through indirect (pre-hatching) benefits, direct
(post-hatching) benefits, or through (pre-hatching) differential allocation. Since
individuals may differ in their preferences, the attractiveness of each individual differs
depending on the preferences of its observer (Widemo and Saether 1999). Therefore, rather
than referring to the attractiveness of a potential mate, the term ‘individual mate
attractiveness’ (IMA), as perceived by its observer, in this case the focal individual, is more
appropriate. Here, we estimated how attractive individuals perceived their mate to be:
their individual mate attractiveness (IMA score). We used preference tests to test whether
individuals differed in their preferences. Subsequently we specified the preference slopes
for each choosing individual for the traits heterozygosity, yellowness, breast stripe size
and body condition. In the following breeding season we followed all birds that were
tested for their preference, and were found breeding in our field site. On the basis of the
individual preference slopes measured in the preference tests, we estimated for each
individual their individual mate attractiveness score. By cross fostering chicks between
broods, we assessed the direct and indirect benefits of individual mate attractiveness on
reproductive success. We expected females to invest differently depending on their mates
estimated individual attractiveness, through differential allocation or reproductive
compensation. Additionally, we expected individuals with a mate with high individual
mate attractiveness scores to have a higher reproductive success (due to high
compatibility), both through direct and indirect effects. Furthermore, we expected that the
individual mate attractiveness scores for the different traits may affect reproductive
success in different ways. Depending on the trait, pair compatibility for one trait may have
different consequences compared to compatibility for other traits, such as direct versus

indirect benefits.
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Methods

Preference tests

For all details on the methods of the
preference tests see chapter 3. We

performed preference experiments Stimulus bird

using wild great tits originating from iho'che zone
erc
six unique field sites, which were Focal bird

Central platform

different from our own field site, to

minimize the chance the stimulus birds
(chosen birds) were familiar with the
focal birds (choosers). The birds were
housed at the NIOO-KNAW facilities

where we also carried out the mate Figure 4.1 — Experimental setup mate preference

preference tests. At this facility, we test. Birds were tested for their preference in a six-choice
attached a unique metal leg ring, test room. From the hexagonal central platform the focal

bird could observe all stimulus birds, whereas from the

weighed them and photographed their

breast stripe, after which we housed perches in the choice zone only one stimulus bird was

jsible. Ti ti h of the choi
them individually in standard cages (0.9 visible. Time spent ineach of the choice zones was

x 0.4 x 0.5 m), with a solid bottom, top, meastred.

side and rear walls, a wire-mesh front and three perches. The birds had ad libitum access
to water and sunflower seeds, supplemented daily with commercial egg mixture, ground
peanuts, live mealworms, soldier fly larvae, dead wax moth larvae, green bottle fly larvae
and crickets. Following the 6 days of preference tests, we took a blood sample (approx. 10

ul) from the brachial vein, and measured weight and tarsus length.

All tests took place in a test room (4.0 x 2.4 x 2.5 m) with white walls, and high-frequency
fluorescent lights to mimic natural lighting conditions (Figure 4.1). We tested individuals
mate preferences using a carrousel shaped six-choice chamber (chapter 3). As great tits
pair throughout the winter period (Culina 2014), we tested the birds for their mate
preferences in the months of January, February and March. During the winter great tits
often forage in large foraging flocks, while keeping local dominance in their breeding
territories. Encountering 6 birds of the opposite sex is therefore not unrealistic for this
species. Moreover with the six-choice test it is possible to measure individual directional

preferences as well as quadratic (stabilising or disruptive) preferences (Edward 2015).

Each focal bird was tested with 3 different groups of 6 stimulus birds. In total we tested 69
focal females and 70 focal males for their preference with a total of 42 groups of 6 stimulus
birds (N = 252).
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The setup consisted of a central zone for the focal bird and 6 stimulus cages placed around
it. The stimulus cages were separated from the central area with transparent panels, to
allow visual contact between the focal bird and a stimulus bird. All birds were within
auditory range of each other. In the middle of the central focal compartment we placed a
hexagonal platform to prevent visual contact between the stimulus birds. On top of this
we placed a perch with 6 branches of equal length in the direction of the stimulus cages,
from which the focal bird could observe all stimulus birds. Two perches were present in
front of every stimulus cage for the focal bird to sit on in proximity of the stimulus bird.
From this position it could only observe that specific stimulus bird. The movements of the
focal bird were recorded using a central camera pointing down from the ceiling (Panasonic
WV-CP500). Using EthoVision XT software (Noldus Information Technology) we analysed

the videos to calculate for every test the time that the focal bird spent in each choice zone.

For each test, we placed a stimulus bird in each stimulus cage and gave them 15 minutes
to habituate. After introducing the focal bird into the setup we started the recording, which
lasted for 45 minutes. Each focal bird was tested with 3 groups of different stimulus birds
(groups A, B and C), of which one group was repeated (order of testing: ABCA). Every
stimulus bird participated in 13 or 14 trials with 10 focal birds, divided over 4 mornings
and afternoons over a period of six days. We randomised the positions of the stimulus
birds within groups. We composed every group of stimulus birds blind with regard to
their traits (natural variation). From the videos, we calculated the time spent in front of
each stimulus bird, which is commonly used as a measure of preference. In numerous
species association time in a choice test has been shown to predict courtship behaviours
or pair formation (Clayton 1990; Hill 1990; Mays and Hill 2004; Witte 2006; Lehtonen and
Lindstrom 2008; Dechaume-Moncharmont et al. 2011; Jeswiet and Godin 2011) and to

correlate with reproductive success (Drickamer et al., 2003).

Mate choice and reproductive success

During the breeding seasons following the mate preference tests, we monitored all
breeding attempts in the Boslust population, from where the focal individuals originated.
Boslust is a mixed wood forest of approximately 70 ha containing 130 nest boxes. During
the breeding season we checked unoccupied nest boxes every five days for nesting
activity. For every nest we estimated the egg-laying date, start of incubation, hatching date
and fledging date and we recorded the clutch size, mean weight of the first five eggs, brood
size, and the number of fledged offspring. We weighed the chicks on the day of hatching
(day 0) and gave them a down code by removing down feathers to individually identify
each chick. These down codes were visible until at least day 6, after which they were given

an aluminium ring with a unique number. On day 1 after hatching we cross fostered the
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chicks with chicks from two other nests that had hatched on the same day. Using the cross
foster design of Brinkhof et al (1999) we ranked each chick in the brood on the basis of its
weight, and in the order of these ranks we sequentially re-assigned them to one of the
other two nests. Using this design, all chicks were raised by foster parents. In 2014 and
2015 we cross-fostered 26 and 48 broods, with 191 and 332 chicks respectively. Chicks were
weighed on day 15 after hatching (to the nearest 0.01g using a digital scale) as a measure
of fledging weight (Van Balen 1973), which is found to be closely correlated with first year
survival (Perrins 1965). On day 3 we took a blood sample (approx. 3 pul) of all chicks from
the metatarsal vein, and on day 14 the tarsus length was measured (to the nearest 0.1mm
using callipers). When the nestlings were approximately 10 days old, we caught the adults
at the nest using spring traps. From these adults we recorded body mass, tarsus length (to
the nearest 0.1 mm using callipers) and took a blood sample (10 pul) from the brachial vein
and yellow breast feathers. We fitted unringed adults with an aluminium numbered ring,
and each adult with a passive integrated transponder ring (IB technology). Each nest was
checked after 21-25 days for chicks that had not fledged.

Traits

Yellowness

We took a sample of 12-18 yellow breast feathers from all adult birds that were used in the
preference tests (n=391) or caught in the breeding season (n=128, of which 29 individuals
were sampled in both 2014 and 2015). We obtained plumage reflectance measurements
from these feather samples using the method of Quesada and Senar (Quesada and Senar
2006). Here it was shown that all colour measurements stabilise and are comparable to
measurements on live birds if measures are taken from more than 9 feathers.
Measurements were done using a field portable spectrometer (Jaz; Ocean Optics), a xenon
light source (Jaz-PX; Ocean Optics) and a bifurcated fibre-optic probe fitted with a
cylindrical probe holder at the tip to standardize measuring distance (8.0mm) and to
exclude ambient light (Andersson and Prager 2006). We held the probe perpendicular to
the surface of the feathers during the measurements. To imitate the plumage surface of the
bird with the feather sample, we stacked the 12 feathers by superimposing four layers of
three feathers on a black velvet surface (Quesada and Senar 2006). We calculated
reflectance measures relative to a white tile using SPECTRASUITE v. 2.0.162. In total we
took nine readings from the feathers, each of which in itself was an average of 12 scans,
while rearranging the stack of feathers after every third measurement. Subsequently we
calculated an overall mean reflectance spectrum for the avian visible spectrum (taken to
be 320-700nm; Andersson and Prager, 2006). Using the TETRACOLORSPACE (Stoddard
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and Prum 2008) we calculated the photon catch of each colour cone type; ultraviolet
sensitive or violet (UVS); short-wavelength-sensitive or blue (SWS); medium-wavelength
sensitive or green (MWS) and long-wavelength-sensitive or red (LWS) (Stoddard and
Prum 2008). On the basis of these cone catches we calculated the SWS ratio, as a measure
of intensity of the yellow plumage (Evans et al. 2010) using the following formula: 3
(UVS+MWS+LWS)/SWS.

Breast stripe size

We took photos of all adult birds tested in the mate choice tests, and of those caught during
the breeding season. The camera (Casio EX-H30) was mounted on a portable copy stand
maintaining a standard distance to the bird. While taking the photo of the breast stripe,
we held the bird outstretched by its tarsi and beak on top of graph paper as a reference
(Figuerola and Senar 2000). We defined breast stripe area as the area of the black band
between the point of inflexion where the ventral stripe widens to a throat patch and the
posterior end of the stripe. The area was calculated in square centimetres using image

analysis software Image] (Abramoff et al. 2004).

Heterozygosity
We genotyped all birds that participated in the mate preference experiments (344

individuals) across 17 polymorphic microsatellite markers. Blood samples of 9 birds tested

in the mate preference tests were missing and thus omitted from the genotype analysis.

We used homozygosity by locus (HL; Aparicio et al., 2006) to estimate individual genome-
wide genetic diversity and calculated this measure for all genotyped individuals with the
R-package GENHET (Coulon 2010). Because HL represents homozygosity instead of
heterozygosity we transformed the HL values into an estimate of heterozygosity by
calculating the complement of HL (1-HL). Full details on marker-characteristics and the

genetic analyses can be found in chapter 3.

Body condition

We calculated body condition as the residuals from a linear regression of mass and tarsus

length.

Statistical analyses

Individual differences in preference slopes

To analyse the proportion of time spent associating with each stimulus bird we used a
binomial generalised linear mixed model with a logit link function. The fixed part of the
model contained as explanatory variables: stimulus and focal heterozygosity, yellowness
and stripe size. For the random part of the GLMM we followed the experimental design

as closely as possible, specifying the next random terms (on the logit scale): 1) random
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effects for stimulus birds, since each stimulus bird was tested repeatedly; 2) random slopes
for focal birds with respect to the stimulus bird’s heterozygosity, yellowness and stripe
size, as each focal bird was tested multiple times. Using this specification of random slopes
it is possible to test for individual differences in slope of each focal individual.
Unfortunately, models with a random slope for body condition did not converge and
therefore measures of body condition were not included in the model. Hence, it was
impossible to estimate whether individual slopes differed for this trait. Together these
random effects define the G-side covariance structure. Furthermore, for the R-side
covariance structure we allowed the six proportions per test to be negatively correlated
(as they sum to one per six-choice test), by introducing a compound symmetric correlation
structure at the proportion scale and we introduced an extra scale parameter, because we
analysed a continuous proportion, for which the binomial variance-mean relationship
only holds up to a scale factor. The statistical analysis was performed using procedure
PROC GLIMMIX from the SAS software system (version 9.3; SAS Institute Inc., Cary, NC).
On the basis of this model we were able to test whether the preference slopes differed
among individuals (for the different stimulus traits). Using a likelihood ratio test we
assessed the significance of each random slope specification for the stimulus bird traits
(Pinheiro and Bates 2000). Trials in which the focal bird did not visit any of the stimulus

birds (N = 51) were excluded from the analysis.

Calculation of individual slopes

On the basis of the results of these preference experiments we estimated, for each focal
bird, its preference functions for heterozygosity, yellowness, stripe size and body
condition. Since preferences for trait values and the importance of the different traits for
these preferences differed between individuals, we estimated preference functions for
each focal bird separately. We ran multiple linear mixed models for each focal individual
testing the correlation between the association time and different combinations of stimulus
traits. Each linear mixed model included the log-transformed proportion of the time it
spent associating with each stimulus bird as the dependent variable and a random
intercept specification for test number. Each model contained different combinations of
the four stimulus traits (heterozygosity, yellowness, stripe size and body condition) as
explanatory variables. We standardised all trait values within sex to have a similar range
of traits values for each trait, and to be able to compare these values with the trait values
of the mates that individuals obtained in the subsequent breeding season. Using AICc
model selection we determined which stimulus traits predicted the time this focal
individual spent with stimulus birds, and what the estimated slope of the preference
function was (linear, quadratic or logarithmic). On the basis of AICc values we determined

the model with the best fit and the models with a difference in AICc value <2 when
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compared to this best model. Subsequently we model-averaged the estimates for these
models as a general estimate for the preference slopes of each individual (Figure 4.2). For
this analysis we only used birds that showed preferences (spent time with at least one
stimulus individual) in at least three tests (n=105). For these statistical analyses we used
the packages Ime4 version 1.1 (Bates et al. 2015) and MuMIn version 1.15 (Bartén 2017) in
R statistical software (R Development Core Team 2015).
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Figure 4.2 — Examples of model averaged preference slopes for stimulus yellowness on the basis of
the fraction of association time of three different focal individuals. Colours indicate different tests.

Stimulus yellowness values were standardised within sex.

Estimating individual mate attractiveness scores

Using these preference slopes for the standardised stimulus bird traits, we estimated for
each bird that was tested for its preference and was subsequently found breeding in the
field site, the perceived attractiveness of its partner, or its individual mate attractiveness
(IMA) score. We obtained preference slopes for 35 breeding females and 34 breeding
males. For 19 pairs we had obtained preference slopes for both parents, and for 31 pairs
we had obtained the preference slope for one of the two parental birds. For each of these
birds we estimated the individual mate attractiveness score on the basis of its preference
slopes for each trait, and the standardised trait values of its partner. We standardised the
trait values of all birds (of that sex) breeding in the field site in that year. Subsequently for
every bird tested for preference function, we determined where on the estimated slope of
each traits preference function the trait values of the partners lay. We could then determine
the individual mate attractiveness (IMA) score by reading the proportion of time the focal
individual would have spent with that bird in the preference test, on the basis of each trait.
For traits that did not predict where a focal spent its time, and thus did not occur in the
top models (with AAICc < 2), we assumed a preference slope of ‘0". Using this approach
we estimated mate attractiveness for all traits (heterozygosity, yellowness, stripe size and
body condition) and we calculated the total individual mate attractiveness score as the

sum of the attractiveness scores for all traits together.
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Mate choice

We tested the null hypothesis of random pairing between males and females by
performing a permutation test in which we compared the mean IMA (how attractive
individuals perceived their mates to be) to a sampling distribution generated by randomly
permuting the mate identities within year and computing for each individual the
attractiveness of these random pairings (10,000 permutations). We explored whether
individuals paired differently from random with regard to total IMA and IMA for each of

the four traits values.

Individual mate attractiveness and reproductive success

We then tested the correlation between our estimated values of individual mate
attractiveness (IMA) and reproductive success. Using linear models we tested the effect of
IMA on pre-hatching reproductive investment. We ran three linear models with lay date,
clutch size and average egg weight as dependent variables. For each, we ran one model
with the IMA scores for all four traits as separate explanatory variables, and we ran one
model with the total IMA score as one explanatory variable. In the model on lay date we
also added year as a control variable, since lay dates are known to vary between years. In
the models on clutch size and egg weight we added year, lay date and the interaction
between year and lay date as control variables. Additionally, in the model on egg weight
we also included clutch size as a variable to control for. Non-significant terms (P>0.05)
were deleted stepwise, starting with the highest order interactions and/or the least

significant term, to obtain the minimal adequate models.

Subsequently, we tested for a correlation between the individual mate attractiveness
scores and offspring fledging weight and between individual mate attractiveness score
and offspring fledging probability. We tested these correlations between individual mate
attractiveness and reproductive success (fledging weight and fledging probability), in
separate models for biological parents and foster parents. Thus, for both biological parents
and for foster parents we tested two models: One model testing a correlation between
fledging weight and the total IMA and one model testing its correlation with the IMA
scores for all separate traits. For this we ran two linear mixed models using the R package
Ime4 (version 1.1-12, Bates et al. 2015), with biological brood and foster brood as random
effects to account for the cross-foster design and the multiple chicks per brood. For effects
of biological fathers we used the genetic sire, which in some cases was the extra-pair sire.
In the first model, testing the effects of total IMA, we added total IMA, sex and the
interaction between IMA and sex as explanatory variables. In the second model we added
IMA for heterozygosity, for yellowness, for stripe size and for body condition as

explanatory variables, as well as sex and the interactions between IMA and sex. Because
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brood size and offspring sex are known to affect chick weight we controlled for these
variables in both models (sex was included as a categorical variable). We also added catch
date (standardised within year), year (as a categorical variable) and the interaction
between catch date and year (catch date * year) as control variables to both models. Thus,
in total, we tested four models on fledging weight: 2 models for biological parents, and
two for foster parents, testing the effects of total IMA or IMA for the different traits
separately). From the full model with all explanatory variables non-significant terms
(P>0.05) were deleted stepwise, starting with the highest order interactions and/or the least

significant term, to obtain the minimal adequate models.

We tested for differences in fledging probability for each chick with a binary generalised
linear mixed model using the R package Ime4 (Bates et al. 2015), with fledging (yes or no)
as a dependent variable. Similar to the models for fledging weight we also tested two
models for fledging probability for both biological parents and for foster parents: One
model testing a correlation between fledging probability and the total IMA and one model
testing its correlation with the IMA scores for all separate traits. In the first model, testing
the effects of total IMA, we added total IMA, sex and the interaction between IMA and sex
as explanatory variables. In the second model we added IMA for heterozygosity, for
yellowness, for stripe size and for body condition as explanatory variables, as well as sex
and the interactions between IMA and sex. We added brood size, hatch date, offspring sex
and year as control variables (offspring sex and year as a categorical variables). Biological
brood and foster brood were added as random effects to account for the cross-foster
design. Starting with the full model with all explanatory variables, non-significant terms
(P>0.05) were deleted stepwise, starting with the highest order interactions and/or the least

significant term, to obtain the minimal adequate models.
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Results

Preference slopes

Individuals differed in their preference slopes for heterozygosity, yellowness and stripe
size. The significant random slope effects for heterozygosity, yellowness and stripe size
show that individuals differ in their slopes for these different traits (table 1: likelihood
ratio test; heterozygosity X2=82.55, P<0.0001; yellowness x2=22.35, P<0.0001; stripe size ¥2=10.84,
P=0.0005). Additionally the model also shows that there is no population-wide preference
for these traits (Table 2: GLMM,; stimulus heterozygosity: F11364=0.12, P=0.73; stimulus
yellowness: F1,959=2.37, P=0.13; stimulus stripe size: F1,1041=0.38, P=0.54).

Table 1 — Likelihood ratio test random slopes for stimulus trait values: Table consists of random
slopes in the binomial mixed model with proportion of time spent with each of the stimulus birds as the
dependent variable tested for their significance using a likelihood-ratio test. Given are the degrees of freedom

(df), the test statistic (y*-value) and the significance (P value).

Random slope df X2 P value
Stimulus heterozygosity | focal identity 1 82.55 <.0001
Stimulus yellowness | focal identity 1 22.35 <.0001

Stimulus stripe size | focal identity 1 10.84 0.0005
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Table 2 — Mate preferences for stimulus traits: Table consists of all factors tested in the binomial mixed
model with proportion of time spent with each of the stimulus birds as the dependent variable (N focals =
116, N tests = 359). Given are the estimate, the degrees of freedom (df), the test statistic (F value) and the
significance (P value). A random intercept for stimulus bird identity (mean + SE; 0.20 + 0.04) and random
slopes for focal bird identity with respect to the stimulus bird’s heterozygosity (0.014 + 0.004), yellowness
(0.0039 +0.0018) and stripe size (0.004 + 0.002), and a random effect for test number (to allow for negative
correlations among association times within one six-choice test; (-13.30 + 0.48) and an extra scale parameter
on the original scale, were included in the model. Degrees of freedom for F- and t-tests were calculated using

the degree of freedom approximation proposed by Kenward and Roger (1997).

Effect Estimate Num df Denom df F Value P value
Intercept -1.67 1 47.61 - -
Stimulus heterozygosity 0.02 1 136.4 0.12 0.73
Stimulus yellowness -0.06 1 95.86 2.37 0.13
Stimulus stripe size -0.02 1 104.1 0.38 0.54
Focal heterozygosity 0.00 1 191.8 0.06 0.81
Focal yellowness 0.00 1 162.5 0.42 0.52
Focal stripe size 0.01 1 192.2 0.7 0.40

Subsequently we calculated linear preference slopes for 105 individuals for the four
different traits, depending on which traits affected their association time by model
averaging for the best models with A AICc < 2 to obtain the predicted slope (weighted by
model fit). See figure 4.3 for the preference slopes of 105 individuals for the 4 different

traits.
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Figure 4.3 — Individual preference slopes for heterozygosity, yellowness, stripe size and body
condition. Each line represents a different focal individual. Individual lines only cover the range of stimulus

trait values they were tested with.

Individual mate attractiveness

For each individual that was tested in the mate preference tests and subsequently bred in
our focal field site, we calculated a measure of how attractive they perceived their mate to
be (IMA). Individuals differed in how attractive they perceived their mates to be (mean
total IMA + SE; females: 0.42 + 0.03, Figure 4.4a; males: 0.35 + 0.04, Figure 4.4b), but males
and females did not differ in the average IMA score of their mate (LMM: sex: t 26.11=-1.595,
P=0.12). Birds were not more likely to breed with individuals that had high IMA scores
and they thus perceived as more attractive: there was no difference between total IMA
scores within pairs and within a randomly generated distribution of pairs drawn from the
population (random correlation 95% confidence interval =[0.34, 0.39]; correlation breeding

pairs = 0.38; N = 31; 10 000 permutations), nor did we find a difference between observed
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and random mating for either of the separate traits or for the different sexes (table S1).
Individuals did not mate differently from random with regard to IMA scores.
Additionally, IMA scores were not correlated with the trait values of the corresponding
mates (correlation: heterozygosity: tes=-0.26, P=0.80; yellowness: te>=1.50, P=0.14; stripe
size: tes=-0.70, P=0.16, body condition: t63=0.92, P=0.36).
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Figure 4.4 — Histogram of total individual mate attractiveness scores. Graphs show individual mate

attractiveness scores as perceived by females (A) and males (B).

Biological parent attractiveness and reproductive success

Females paired with a mate with a high IMA, did not lay earlier than females with an
unattractive partner, nor did they lay larger clutches or heavier eggs (total mate
attractiveness: lay date: t=0.72, P=0.48; clutch size: t=0.97, P=0.34; egg weight: t=-0.60,
P=0.56, for full model tables see supplementary table S1-S3). Also individual mate
attractiveness on the basis of the separate traits (heterozygosity, yellowness, stripe size
and body condition) did not correlate with the different aspects of egg laying (lay date:
IMA heterozygosity: t=0.91, P=0.76; IMA yellowness: t=0.91, P=0.37; IMA stripe size: t=-
0.14, P=0.89; IMA body condition: t=0.13, P=0.90; clutch size: IMA heterozygosity: t=-0.21,
P=0.83; IMA yellowness: t=1.35, P=0.19; IMA stripe size: t=-0.40, P=0.70; IMA body
condition: t=0.92, P=0.37; egg weight: IMA heterozygosity: t=0.00, P=0.99; IMA yellowness:
t=0.32, P=0.75; IMA stripe size: t=1.25, P=0.22; IMA body condition: t=-1.01, P=0.32, for full

model tables see supplementary information table S3-56).

Biological parents that perceived their partners as attractive did not produce offspring
with higher fledging weight or higher fledging probabilities. In biological parents IMA
did not correlate with their offsprings’ fledging weight (fledging weight, LMM: total IMA:
tisz20 =-0.90, P=0.37, table S7), nor did it correlate with fledging probability (fledging
probability, GLMM: total IMA: Z=0.59, P=0.55, table 3). Moreover, fledging probability and
fledging weight did not differ depending on the biological parents” IMA for the different
traits separately (fledging weight: see table S8; fledging probability: see table 4).
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Table 3 - Total individual mate attractiveness for biological parents and offspring fledging
probability Table consists of all factors tested in the binary mixed model with the fledging probability of the
biological offspring (0/1) as the dependent variable (N = 299). Random effects for biological brood (var + SD:
6.95 + 2.64) and foster brood (2.30 + 1.52) were included in the model. Given is the estimate, the degrees of
freedom (df), the test statistic (Z value) and the significance (P value). Using backwards elimination of

factors, the P- values, df and test statistics given come from the last model in which the factor or interaction

was included.

Estimate Z value P value
Minimal adequate model
Intercept -0.51 - -
Brood size -1.13 -2.41 0.02
Dropped terms
IMA total * parental sex (male) 2.05 0.49 0.62
Parental sex (male) 0.01 0.03 0.97
Year (2015) 0.35 0.59 0.55
IMA total 0.08 0.59 0.55
Offspring sex (male) -0.22 -0.95 0.34
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Table 4 — Individual mate attractiveness per trait for biological parents and offspring fledging
probability. Table consists of all factors tested in the binary mixed model with the fledging probability of
the biological offspring (0/1) as the dependent variable (N = 299). Random effects for biological brood (var +
SD: 5.70+2.29) and foster brood (2.21 + 1.49) were included in the model. Given are the estimate, the degrees
of freedom (df), the test statistic (Z value) and the significance (P value). Biological and foster brood identity
were included as random factors. Using backwards elimination of factors, the P- values, df and test statistics

given come from the last model in which the factor or interaction was included.

Estimate Z value P value
Minimal adequate model
Intercept -0.51 - -
Brood size -1.13 -2.41 0.02
Dropped terms
Parental sex (male) * IMA yellowness 3.78 0.32 0.75
Parental sex (male) * IMA stripe size 7.23 0.78 0.43
Parental sex (male) * IMA body condition -5.72 -0.59 0.56
Parental sex (male) * IMA heterozygosity 7.67 1.01 0.31
Parental sex (male) 0.13 0.26 0.79
IMA stripe size 0.63 0.18 0.85
Hatch date 0.23 0.38 0.71
IMA heterozygosity -1.15 -0.41 0.68
Year (2015) 0.27 0.49 0.63
IMA body condition 2.25 0.62 0.54
IMA yellowness 2.22 0.80 0.42

Offspring sex (male) -0.22 -0.95 0.34




Estimating individual mate attractiveness 115

Foster parent attractiveness and reproductive success

Foster pairs in which parents perceived their partners as attractive, with a high IMA, were
not more successful in rearing their offspring. IMA did not correlate with a higher fledging
weight (fledging weight, LMM: total attractiveness: tiss4o =-0.33, P=0.75, table S9), or a
higher fledging probability (fledging probability, LMM: total attractiveness: Z=0.11,
P=0.92, table S10) for their offspring. Fledging probability and weight also did not differ
depending on IMA per trait in foster parents (fledging weight: see table S12; fledging
probability: see table 4)

Table 5 - Total attractiveness for foster parents and offspring fledging probability Table consists of
all factors tested in the binary mixed model with the fledging probability of the foster offspring (0/1) as the
dependent variable (N = 299). Random effects for biological brood (var + SD: 0.85 + 0.92) and foster brood
(3.57 + 1.89) were included in the model. Given is the estimate, the degrees of freedom (df), the test statistic
(Z value) and the significance (P value). Using backwards elimination of factors, the P- values, df and test

statistics given come from the last model in which the factor or interaction was included.

Estimate Z value P value
Minimal adequate model
Intercept -0.51 - -
Brood size -1.13 -2.41 0.02
Dropped terms
IMA total * parental sex (male) -2.13 -0.63 0.53
Parental sex (male) 0.14 0.34 0.73
IMA total 0.17 0.11 0.92
Year -0.07 -0.28 0.78
Hatch date 0.37 0.74 0.46

Offspring sex (male) -0.22 -0.95 0.34
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Table 6 — Individual mate attractiveness per trait for foster parents and offspring fledging probability.
Table consists of all factors tested in the binary mixed model with the fledging probability of the offspring (0/1) as
the dependent variable (N = 295). Random effects for biological brood (var + SD: 0.95 + 0.97) and foster brood
(3.20 £ 1.79) were included in the model. Given is the estimate, the degrees of freedom (df), the test statistic (Z
value) and the significance (P value). Biological and foster brood identity were included as random factors. Using

backwards elimination of factors, the P- values, df and test statistics given come from the last model in which the

factor or interaction was included.

Estimate Z value P value
Minimal adequate model
Intercept -1.44 - -
Brood size -1.13 -2.41 0.02
Dropped terms
IMA body condition *parent sex (male) -4.54 -0.55 0.59
IMA heterozygosity * parent sex (male) -5.06 -0.93 0.35
IMA yellowness * parent sex (male) -1.28 -0.14 0.89
IMA stripe size * parent sex (male) 2.53 0.34 0.74
Parent sex (male) 0.18 0.46 0.65
IMA stripe size 245 0.80 0.42
Offspring sex (male) 0.24 0.70 0.48
IMA yellowness -0.04 -0.01 0.99
IMA heterozygosity 0.64 0.23 0.82
IMA body condition -5.25 -1.46 0.15
Hatch date 0.30 0.65 0.52
Year (2015) 1.44 1.34 0.18
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Discussion

Here we studied whether individuals can choose compatible mates, by estimating from
mate preference tests in captivity how attractive individuals perceived their mate to be in
the wild, and subsequently testing for a correlation between this individual mate
attractiveness (IMA) with reproductive success. To our knowledge, this is the first study
that estimates individual preference functions using choice experiments and subsequently
calculates individual mate attractiveness after pairing in the wild. Preference slopes for
heterozygosity, yellowness and stripe size were found to differ significantly between
individuals. Moreover, by estimating individual specific preference function slopes, we
were able to characterize for each focal bird which traits and which trait values determined
its preferences. Here we found that while individuals differed in their preference for a
mate, they were not more likely to obtain a mate that they perceived as attractive than
under random mating. Additionally we found no correlation between our estimations of
IMA (on the basis of the estimates of preference functions) and measures of differential

pre-hatching investment and direct or indirect benefits of compatibility.

We estimated individual preference functions using a model selection approach. Since we
found that great tits differed in their preference slopes for heterozygosity, yellowness and
stripe size (see also chapter 3), we estimated preference slopes for each individual without
making assumptions about the shape of the preference function or about which of the four
stimulus traits predominantly determined its preferences (Edward 2015; chapter 3; Kilmer
et al. 2017). Using this approach, we were able to test for preferences while allowing for
directional, unimodal and bimodal preference functions in our models. Additionally we
allowed for differences in the relative importance of each stimulus trait for their
preference, since, depending on the choosers own traits, some traits may be more or less
important to have in a mate (Pilakouta and Smiseth 2017; chapter 3). We found that the
majority of our estimated preference functions were directional with an optimum at either
end of the trait distribution and occasionally unimodal with an optimum preference at a
certain point along the trait distribution. Surprisingly, a few preference functions were
bimodal, suggesting a preference for both very large and very small trait values. Such
patterns may occur when two traits are genetically negatively correlated and choosers
have multivariate preferences for both traits (Candolin 2003; Burke and Murphy 2007;
Prokop and Drobniak 2016; Rosenthal 2017). In this case there may be a trade-off between
having very large trait values for one of the traits and with it, small trait values for the
other trait. Additionally, if there are genetic covariances between different traits, the whole
attractiveness may not be the same as the sum of the attractive values for the separate parts

(Prokop and Drobniak 2016), which may bias our results. However, in our case we did not
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find any correlations between trait values. Another option for this pattern may lie in a
measurement error due to a limited distribution of stimulus trait they were presented
with. If data points are lacking along the ends of the distribution of stimulus traits
quadratic or logistic model fitting may erroneously produce such bimodal preference
functions. Additionally, it should be noted that, although we measured traits that we
hypothesised to be of importance for great tit mate preferences, it is possible that other,
unmeasured, traits also affected the preferences and with it the association times, thereby

increasing the noise in our preference curves

The observed mating patterns for individual mate attractiveness did not differ from
random mating scenarios. This suggests that great tits were not more likely to mate with
an individual with trait values similar to those they found attractive in the preference tests.
However, it is possible that individuals still choose according to their preferences from the
options that they sampled, which is dependent on the availability and distribution of
potential mates. Unfortunately, from our data, we cannot say anything about the
availability, distribution or the number of sampled potential mates. Additionally it is
possible that under social monogamy selection may not favour high levels of choosiness
because the benefits of choosiness may not exceed the costs related to scramble
competition (Dechaume-Moncharmont et al. 2016; Wang et al. 2017). Under such
circumstances individuals are expected to have very low acceptance thresholds or to
sample very few potential mates. These low levels of choosiness and sampling effort may
lead to very subtle mating patterns and may explain the absence of mating patterns in our

observations.

We expected to find an influence of individual mate attractiveness on the different aspects
of reproductive success or reproductive investment. However, unexpectedly, we found no
effects of individual mate attractiveness on reproduction at all. In a number of species with
bi-parental care it has been shown that females often increase clutch size or egg weight in
response to male quality, especially if male sexual traits honestly signal direct benefits
(Burley 1986; Burley 1988; Sheldon 2000; reviewed in Horvathova et al. 2012). Even though
these studies all assume uniform preferences and effects of general mate quality on
reproductive investment, if, in the case of different preferences, females still benefit from
a compatible partner, differential allocation may be expected. Therefore, it was expected
that in our study females would also invest differentially in response to individual mate
attractiveness, be it with a higher or a lower investment. Their response to IMA could have
caused differential allocation due to a higher total IMA, but could also have depended on
the IMA for the different traits, since females may respond differently to the different
traits. For some male traits females may increase their reproductive investment with

increasing IMA, while for other traits the IMA might not have made a difference.
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However, also for the trait specific IMA scores we found no correlation with differential
investment. Possibly females still invested differentially, but only in response to the actual
male trait values and the expected benefits related to these traits, rather than to how
attractive they perceived their mates to be. However, if this were the case, females would
still be expected to have uniform preferences only for those male traits signalling uniform

benefits, which is not the case here.

Additionally, we expected in the case of preferences for compatibility, to see direct or
indirect benefits of compatibility on reproductive success. Mate attractiveness, however,
was not correlated with fledging weight or fledging probability. Again, this may suggest
that individuals did not show preferences for mates with whom they would optimise
genetic compatibility or parental care. However, while in a previous study on the same
birds we found that preferences for heterozygosity were reflected in direct benefits of
mating according to these preferences (chapter 3), here we do not find this correlation
between mate attractiveness for heterozygosity and reproductive success. It should be
noted however that the sample size is significantly smaller for these analyses, since only a
limited number of the preference tested birds went on to breed in our study area. And on
top of that the sample size of pairs for which we tested both pair mates for their preferences
was even smaller. This limited sample size may be the reason why we did not see any
effect of mate attractiveness on reproductive success, not even for heterozygosity. To test
whether this limited sample size may indeed have played a role we tested the effect of
heterozygosity compatibility on fledging probability, which was significant in our larger
dataset, on this limited dataset as well (results not reported here). In the smaller dataset
the combination of male and female heterozygosity was not significant anymore. Sample
size may thus indeed play a role in the absence of a significant effect of pair compatibility.
Another factor that may have played a role in the absence of an effect of compatibility on
reproductive success may lie in the reliability of preference function measurements. It has
previously been shown to be difficult to find repeatability for preference functions (Bell et
al. 2009; Rosenthal 2017) and many external or internal factors can affect their
measurement. However, while preferences may vary over environments and internal
states, with increasing numbers of preference tests the chance of finding the ‘real’
preference increases. Possibly our estimation of preference functions, which were based
on three or four tests, may still have contained too much noise to be able to characterise
the real preference functions of individuals. Repeating this approach on a larger sample
size, in a wild population or in a controlled captive population, may give a clearer
indication whether there is scope for the use of individual preference function to estimate

perceived mate attractiveness.
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Nevertheless, in light of recent findings indicating individual differences in preferences
for a mate and the increase of reproductive success through compatibility, a more suitable
measure of mate attractiveness and compatibility is needed. Despite the fact that in this
study we did not find effects of perceived mate attractiveness, this method of estimating
preferences and perceived mate attractiveness gives the potential for further studies
studying pair compatibility and reproductive success. However, with this increased
specificity of individual preference functions, rather than population-wide preferences,
the effects of noise may be larger and because of which sample sizes may be more crucial
to obtain reliable results. A better understanding of preferences for compatibility rather
than quality and the benefits related to this may shed light on the adaptive value of
individual differences in preference for mates and how under sexual selection variation in

traits is still maintained.
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Mate choice

Table S1: Mean IMA and confidence intervals for IMA under random mating. 95% Confidence
Intervals were obtained by generating a sampling distribution by randomly permuting the mate identities
within year and computing for each individual the attractiveness of these random pairings (10,000

permutations). This was done for both sexes together and for males and females separately.

mean IMA 95% CI random mating
Total IMA 0.384 [0.34, 0.39]
Female 0.424 [0.38, 0.45]
Male 0.347 [0.29, 0.36]
IMA heterozygosity 0.086 [0.08, 0.10]
Female 0.115 [0.10, 0.13]
Male 0.080 [0.06, 0.09]
IMA yellowness 0.086 [0.08, 0.10]
Female 0.100 [0.09, 0.12]
Male 0.074 [0.06, 0.09]
IMA stripe size 0.112 [0.10, 0.12]
Female 0.113 [0.10, 0.13]
Male 0.111 [0.08, 0.12]
IMA body condition 0.081 [0.07, 0.09]
Female 0.083 [0.08, 0.10]

Male 0.080 [0.06, 0.09]
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Biological parent effects

Prehatching effects

Table S2: Total individual mate attractiveness for biological female and lay date: All factors tested
in the linear model with the lay date of the first egq (counted as number of days after first of April) the
dependent variable (N=24). Given is the estimate, the degrees of freedom (df), the test statistic (t value) and
the significance (P value). Using backwards elimination of factors, the P values, df and test statistics given

come from the last model in which the factor or interaction was included.

Estimate t value P value
Minimal adequate model
Intercept 0.31 - -
Year (2015) 1.18 3.11 <0.001
Dropped terms
IMA total 0.92 0.72 0.48

Table S3: Total individual mate attractiveness for biological female and clutch size: All factors
tested in the linear model with the clutch size as the dependent variable (N=24). Given is the estimate, the
degrees of freedom (df), the test statistic (t value) and the significance (P value). Using backwards elimination
of factors, the P values, df and test statistics given come from the last model in which the factor or interaction

was included.

Estimate t value P value
Minimal adequate model
Intercept 7.67 - -
Year (2015) -0.06 -0.12 0.91
Lay date 0.04 0.14 0.89
Year (2015) * lay date -1.05 -2.07 0.05

Dropped terms
IMA total 1.36 0.97 0.34
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Table S4: Total individual mate attractiveness for biological female and egg weight: All factors
tested in the linear model with average egg weight of the first five eggs (g) as the dependent variable (N=24).
Given is the estimate, the degrees of freedom (df), the test statistic (t value) and the significance (P value).
Using backwards elimination of factors, the P values, df and test statistics given come from the last model in

which the factor or interaction was included.

Estimate t value P value
Minimal adequate model
Intercept 1.12 - -
Clutch size 0.05 2.56 0.02
Dropped terms
Year (2015) * lay date -0.04 -0.60 0.56
Lay date 0.01 0.21 0.84
IMA total 0.13 0.68 0.51

Table S5: Individual mate attractiveness per trait for biological female and lay date: All factors
tested in the linear model with the lay date of the first egg (counted as number of days after first of April) the
dependent variable (N=24). Given is the estimate, the degrees of freedom (df), the test statistic (t value) and
the significance (P value). Using backwards elimination of factors, the P values, df and test statistics given

come from the last model in which the factor or interaction was included.

Estimate t value P value
Minimal adequate model
Intercept -0.62 - -
Year (2015) 1.12 3.61 <0.001
Dropped terms
IMA stripe size -0.51 -0.14 0.89
IMA body condition 0.43 0.13 0.90
IMA heterozygosity 0.75 0.30 0.76

IMA yellowness 2.39 0.91 0.37




Estimating individual mate attractiveness 125

Table S6: Individual mate attractiveness per trait for biological female and clutch size: All factors
tested in the linear model with the clutch size as the dependent variable (N=24). Given is the estimate, the
degrees of freedom (df), the test statistic (t value) and the significance (P value). Using backwards elimination
of factors, the P values, df and test statistics given come from the last model in which the factor or interaction

was included.

Estimate t value P value
Minimal adequate model
Intercept 8.54 - -
Year (2015) -0.19 -0.43 0.67
Lay date 0.02 0.09 0.93
Year (2015) * lay date -0.95 -2.07 0.05
Dropped terms
IMA heterozygosity -0.64 -0.21 0.83
IMA stripe size -1.46 -0.40 0.70
IMA body condition 3.07 0.92 0.37
IMA yellowness 3.90 1.35 0.19

Table S7: Individual mate attractiveness per trait for biological female and egg weight: All factors
tested in the linear model with average egg weight of the first five eggs (g) as the dependent variable (N=24).
Given is the estimate, the degrees of freedom (df), the test statistic (t value) and the significance (P value).
Using backwards elimination of factors, the P values, df and test statistics given come from the last model in

which the factor or interaction was included.

Estimate t value P value
Minimal adequate model
Intercept 1.26 - -
Clutch size 0.05 2.11 0.04
Dropped terms
Lay date * year (2015) 0.00 -0.01 0.99
IMA heterozygosity -0.01 0.00 1.00
Lay date 0.66 0.19 0.85
IMA yellowness 0.06 0.32 0.75
IMA stripe size 3.64 1.25 0.22

IMA body condition -2.73 -1.01 0.32
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Fledging weight

Table S8: Total attractiveness for biological parents and offspring fledging weight: All factors tested

in the linear mixed model with the fledging weight (mg) of the biological offspring as the dependent variable
(N=190). Biological (var + sd: 399.70 + 19.99) and foster brood identity (28204.80 + 167.94) were included
as random factors (residual variation =23962.70 + 154.80). Given is the estimate, the degrees of freedom (df),

the test statistic (t value) and the significance (P value). Using backwards elimination of factors, the P values,

df and test statistics given come from the last model in which the factor or interaction was included.

Estimate df tvalue P value
Minimal adequate model
Intercept 1487.66 63.30 - -
Offspring sex (male) -63.85 498.00 -4.44 <0.001
Dropped terms
Hatch date * year (2015) 37.68 29.04 0.47 0.65
IMA total * parental sex (male) -84.56 9.63 -0.44 0.67
Parental sex (male) 1.50 167.16 0.06 0.96
Brood size 4.68 33.14 0.15 0.88
Catch time 8.82 35.95 0.28 0.78
IMA total -74.26 187.20 -0.90 0.37
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Table S9: Individual mate attractiveness per trait of biological parents and offspring fledging
weight: All factors tested in the linear mixed model with the fledging weight (mg) of the biological offspring
as the dependent variable (N=190). Biological (var + sd: 4304 + 65.61) and foster brood identity (24134 +
155.35) were included as random factors (residual variation = 24700 0 + 157.16). Given is the estimate, the
degrees of freedom (df), the test statistic (t value) and the significance (P value). Using backwards elimination

of factors, the P values, df and test statistics given come from the last model in which the factor or interaction

was included.

Estimate df t value P value
Minimal adequate model
Intercept 1487.66 63.30 - -
Offspring sex (male) -63.85 498.00 -4.44 <0.001
Dropped terms
Parental sex (male) * IMA stripe size -270.69 10.34 -0.59 0.57
Parental sex (male) * IMA yellowness 130.17 37.34 0.29 0.78
Parental sex (male) * IMA heterozygosity -20.18 96.47 -0.05 0.96
Parental sex (male) * IMA body condition 12.86 30.32 0.02 0.98
Hatch date * year 41.55 29.35 0.50 0.62
Parental sex (male) 1.99 173.89 0.07 0.95
IMA stripe size -30.99 185.94 -0.17 0.86
Brood size 4.62 33.47 0.15 0.88
Catch time 8.99 36.70 0.28 0.79
IMA yellowness -36.30 85.06 -0.20 0.85
IMA heterozygosity -75.33 177.37 -0.43 0.67
IMA body condition -103.72 187.81 -0.55 0.58




128

Chapter 4

Foster parent effects

Fledging weight

Table S10: Total attractiveness for foster parents and offspring fledging weight: All factors tested in
the linear mixed model with the fledging weight (mg) of the biological offspring as the dependent variable
(N=173). Biological (var + sd: 10377 + 101.9) and foster brood identity (22007 + 148.3) were included as
random factors (residual variation = 22373 + 149.6). Given is the estimate, the degrees of freedom (df), the

test statistic (t value) and the significance (P value). Using backwards elimination of factors, the P values,

df and test statistics given come from the last model in which the factor or interaction was included.

Estimate df t value P value
Minimal adequate model
Intercept 1487.66 63.30 - -
Offspring sex (male) -63.85 498.00 -4.44 <0.001
Dropped terms
Hatch date * year (2015) 3.33 18.19 0.03 0.97
Total IMA * parental sex (male) 0.46 144.26 0.00 1.00
Parental sex (male) -4.33 144.05 -0.15 0.88
Brood size 9.84 51.20 0.39 0.70
Catch time -1.20 51.50 -0.04 0.97
Total IMA -35.35 135.49 -0.33 0.75
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Table S11: Individual mate attractiveness per trait of foster parents and offspring fledging weight:
All factors tested in the linear mixed model with the fledging weight (mg) of the biological offspring as the
dependent variable (N=173). Biological (var + sd: 10478 + 102.4) and foster brood identity (23167 + 152.2)
were included as random factors (residual variation = 23095 + 152.0). Given is the estimate, the degrees of
freedom (df), the test statistic (t-value) and the significance (P-value). Using backwards elimination of

factors, the P-values, df and test statistics given come from the last model in which the factor or interaction

was included.

Estimate df t value P value
Minimal adequate model
Intercept 1487.66 63.30 - -
Offspring sex (male) -63.85 498.00 -4.44 <0.001
Dropped terms
Parental sex (male) * IMA heterozygosity -325.38 114.71 -0.73 0.47
Parental sex (male) * IMA yellowness -244.27 25.92 -0.31 0.76
Parental sex (male) * IMA stripe size -106.20 38.55 -0.17 0.86
Parental sex (male) * IMA body condition 197.37 123.01 0.32 0.75
Catch date * year (2015) 46.18 22.48 0.43 0.67
Parental sex (male) -5.46 142.17 -0.19 0.85
IMA stripe size 68.73 155.55 0.36 0.72
Brood size 9.84 51.20 0.39 0.70
Catch time 5.56 23.41 0.18 0.86
IMA yellowness -36.57 144.46 -0.16 0.87
IMA heterozygosity 69.08 132.99 0.34 0.73
IMA body condition -193.16 161.31 -0.83 0.41
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Abstract

1. Under sexual selection, individuals can gain reproductive benefits by preferring
certain traits in a mate. In particular, behavioural traits, such as personality traits
and behavioural compatibility may be important for reproductive success,
especially for species with biparental care. Indeed, behaviourally similar pairs; for
instance, those with a similar personality type, have been found to have greater
reproductive success than dissimilar pairs, but what causes this effect is not yet
clear.

2. A possible explanation may lie in variation in provisioning behaviour, depending
not only on the individuals” own personality, but also on the compatibility of
personality types within the pair. Here we investigate the role of personality and
behavioural compatibility in the provisioning behaviour of an avian species with
biparental care.

3. We recorded parental provisioning behaviour of great tit pairs with known
exploratory behaviour. By experimentally cross-fostering offspring, we were able
to distinguish between the pre-hatching and rearing effects of parental personality
on offspring weight and fledging probability.

4. We show that although all provisioning birds appeared to trade-off visit rate with
prey volume, parents with a fast personality type delivered smaller prey for a given
visit rate, resulting in a lower overall amount of prey delivered to their offspring.
However, this did not result in lighter offspring raised by fast parents. Individual
provisioning behaviour did not depend on the combination of personality types
within a pair. Moreover, we found pre-hatching effects, instead of the expected
rearing effects, of parent personality on offspring success. Females with fast-
exploring mates laid heavier eggs and offspring with similar biological parents had
higher fledging weight in one of the two study years, while foster pairs did not
differ in their rearing success depending on their personality or the combination of
personalities.

5. Thus, we have shown in this study that despite personality dependent differences
in provisioning behaviour, there was no effect of pair compatibility on provisioning
performance. Together these results suggest that both direct and indirect benefits
of assortative mating for personality may be very context dependent, indicating the

potential for fluctuating selection on personality traits and pair compatibility.
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Introduction

Individuals can gain reproductive benefits by being selective in their choice of mate
(Andersson and Iwasa 1996; Andersson and Simmons 2006). While in some cases
individuals have the same trait preferences in a potential mate, in other studies individuals
have been found to differ in their preferences (Brooks and Endler 2001; Holveck and Riebel
2010; chapter 3). Rather than searching for a universally attractive mate, they look for a
compatible mate (Holveck and Riebel 2010; Ihle et al. 2015; chapter 3). In particular, the
compatibility of behavioural traits has been shown to be important for mate choice, and to
increase reproductive success (Spoon et al. 2006; Schuett et al. 2011; Gabriel and Black 2012;
Ouyang et al. 2014). However, what causes higher reproductive success for such pair
combinations is not yet clear. One promising candidate for explaining variation between
pairs in their rearing success may lie in their provisioning behaviour and the coordination
of parental care (Royle et al. 2010). This fitness benefit of behaviourally compatible pairs

may work through the compatibility of personalities within a pair.

Recently, an increasing number of studies have focussed on the effect of personality on
fitness. In particular, individual differences in personality traits, such as boldness,
exploratory behaviour or aggressiveness, have been shown to affect reproductive success,
and it is likely that these benefits are mediated through parental care. For instance,
aggressive female tree swallows (Tachycineta bicolor) have smaller fledglings (Rosvall
2010). And while bold males have been found to obtain a higher quality territory (song
sparrows (Melospiza melodia): Scales et al. 2013), aggressive males are also known to
provision less often (Wingfield et al. 1990; House wrens (Troglodytes aedon): Barnett et al.
2012). Therefore, the personality of a mate may have a direct effect on reproductive success

and hence may be subject to mate preferences (Schuett et al. 2010).

Additionally, more and more studies indicate that individuals differ in their preferences
for a mate depending on their own personality. Indeed, in a number of species mate
preferences or choice for behavioural similarity have been reported (Kralj-Fiser et al. 2013;
Class et al. 2014). Moreover, behavioural compatibility could increase the likelihood of
reproducing, pair coordination (e.g. Raihani et al. 2010; Mariette & Griffith 2012; Johnstone
et al. 2014) and success (Schuett et al. 2011; Ariyomo and Watt 2013; Kralj-FiSer et al. 2013;
Class et al. 2014). For instance in cockatiels pairs with a higher behavioural compatibility
showed a higher incubation coordination and subsequently hatched more eggs (Spoon et
al. 2006) and in zebra finches behaviourally similar pairs were more successful in rearing
their offspring (Schuett et al. 2011).
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What explains this variation in rearing success between pairs that differ in behavioural
types is not yet clear. One likely candidate is that depending on their behavioural
compatibility pairs may differ in their provisioning behaviour and the coordination of
parental care. Personality may for instance influence provisioning rules, risk taking,
behavioural consistency or the responsiveness to their partners’ efforts (Both et al. 2005;
Royle et al. 2010; Schuett et al. 2011, Gabriel and Black 2012; Mutzel et al. 2013).
Personality-based differences in perception and response to partner foraging effort,
consistency and strategy may in turn influence a parent’s own investment. When
individuals have similar personalities, and thus similar provisioning rules or strategies,
this may lead to greater coordination of care, greater investment, and subsequently a

higher reproductive success (Royle et al. 2010; Schuett et al. 2011).

Additionally, an individual’s own personality may influence its foraging strategy and
with this, foraging efficiency and behavioural consistency. Birds of different personality
type are known to vary in their parental investment, how they search for prey (Verbeek et
al. 1994), and how far they travel to search for prey (van Overveld and Matthysen 2010).
Fast explorers for instance have been shown to invest more in nest defence and to behave
more aggressively, but they also had a lower feeding rate (Hollander et al. 2008; Mutzel et
al. 2013; but see: Barnett et al. 2012). However, when food is scarce, fast explorers are
quicker to move to other foraging areas in search for food (van Overveld and Matthysen
2010). Slow explorers on the other hand are expected to be more attentive to environmental
cues; they have been found to respond in a more flexibly to changes in food availability
(Benus et al. 1987; Verbeek et al. 1994) and are better at exploiting new food sources
(Verbeek et al. 1994; Drent and Marchetti 1999), which may be particularly important in
conditions with low food availability. Despite these studies finding personality differences
in provisioning, a number of other studies found no personality related differences in
feeding rate (Patrick and Browning 2011; Schuett et al. 2011). These differences in results
may be related to the context dependence of personality effects, with effects depending on

the environmental conditions (Dingemanse et al. 2004; Both et al. 2005).

Another reason why personality may affect provisioning rate could be the relation
between visit rate and prey volume. Prey volume and search time may trade off if larger
prey are more scarce and take longer to find (Werner and Hall 1974; Davies 1977; Grieco
2002; Koo et al. 2016). Therefore, while some individuals may have a lower feeding rate, if
they consistently bring in larger prey, the total amount of prey provisioned may still be
the same. Different search strategies may lead to different prey types or sizes and different
visit rates. Thus, previously found differences in visit related to personality may not

necessarily indicate variation in parental investment, but instead suggest differences in
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foraging strategy or consistency. Therefore, instead of focussing on visit rate alone, here

we take also prey volume into account.

Although pairs with similar personality have been found to have a higher reproductive
success, what exactly causes higher success for these compatible pairs is not yet clear
(Schuett et al. 2011; Gabriel and Black 2012). Therefore, the aim of this study was to
investigate whether behavioural compatibility could increase reproductive success
through provisioning. We first observed mating patterns related to exploratory behaviour,
an operational measure of personality in great tits (van Oers and Naguib 2013).
Subsequently we studied how provisioning behaviour is related to the individuals’
personality, their mates” personality, and their combination. Finally, by cross-fostering
chicks between broods, we were able to assess the pre-hatching and rearing effects of
parental personality on reproductive success. We expected pairs with similar exploration

scores to have higher rearing success rate, due to a greater provisioning effort.
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Methods

For this study we used wild great tits originating from the field site Boslust, Groot
Warnsborn (5°85'E, 52°01'N), near Arnhem in the Netherlands. Boslust is a mixed wood
forest of approximately 70 ha containing 130 nest boxes. The great tit population at the
study site is monitored throughout the year. Twice every winter we caught roosting birds
during roost inspections of the nest boxes. We took birds that we caught for the first time
to the avian indoor facilities at the NIOO-KNAW in Wageningen, the Netherlands, and
tested for exploration behaviour in a standardized context as a proxy for personality, using
a novel environment test (Verbeek et al.,, 1994). The next morning, we tested them
individually in a novel environment room (4.0 x 2.4 x 2.3 m) with five artificial trees. After
birds entered the experimental room, we recorded the number of flights (movements
between trees) and hops (movements within trees) within the first 2 min and used this to
calculate an exploration score (Dingemanse et al. 2002). These measures for exploratory
behaviour are known to be repeatable (r = 0.48, P < 0.0001, N = 111; Dingemanse et al.,
2002) and heritable (Dingemanse et al. 2002; Drent et al., 2003). After testing and weighing

all birds were released near their place of capture.

Reproductive success

During the breeding seasons in 2014 and 2015, we monitored all breeding attempts in the
Boslust population. We checked unoccupied nest boxes every five days for initiation of
nesting activity. For every nest, we estimated the egg-laying date, start of incubation, and
hatching date and recorded the clutch size, brood size, and the number of fledged
offspring. We weighed the chicks on the day of hatching (day 0) and gave them a down
code by selectively removing down tufts to individually identify each chick within a
brood. These down codes were visible until at least day 6, after which we gave them a
uniquely numbered aluminium ring. On day 1 after hatching we cross fostered the chicks
with chicks from two other broods that had hatched on the same day, matched for weight
as in Brinkhof et al. (1999) in such a way that each nest contained chicks from two other
nests and all chicks were raised by foster parents. In 2014 and 2015, we cross fostered 26
and 48 broods, with 191 and 325 chicks respectively. Chicks were weighed 14 days after
hatching (to the nearest 0.01g using a digital scale) as a measure of fledging weight, which
is closely associated with first year survival (Perrins 1965; Van Balen 1973), and we
measured their tarsus length (to the nearest 0.1mm using callipers). When the nestlings
were 10 days old, we caught the adults at the nest using spring traps. We recorded adult
body mass, tarsus length and took a blood sample (approx. 10 ul) from the brachial vein.

We fitted unringed adults with an aluminium numbered ring and a plastic leg ring



Provisioning is affected by personality, but not the compatibility of personalities 137

containing an RFID tag (IB Technology, Aylesbury, UK). Each nest was checked for chick
fledging 21-25 days post-hatching.

Provisioning behaviour

On days 11 and 12 after hatching, we recorded parental provisioning behaviour, by
making both 2 hr video recordings (for detailed provisioning behaviour) and full day RFID
recordings. To record visit rates we attached an antenna around the nest box opening that
was connected to a RFID reader (Dorset ID, Aalten, The Netherlands). Using this, we
recorded all visits of the pair for 1.5 days continuously. From these RFID recordings, we
calculated “working day length” by subtracting the first presumed feeding visit from the
last presumed feeding visit. For males, the first feeding visit was assumed to be the first
reading of his tag on the day. However, since females sleep in the nest box and will pass
the reader when exiting the nest box in the morning, we used the second recording of her
RFID tag as the ‘first feeding visit’. Using these measures of provisioning day length, we
could check whether visit rate was a good representation of provisioning, since some

individuals may visit at a lower rate, but for a longer time over the day.

To record prey volume, we also made video recordings using a CCD 420 TV infrared spy-
camera installed in the lid of the nest box, which was connected to a PV-500L2 portable
DVR (LawMate International, Taipei, Taiwan). Videos were analysed to assess parental
food  provisioning behaviour wusing Jwatcher Video V1.09  program
(http://www .jwatcher.ucla.edu/). All videos were analysed for 2 hours (8:00-10:00 am). We
installed camera and PIT recorders the day before data collection, and we analysed the
recordings at least 20 minutes after the moment that video and PIT recorders were

switched on to make sure the parents had returned to feeding at normal rates.

From the video we recorded the exact time of every visit to calculate the total number of
visits, time between visits (the inter-visit interval), and the size of the prey. Apart from
measuring the prey length and width on the videos, we also measured the parent’s beak
width as a reference to estimate the real size of the prey. Beak width has been found to
vary relatively little between individuals, so for this study we used a beak width of 5.5
mm as reference (Lemel 1989). Assuming that the prey had an approximately cylindrical

shape we calculated the volume as: 7 x %2 (prey width)? x prey length.

Extra-pair paternity

Using the microsatellite data from 17 loci (for more details on microsatellites used see
chapter 3), the paternity of chicks was assigned using a likelihood approach in the
software program Cervus 3.07 (Marshall et al. 1998). These loci had a combined second-
parent exclusion probability (Pre) of 0.9999999945. We calculated critical values of LOD
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(log likelihood ratio) and delta (difference in LOD scores between the most likely
candidate parent and the second most likely candidate parent) using the following
parameters in CERVUS: 10000 cycles, 98% of loci typed, error rate 0.01%, two candidate
parents. Offspring were assigned to be extra-pair when these critical values were exceeded
in the comparison of the genotypes of the mother, the putative father and the offspring.
For 45 offspring in 18 broods (9% of all offspring, in 24% of all broods), the social father
was determined not to be the sire. By comparing these extra-pair offspring with all other
males, we were able to identify the extra-pair father for 14 offspring. For more details on

genetic analyses see chapter 3.

Statistical analyses

Assortative mating

We explored whether individuals paired non-randomly with regard to personality. To test
this, we tested the null hypothesis of random pairing between males and females, by
performing a permutation test. In this test we compared the test statistic, that is, the
correlation between personality of the male and female of a pair, to a sampling distribution
generated by randomly permuting the females and computing the correlation between

randomly paired couples (1000 permutations).

Provisioning behaviour

For all analyses on visit rate or prey volume, we used observations from the 2 hour long
video recordings, while for the analyses on day length we used data obtained from the PIT
recordings. To analyse how an individual’s personality, and the combination with the
personality of their mate, influenced provisioning behaviour we used four linear models
with visit rate, average prey volume, total prey volume over 2 hours and the length of
working day as dependent variables. For all models, we tested the effects of personality,
mate personality and sex, and kept brood size (mean + SE 5,63 + 0.21)), date and year in
the model as control variables. In the model testing effects on working day length, we also
controlled for the effects of the real day length at the field site. For the models regarding
visit rate and average prey volume we also added prey volume and visit rate respectively,
to test for a trade-off between prey volume and visit rate. Additionally, we added the
relevant interaction effect between previously mentioned variables. We used backwards
elimination based on estimated confidence intervals and the corresponding P values to
obtain the minimal adequate models. Non-significant terms were deleted stepwise,
starting with the highest order interactions and/or the least significant term (P<0.05).
However, since the provisioning behaviour of each individual may appear in the analysis

twice, once as the dependent variable and again as an independent variable explaining
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partner provisioning behaviour, a potential pseudo-replication may arise. Therefore, we
randomly selected one parent for each nest, so that for half of the nests female provisioning
was the dependent variable and the male provisioning behaviour was the independent
variable, while for the other half the reverse was true (see Hinde & Kilner 2007). This
random selection of one parent from each nest as the dependent variable was repeated
and for each analysis we present the average results from 1000 iterations. All continuous
variables were standardized as Z-scores before analysis. Since backwards elimination may
be susceptible to the order in which variables are eliminated from the models, we
compared the results from the backwards elimination with the results using an
information criterion model selection approach (Appendix B), which produced
qualitatively the same results. For all analyses on provisioning behaviour we used the
packages Ime4 (version 1.1-12; Bates et al. 2015) and MuMIn (version 1.40.0; Bartén 2017)

in R software system (version 3.4.1; R Development Core Team 2017).

Reproductive success

We tested the effects of parent personality on fledging weight (weight of the offspring
when 14 days old), for both biological and foster parents. For this we ran a linear mixed
model with biological brood and foster brood as random effects to account for the cross-
foster design and the multiple chicks per brood. As explanatory variables, we added the
personality of the biological and foster parent pairs. For the effects of biological fathers
and relatedness, we used the genetic sire, which in some cases was the extra-pair sire. We
also tested for an interaction effect of parental personality on reproductive success.
Because brood size and offspring sex (as categorical variable) are known to affect chick
weight we also controlled for these. We also added brood size, catch time, catch date and
year (as a categorical variable) and the interaction between catch date and year (hatch date
* year) as control variables. Since egg weight is known to influence offspring growth and
fledging probability we also added this variable as a control variable to the models testing
foster parent effects. We started with the full model and used stepwise backward selection

to obtain the minimal adequate models.

We tested for differences in fledging probability for each offspring with a binary
generalized linear mixed model, with fledging (yes or no) as a dependent variable and the
personality of biological and foster parents as explanatory variables. We also tested for an
interaction effect of parental personality scores. We kept brood size, hatch date, offspring
sex and year in the model as control variables and the interaction between catch date and
year (hatch date * year) as control variables (offspring sex and year as a categorical
variables). Biological brood and foster brood were random effects to account for the cross-

foster design.
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Finally, we tested for the effects of parental provisioning on offspring weight and fledging
using a linear mixed model and a binary generalized linear mixed model respectively.
Using backwards elimination, we tested the effects of visit rate and average prey volume
on offspring fledging weight and fledging probability. Additionally, we tested the effect
of total prey volume on offspring fledging weight and fledging probability. All models
contained brood size, sex, date and year as control variables, and the model on fledging

weight also contained weighing time as a control variable.

Similar to the models on provisioning, the models on reproductive success may also be
susceptible to the order in which variables are eliminated when using backwards
elimination procedures. Therefore, we also compared these model outcomes to additional
models using an information criterion model selection approach (Appendix B). The results
of both analyses were qualitatively the same except for the analysis on egg weight which
was not significant in the model selection approach. Therefore, we treat this result with
caution in our interpretation. For all analyses on reproductive success we used the
packages Ime4 (version 1.1-12; Bates et al. 2015) and MuMlIn (version 1.40.0; Bartén 2017)

in R software system (version 3.4.1; R Development Core Team 2017).
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in smaller prey, while in 2015 personality
types did not differ in prey volume
delivered. Furthermore, birds mated with
faster birds tended to bring in smaller prey
(Figure 5.1b; mate personality: 95% CI= [-
96.23, -4.75], P=0.06, Table 1). Prey volume is
strongly associated with the visit rate: birds
that bring in large prey items on average also
visit less often (visit rate: 95% CI=[-113.59, -
27.99], P=0.002, Table 1).

Mate personality

Figure 5.1 - The relation between average volume
of prey items delivered and personality and mate
personality over the 2 hrs measured. Circles
represent actual data points and lines represent model
outcome. A) There was a negative relationship
between personality and average prey volume
depending on the year (while controlling for total
number of feeding visits). B) Birds with faster mates
brought in on average smaller prey items (while

controlling for total number of feeding visits).
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Table 1: Average prey volume. All variables tested in the linear mixed model with average prey volume

(over the two observed hours) as the dependent variable (number focal parents = 54, broods = 27). Given is
the mean estimate (B), 95% confidence interval of the estimate (95% CI for B) and the significance (P value).
Significant terms (P<0.05) are indicated in bold, and trends (P= 0.05 - 0.10) are indicated in italics.

B 95% CI for B P value
Minimal adequate model
Intercept 254.86 - -
Brood size 2.35 [-34.9, 45.33] 0.91
Date -53.70 [-84.44, -27.41] <0.001
Year 2.03 [-56.67, 62.39] 0.95
Visit rate -67.62 [-113.59, -27.99] 0.002
Personality -117.97 [-221.16, -69.81] 0.004
Mate personality -43.17 [-96.23, -4.75] 0.06
Date * year 68.94 [24.89, 114.6] 0.01
Personality * year 101.69 [18.68, 215.34] 0.03
Dropped terms
Sex 33.94 [-45.83, 121.65] 0.43
Personality * sex 20.51 [-86.47, 110.74] 0.69
Personality * visit rate 1.42 [-1.31, 4.8] 0.38
Personality * mate personality 18.45 [-25.35, 64.53] 0.43
Mate personality * sex 2.40 [-97.13, 122.05] 0.97
Mate personality * year 65.90 [-30.96, 202.27] 0.28
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Figure 5.2 — Relation between personality and prey volume and
visit rate. Circles represent actual data points and lines represent
model outcome. A) Faster birds had a lower visit rate (while
controlling for prey volume). B) Birds that brought in large prey on
average had a lower visit rate. C) Graph visualising residuals from
the model testing effects on visit rate plotted against average prey
volume. Models contained exploration score as continuous variable,

here for visualisation purposes we indicate fast, intermediate and slow
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Table 2: Visit rate. All variables tested in a linear mixed model with visit rate (visits per hour) as
the dependent variable (Number focal parents = 54, broods = 27). Given is the mean estimate (), 95%
confidence interval of the estimate (95% CI for p) and the significance (P value). Significant terms (P<0.05)
are indicated in bold, and trends (P= 0.05 - 0.10) are indicated in italics.

B 95% CI for B P value
Minimal adequate model
Intercept 19.76 - -
Brood size -2.22 [-4.3,-0.31] 0.04
Date 3.83 [0.1, 7.75] 0.05
Year 1.70 [-0.5, 3.77] 0.13
Personality -3.58 [-6.82, -1.15] 0.01
Prey volume -4.71 [-7.49, -2.28] 0.0003
Date * year 3.69 [1.21, 6.19] 0.005
Dropped terms
Mate personality -1.89 [-4.94, 1.63] 0.25
Sex 3.01 [-3.57,9.53] 0.37
Personality * sex 3.82 [-1.06, 10.31] 0.18
Personality * year 2.66 [-3.89,10.97] 0.48
Personality * prey volume 1.79 [-2.7, 6.11] 0.40
Personality * mate personality -1.18 [-4.04,1.79] 0.44
Mate personality * sex 1.61 [-5.53,9.51] 0.66
Mate personality * year 3.43 [-3.24,13.15] 0.43
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Figure 5.3 — Effects on total prey volume

brought in during parental feeding visits over

2 hrs. Circles represent actual data points and the

line represents the model outcome.
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Table 3: Total prey volume. All variables tested in the linear mixed model with the total prey volume (over

the two observed hours) as the dependent variable (number focal parents = 54, broods = 27). Given is the
mean estimate (B), 95% confidence interval of the estimate (95% ClI for B) and the significance (P value).
Significant terms (P<0.05) are indicated in bold, and trends (P= 0.05 - 0.10) are indicated in italics.

B 95% CI for B P value
Minimal adequate model
Intercept 10547.83 - -
Brood size 590.01 [-488.34, 1548.94] 0.26
Date -304.83 [-1083.85, 545.36] 0.47
Year 575.54 [-1429.87, 2703.91] 0.59
Personality -1892.76 [-3386.76, -793.84] 0.01
Dropped terms
Mate personality -1453.47 [-3713.73, 701.43] 0.19
Sex 2278.56 [-1303.81, 5812.88] 0.22
Date * year -1518.66 [-3730.87, 574.51] 0.17
Personality * sex 708.75 [-2165.97, 3894.17] 0.65
Personality * year 2248.82 [-1320.86, 6882.88] 0.30
Personality * mate personality -209.34 [-1565.82, 1343.54] 0.79
Mate personality * sex 405.88 [-3244.72, 4769.37] 0.84
Mate personality * year 2270.08 [-2088.37, 8404.53] 0.43
Working day length 17

Females feeding visits commonly started earlier and
ended later, resulting in longer ‘working day lengths’
compared to males (Figure 5.4; sex, 95% CI=[-0.83, -0.05],
P=0.03, Appendix A Table S1). Birds of different
personality did not vary in their day length (personality:
95% CI=[-0.12, 0.13], P=0.74. Moreover, visit rate was not
associated with working day length (visit rate: 95% Cl=
[-0.05, 0.4], P=0.20, Table S1), suggesting that birds did
not compensate for a lower provisioning rate by making
longer working days. This indicates that visit rate is a

good representation of parental provisioning effort.

15 T

13

Provisioning daylength (hours)
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Figure 5.4 — Female feeding visits

commonly started earlier and ended

later, resulting in longer working

day lengths than males. Figure

shows actual data with each line

representing a unique brood.
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Reproductive success

Fitness effects of personality and mate personality

While there were no effects of parental

2.0
personality on lay date (female ° o
personality, LM: t32=0.79, P=0.45; & 1.8+ °00 o ° o
N [e)
male personality, LM: t2=0.13, § . g 22
. s o 8,°
P=0.89, Table S2) and clutch size L%g o g oo
(female personality, LM: ti5=-0.59, 149 o °
P=0.56; male personality, LM: tsz0=- 1.2- o
__ . I T T T I I T T
0.96, P=0.96, Table 83)., female.s paired Sow 10 15 20 25 30 35 40 45 Fast
with faster males laid heavier eggs Biological male personality score
(Figure 5.5: male personality, LM:
ts11=2.07, P=0.04, Table 54) Figure 5.5 — Females with faster males laid heavier

eggs on average. Circles represent actual data points and
The weight at day 14 of chicks was not  jiyes represent model outcomes.

associated ~ with  foster  parent

personality nor the combination of foster parent personalities (female personality, LMM:
t260=0.57, P=0.58; male personality, LMM: ts1.31=1.70, P=0.10, female personality * male
personality, LMM: ti9.96=-1.19, P=0.25, Table S6) or fledging probability (female personality,
GLMM: Z=0.07, P=0.94; male personality, GLMM: Z=-0.99, P=0.32, female personality *
male personality, GLMM: Z=-1.12, P=0.26, Table S8).

Fledging weight was associated with the combination of the biological parents’
exploratory scores (Figure 5.6; biological female personality * biological male personality
* year: t3635=-2.49, P=0.02, Table S5). In 2014, offspring produced by assortative pairs had a
higher fledging weight, while in 2015 there was no such effect. However, offspring
fledging probability was not associated with the biological parents’” personality (female
personality, GLMM: Z=-0.02, P=0.98; male personality, GLMM: Z=0.48, P=0.63, female
personality * male personality, GLMM: Z=1.08, P=0.28, Table 57).
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Fitness effects of provisioning

A higher total prey volume delivered
to the brood did not increase
offspring weight (total prey volume
brood, LMM: t3325=0.07, P=0.94, Table
S10) or fledging probability (total
prey volume brood, GLMM: Z=0.22,
P=0.83, Table S12), when controlling
for brood size. Instead, broods that
received a lower average prey volume
tended to have a higher fledging
weight (average prey volume, LMM:
ts7=-1.82, P=0.08, Table S9). Broods
that received more feeding visits had
a higher fledging probability (visit
rate, GLMM: Z=2.56, P=0.02, Table
S11).
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Figure 5.6 — Parental personality and offspring
fledging weight. In 2014 the offspring produced by
assortative pairs had a higher fledging weight (A), while in
2015 there was no effect of biological parents’ personality
(B). Colours indicate biological male’s personality types.
Models contained male personality, exploration score, as
continuous variable, here for visualisation purposes we
indicate fast, intermediate and slow explorers with different
colours (lines represent average of fastest, slowest and
intermediate 33.3% of the birds). Circles represent actual

data points and lines represent model outcome.
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Discussion

Here we show that while birds of different personality type varied in their provisioning
behaviour, their parental investment did not depend on their partners” personality. After
controlling for prey volume, faster birds made fewer feeding visits to the nest box, and
when controlling for visit rate, faster birds brought in smaller prey. These differences in
provisioning strategy led to faster explorers bringing a lower total prey volume to their
offspring. In contrast to other studies, we did not find that assortative pairs were better
parents; similar pairs were not more successful in rearing their offspring, nor did we find
other personality related differences in reproductive success. This may be related to the
fact that reproductive success was higher for pairs that had a high visit rate (and,
correlated, a low average prey volume) rather than a high total prey volume. Instead of
the expected rearing effects, we found pre-hatching effects on offspring. Females with
faster mates tended to lay heavier eggs and, in one of the two years, original parents that
mated assortatively for personality had a reproductive benefit in terms of offspring
fledging weight. This suggests that compatibility for these behavioural traits may have a

pre-hatching benefit for offspring in some years, but not in others.

A number of studies have reported fitness benefits for pairs that mated assortatively for
personality (Budaev et al. 1999; Sinn et al. 2006; Schuett et al. 2011; Ariyomo and Watt
2013; Class et al. 2014). Although these assortative mating patterns for personality have
been found in wild populations (Groothuis and Carere 2005; Gabriel and Black 2012), quite
often significant patterns are absent or fluctuate between years (Dingemanse 2004).
Despite the fact that reproductive benefits for assortative pairs have also been reported for
great tits (Dingemanse et al. 2004; Both et al. 2005; David et al. 2015), assortative mating
patterns for personality have not, with one study actually finding disassortative mating
patterns (Dingemanse et al. 2004). There are different potential explanations for this
discrepancy. Differences in the occurrence and stability of assortative mating patterns
between populations may be correlated with the extent to which the benefits of assortative
mating are either stable or context dependent. In Steller’s jays (Cyanocitta stelleri),
similarity in personality traits increased reproductive success over all years measured and
assortative mating patterns were found consistently for all years. However, in great tits,
the effects of personality and behavioural compatibility on fitness and reproductive
success fluctuate between years (Dingemanse et al. 2004; Both et al. 2005; Nicolaus et al.
2016), which could be an explanation for fluctuations in the strength and direction of
choice patterns. Another explanation may be that in great tits, other factors, such as

territory quality, availability of potential mates or female-female interactions (Drent 1983)
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influence mating patterns, which may explain the absence of assortative mating patterns,

despite the potential fitness benefits.

It has been suggested that the higher reproductive success for assortative pairs works
through a higher behavioural compatibility resulting in greater coordination and less
parental conflict, and possibly a higher provisioning rate (Royle et al. 2010; Schuett et al.
2011). In this study, we did not find such a difference in provisioning performance
depending on the combination of personalities within a pair. Rather than affecting the way
they provisioned depending on their partners’ personality, in our study personality was
mainly related to an individuals’ own provisioning strategy and performance. As
previously noted in great tit and blue tits (Grieco 2001; Grieco 2002; Hinde 2005), we found
a negative correlation between prey volume and visit rate, emphasizing the importance of
considering prey volume when measuring parental provisioning. When taking into
account this trade-off in our analyses, faster explorers were found to provision less, having
a lower visit rate for a given prey volume and vice versa. Fast explorers have previously
been found to be more aggressive (Verbeek et al. 1996), which in turn has been found to
be related to an increase in nest defence and a decrease in parental feeding visits
(McGlothlin et al. 2007; Hollander et al. 2008; Mutzel et al. 2013). However since birds may
use different search strategies depending on their personality (Verbeek et al. 1994; van
Overveld and Matthysen 2010), it is possible that these fast explorers may have been able
to compensate for these differences in visit rate by bringing in larger prey items. Here we
found however, that when controlling for the trade-off between prey volume and visit
rate, fast explorers indeed brought in a lower total amount of prey. There may be different
explanations for this. Firstly it is possible that fast explorers simply are slower at finding
prey, because they are travelling further, more selective in prey choice, or simply less
skilled at finding prey (Verbeek et al. 1994; van Overveld and Matthysen 2013).
Alternatively, it is possible that fast explorers spend more time on other aspects of parental
investment, such as territory or nest defence. In that case, however, a relation with sex
would have been expected (Mutzel et al. 2013) since in great tits it is predominantly males
that defend territories and not females. Moreover, personality may be correlated with
territory choice and quality (Both et al. 2005), and factors such as environmental
availability of certain prey types may also play a role in the correlation between
provisioning behaviour and personality. This might also explain the correlation between
average prey volume individuals brought to their offspring and their mate’s personality.
Thus, in what exact way birds of different personality type differed in their provisioning

behaviour cannot be concluded from this data. Further experiments and observations on
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personality related differences in provisioning strategies, techniques and performance and

would be able to give a better understanding of why individuals differ in provisioning.

Despite alower provisioning performance by fast explorers, there was no relation between
personality and rearing success. A potential explanation may lie in the relation between
provisioning and reproductive success: a higher total prey volume did not directly predict
higher offspring weight or fledging probability. Instead, a high visit rate and (correlated)
low average prey volume were related to reproductive success. This suggests that the ratio
between visit rates and prey volumes is more important than the absolute amount of prey
brought in. Larger prey may have a lower nutritional value (Naef-Daenzer et al. 2000),
while prey volumes and feeding intervals may affect offspring digestive efficiency
(Budden and Wright 2008; Grodzinski et al. 2009). Alternatively fast and slow individuals
may differ in the prey type they predominantly forage on (Costantini et al. 2005; Chang et
al. 2017). While prey sizes may on average be the same, if fast explorers predate on more
nutritious prey and deliver these to their offspring, this may have counteracted the lower

total prey volume they brought in.

Additionally, similar to provisioning, the combination of parental personalities was not
related to their reproductive success. The personality of the pair mates and the
combination of personalities did not correlate with their reproductive success through
rearing effects. The beneficial effects of assortative mating and behavioural compatibility
may depend on the environmental conditions causing between-year differences in the
benefits of mating assortatively, with the reproductive benefits of mating assortatively
differing between years with high or low food availability (Dingemanse et al. 2004).
Another explanation for the higher reproductive success found in other studies, might lie
in how assortative and disassortative pairs cope with challenges. For instance, in great tits,
after an experimental brood size enlargement which suddenly increased the broods” food
demand, assortative pairs increased their visit rate more than disassortative pairs (David
and Cézilly 2011). In eastern bluebirds (Sialia sialia), assortative mating had a reproductive
benefit in habitats with high interspecific competition, but not in areas with low
competition (Harris and Siefferman 2014). Thus, although our results suggest the absence
of personality related differences in responsiveness, since we only measured baseline
provisioning in two subsequent years, we might not have picked up on these differences
between pairs. Measuring these effects over multiple years and correlating them with the
environmental variables or experiments in which environmental conditions are
manipulated may give a better insight into how selection pressures may favour certain
combinations of personalities in a pair under some circumstances and other combinations

under other circumstances.
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Against our expectations we found that despite the absence of direct effects of personality
on reproductive success, personality had a pre-hatching effect on reproductive success.
Females with faster males laid heavier eggs. However, since this effect was not found to
be significant when analysing using a model selection approach, this result has to be
interpreted with some caution. This tendency of females to lay heavier eggs could a form
of compensatory investment, where females might compensate for their fast males who
provision less (Hollander et al. 2008; Mutzel et al. 2013). However, since fast females also
provision less, a compensation in egg weight could also be expected for fast females, but
this was not found by this study. Alternatively, assuming that fast males hold better
territories (Both et al. 2005; Scales et al. 2013) females could also invest extra in their eggs
when they are paired with high quality males. Another striking result was the higher
fledging weight of offspring (which is correlated with post fledging survival, Van Balen
1973), from assortative biological parents in 2014, while there was no effect on offspring
weight in 2015. Since personality is known to have a heritable component, offspring from
extreme and similar pairs is more likely to have extreme personalities but will also have a
lower genetic variation on these genes. In a study on great tits (van Oers et al. 2008),
assortative pairs had a higher rate of extra pair paternity, which suggests that in this way
females could increase the genetic variation in their offspring, or could lead to more
intermediate offspring in terms of personality. In our case, offspring from similar pairs
had a benefit in one year but not in another, indicating that not just rearing effects, but also
the pre-hatching effects of personality, may be context dependent. Potentially, offspring
with extreme personalities, coming from assortative parents, had a competitive advantage
over more intermediate foster siblings, perhaps through different, but equally successful
strategies, giving them a higher fledging weight. Alternatively, it is possible that this effect
on offspring weight works through maternal hormone investment in the eggs. Maternal
androgens in eggs are known to affect offspring early growth and survival, although these
effects may depend on environmental conditions (Hinde et al. 2009; Von Engelhardt and
Groothuis 2011), and the level of androgen deposit has been found to correlate with female
personality and her mates” personality (Ruuskanen et al. 2017). Eggs from disassortative
pairs differed in their androgen levels from assortative pairs (Ruuskanen et al. 2017). Such
different androgen levels deposited by the biological females of assortative pairs
compared to disassortative pairs could potentially explain the observed weight differences

in their offspring and the context dependence of this effect.

To conclude, in this study we showed that although personality affects provisioning
behaviour, assortative mating did not lead to an increased provisioning performance, nor

did it increase reproductive success. We did however find indirect effects of male
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personality on egg weight, and effects of pair compatibility on chick weight. In view of
previously found benefits of personality similarity on fitness, these results suggest that
both direct and indirect benefits of assortative mating for personality may be very context
dependent, which indicates fluctuating selection on personality traits and pair
compatibility, with a potential for fluctuating selection on preferences for mate

personality.
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Appendix A - Model tables

Table S1: Working day length. Table consists of all variables tested in the linear mixed model with the

working day length (time between first and last feeding visit) as the dependent variable (N= 54, broods =27).
Given is the mean estimate (B), 95% confidence interval of the estimate (95% CI for p) and the significance
(P value). Significant terms (P<0.05) are indicated in bold, and trends (P=0.05 - 0.10) are indicated in italics.

B 95% CI for B P value
Minimal adequate model
Intercept 15.55 - -
Brood size 0.04 -0.09, 0.16 0.57
Date -0.24 -0.74,0.24 0.34
Year -0.13 -0.67, 0.41 0.65
Sex -0.57 -0.92,-0.21 0.002
Real day length 0.27 -0.2,0.74 0.27
Dropped terms
Visit rate 0.15 -0.05, 0.4 0.20
Personality 0.08 -0.03, 0.19 0.19
Mate personality 0.07 -0.19, 0.35 0.61
Personality * sex -0.10 -0.44, 0.25 0.56
Personality * year 0.32 0.06, 0.81 0.09
Personality * all visits 0.03 -0.19, 0.27 0.77
Personality * mate personality -0.02 -0.17,0.1 0.74
Mate personality * sex -0.03 -0.43, 0.41 0.90
Mate personality * year 0.33 -0.18, 1.09 0.30
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Table S2: Lay date. Table consists of all variables tested in the linear regression with the lay date (days after
1st of April) as the dependent variable (N = 37). Given is the estimate, test statistic (t value) and the
significance (P value). Significant terms (P<0.05) are indicated in bold, and trends (P= 0.05 - 0.10) are

indicated in italics.

Estimate  t value P value
Minimal adequate model
Intercept 20.64 - -
Year 6.17 421 <0.0001
Clutch size -1.10 -1.97 0.05
Dropped terms
Bio female personality * Bio male personality * year 0.00 0.01 0.99
Bio male personality * year 0.10 0.20 0.84
Bio female personality * Bio male personality 0.01 0.31 0.76
Bio female personality * year -0.13 -0.52 0.60
Bio male personality 0.02 0.13 0.89
Bio female personality 0.06 0.79 0.44

Table S3: Clutch size. Table consists of all variables tested in the linear regression with the clutch size as

the dependent variable (N = 37). Given is the estimate, test statistic (t value) and the significance (P value).
Significant terms (P<0.05) are indicated in bold, and trends (P= 0.05 - 0.10) are indicated in italics.

Estimate  tvalue P value
Minimal adequate model
Intercept 8.38 - -
Year -0.77 -2.84 0.01
Lay date -0.10 -0.44 0.66
Year * lay date -0.29 -1.06 0.29
Dropped terms
Bio female personality * Bio male personality * year 0.00 -0.15 0.88
Bio female personality * Bio male personality 0.00 0.16 0.87
Bio male personality * year -0.03 -0.28 0.78
Bio male personality 0.00 -0.06 0.95
Bio female personality * year -0.02 -0.70 0.48
Bio female personality -0.01 -0.59 0.56
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Table S4: Egg weight. Table consists of all variables tested in the linear regression with the mean egg weight
as the dependent variable (N = 34). Given is the estimate, test statistic (t value) and the significance (P value).
Significant terms (P<0.05) are indicated in bold, and trends (P= 0.05 - 0.10) are indicated in italics.

Estimate t value P value

Minimal adequate model

Intercept 1.52 - -
Bio male personality 0.04 2.07 0.04
Year -0.01 -0.22 0.83
Clutch size 0.02 0.90 0.37
Lay date 0.05 1.45 0.15
Year * lay date -0.05 -1.24 0.22
Dropped terms

Bio female personality * Bio male personality * year 0.00 -0.81 0.43
Bio male personality * year 0.00 -0.15 0.88
Bio female personality * year 0.01 0.71 0.48
Bio female personality * Bio male personality 0.00 -0.72 0.48
Bio female personality 0.00 -0.51 0.61

Table S5: Offspring fledging weight biological parents. Table consists of all variables tested in the linear
mixed model with the offspring weight on at 14 days old as the dependent variable (N offspring = 136, broods
= 33). Given is the estimate, degrees of freedom (df), test statistic (t value) and the significance (P value).
Significant terms (P<0.05) are indicated in bold, and trends (P= 0.05 - 0.10) are indicated in italics.

Estimate df tvalue P value
Minimal adequate model
Intercept 1836.85 27.30 - -
Bio female personality 203.88 38.33 1.67 0.10
Bio male personality -66.55 41.21 -0.76 0.45
Sex -124.71  106.86 -4.23 <0.001
Catch time 38.01 40.29 1.16 0.25
Catch date 280.97 30.00 3.26 0.003
Year -398.11 27.81 -3.43 0.002
Brood size -7.86 38.80 -0.32 0.75
Bio female personality * Bio male personality 445.54 35.80 2.41 0.02
Bio female personality * year -147.69 42.00 -1.15 0.26
Bio male personality * year 71.57 43.11 0.75 0.46
Year * catch date -148.15 30.68 -1.37 0.18

Bio female personality * Bio male personality * year -469.94 36.35 -2.49 0.02
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Table S6: Offspring fledging weight foster parents. Table consists of all variables tested in the linear
mixed model with the offspring weight at 14 days old as the dependent variable (N offspring = 133, broods =
28). Given is the estimate, degrees of freedom (df), test statistic (t value) and the significance (P value).
Significant terms (P<0.05) are indicated in bold, and trends (P= 0.05 - 0.10) are indicated in italics.

Estimate df tvalue P value
Minimal adequate model
Intercept 1530.10  53.52 - -
Sex -50.93  213.81 -2.42 0.02
Catch time 16.44 50.85  0.57 0.57
Catch date 8.65 60.19  0.17 0.87
Year -58.69  51.95  -1.04 0.30
Brood size 13.43 57.62  0.52 0.61
Egg weight 8.39 51.01 0.49 0.63
Hatch date * year 38.02 57.31 0.61 0.55
Dropped terms
Foster female personality * Foster male personality * year -6.04 13.56  -0.02 0.98
Foster male personality * year 144.63 1894  1.06 0.30
Foster female personality * year 206.79  19.01 1.64 0.12
Foster female personality * Foster male personality -67.06 1924 -1.19 0.25
Foster female personality 28.68 1994  0.57 0.58
Foster male personality 56.51 30.87  1.70 0.10

Table S7: Offspring fledging probability biological parents. Table consists of all variables tested in the
generalised linear mixed model with the offspring fledging probability (0/1) as the dependent variable (N
offspring = 136, broods = 33). Given is the estimate, test statistic (Z value) and the significance (P value).
Significant terms (P<0.05) are indicated in bold, and trends (P= 0.05 - 0.10) are indicated in italics.

Estimate Z value P value

Minimal adequate model

Intercept 0.95 - -
Year -0.78 -0.86 0.39
Hatch date 1.73 1.56 0.12
Brood size -0.44 -1.28 0.20
Year * hatch date -1.46 -1.21 0.23
Dropped terms

Bio female personality * Bio male personality * year 0.21 0.06 0.95
Bio male personality * year -0.05 -0.03 0.97
Bio female personality * Bio male personality 0.56 0.85 0.40
Bio male personality 0.55 1.35 0.18
Bio female personality * year -1.36 -1.23 0.22

Bio female personality 0.14 0.28 0.78
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Table S8: Offspring fledging probability foster parents. Table consists of all variables tested in the
generalised linear mixed model with the offspring fledging probability (0/1) as the dependent variable (N
offspring = 133, broods = 28). Given is the estimate, test statistic (Z value) and the significance (P value).
Significant terms (P<0.05) are indicated in bold, and trends (P= 0.05 - 0.10) are indicated in italics.

Estimate Z value P value

Minimal adequate model

Intercept 0.90 - -
Sex -0.20 -0.71 0.48
Hatch date 0.48 1.32 0.19
Year 0.64 0.84 0.40
Brood size -0.19 -0.78 0.44
Dropped terms

Foster male personality * Foster female personality * year -5.16 -1.56 0.12
Year * hatch date -0.27 -0.24 0.81
Foster male personality * year -0.86 -0.65 0.52
Foster male personality * Foster female personality -0.54 -0.86 0.39
Foster female personality * year 1.59 1.40 0.16
Foster male personality -0.09 -0.22 0.82

Foster female personality 0.05 0.11 0.92
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Table S9 and S10: Offspring fledging weight. Tables consist of all variables tested in the two

linear mixed models with the offspring weight on at 14 days old as the dependent variable (N
offspring = 133, broods = 28). Model S9 tests the effects of the total number of visits and average
prey volume on offspring fledging weight. Model S10 tests the effects of total prey volume on

fledging weight. Given is the estimate, degrees of freedom (df), test statistic (t value) and the
significance (P value). Significant terms (P<0.05) are indicated in bold, and trends (P=0.05 - 0.10)

are indicated in italics.

Table S9: Offspring fledging weight — Total number of visits / average prey volume

Estimate df tvalue P value
Minimal adequate model
Intercept 1535.36 34.86 - -
Average prey volume -46.13 32.09 -1.79 0.08
Offspring sex -67.42 170.74 -2.83 0.01
Catch time 4.44 34.85 0.15 0.88
Catch date 64.50 31.91 2.37 0.02
Year -64.80 31.76 -1.04 0.31
Brood size -17.40 33.99 -0.63 0.53
Dropped terms
Total number of visits 32.10 32.16 1.04 0.31

Table S10: Offspring fledging weight — total prey volume

Estimate df tvalue P value
Minimal adequate model
Intercept 1530.64 59.08 - -
Offspring sex -59.94 251.44 -3.03 <0.001
Catch time 18.89 57.47 0.76 0.45
Catch date 40.16 56.05 1.57 0.12
Year -54.89 56.38 -1.06 0.29
Brood size 14.52 65.05 0.64 0.52
Dropped terms
Total prey volume 2.14 33.25 0.07 0.94
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Tables S11 and S12: Offspring fledging probability. Table consists of all variables tested in the
generalised linear mixed model with the offspring fledging probability (0/1) as the dependent variable (N

offspring =133, broods = 28). Model S9 tests the effects of the total number of visits and average prey volume

on fledging probability. Model S10 tests the effects of total prey volume on fledging probability. Given is the

estimate, test statistic (Z value) and the significance (P value). Significant terms (P<0.05) are indicated in
bold, and trends (P= 0.05 - 0.10) are indicated in italics.

Table S11: Offspring fledging probability — Total number of visits / average prey volume

Estimate Zvalue P value
Minimal adequate model
Intercept -0.49 - -
Offspring sex -0.20 -0.71 0.48
Hatch date 0.48 1.32 0.19
Year 0.64 0.84 0.40
Brood size -0.26 -0.78 0.44
Dropped terms
Total prey volume 0.16 0.65 0.52

Table S12: Offspring fledging probability — Total prey volume

Estimate Zvalue P value
Minimal adequate model
Intercept 4.82 - -
Total number of visits 0.55 2.26 0.02
Offspring sex 0.07 0.21 0.83
Hatch date 0.89 2.86 <0.001
Year -0.23 -0.40 0.69
Brood size -0.55 -2.52 0.01
Dropped terms
Average prey volume -0.10 -0.40 0.69
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Appendix B - Model tables using AICc method (model averaged)

Since analyses using backwards elimination may be susceptible to the order in which
variables are eliminated from the models, we compared the results from the backwards
elimination models with the results using an information criterion model selection

approach.

Provisioning

For all models on provisioning behaviour (average prey volume, visit rate, total prey
volume and working day length; tables S9-512), following a model selection approach, we
calculated for each iteration and each model Akaike’s information criterion corrected for
small sample sizes (AICc; Burnham and Anderson 2002), giving an average AICc
(averaged over 1000 iterations) for each model. These average AICc values for each model
were rescaled (AAICc) calculating the difference between the AICc value of each model
and the minimum AICc obtained among all competing models (i.e. the best model has
AAICc = 0). Models with AAICc < 2 were considered equivalent (Burnham and Anderson
2002). In cases where model selection as a function of AICc did not give a single model,
we performed an averaging of equivalent models (i.e. models with AAICc < 2; Burnham
and Anderson 2002). We calculated the mean of the predictor estimates, their
unconditional standard errors and confidence intervals (CI), and the relative importance
of each variable in the final averaged model (Zwi, the sum of Akaike weights of models
with AAICc < 2in which the variable was included). Parameter estimates were considered
significant when their 95% CI did not span zero (Burnham and Anderson 2002). Model
selection was performed using the R packages lme4, AICcmodavg and MuMIn (Bates et al.
2015; R Development Core Team 2015; Mazerolle 2017).
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Table S9: Average prey volume (model selection approach).

Full Subset X weights SE 95% CI for subset 3

Intercept 281.34  281.34 1.00 0.61 [241.24, 317.21]
Brood size -1.40 -1.40 1.00 0.40 [-25.87, 22.25]
Date -46.49 -46.49 1.00 0.35 [-68.16, -24.25]
Date * year 38.74 38.74 1.00 0.51 [7.62, 70.41]
Mate personality -2.64 -30.63 0.09 0.48 [-65.11, -4.81]
Personality -37.26 -76.06 0.49 1.00 [-144.9, -35.42]
Personality * year 22.56 95.00 0.24 1.55 [11.2,200.88]
Sex 5.54 49.03 0.11 1.58 [-43.56, 135.22]
Visit rate -20.99  -48.23 0.44 0.52 [-84.65, -18.07]
Year -47.33 -47.33 1.00 0.75 [-91.71, 0.75]

Table S10: Visit rate (model selection approach)

Full  Subset X weights SE 95% CI for subset

Intercept 18.87 18.87 1.00 0.07 [15.94, 21.75]
Brood size 2.37 2.37 1.00 0.06 [-0.28, 4.77]
Date -0.74 -0.74 1.00 0.04 [-2.65, 0.98]
Date * year 3.83 3.83 1.00 0.09 [0.22, 7.52]
Mate personality -0.58 -2.20 0.26 0.07 [-5.37,0.59]
Personality -1.22 -3.22 0.38 0.06 [-6.25,-0.71]
Prey volume -2.28 -3.82 0.60 0.06 [-6.54, -1.7]
Sex 0.24 1.78 0.13 0.17 [-5.47,9.06]

Year 4.72 4.72 1.00 0.11 [0.25, 9.46]
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Table S11: Total prey volume (model selection approach)

Full Subset X weights SE 95% CI for subset 3
Intercept 10325.94  10325.94 1.00 24.85 [8906.47, 11618.85]
Brood size 626.63 626.63 1.00 18.64 [-540.21, 1530.24]
Date -1457.76  -1457.76 1.00 16.36 [-2528.94, -712.51]
Date * year 2338.49 2338.49 1.00 23.65 [958.97, 3547.79]
Mate personality -551.67  -1491.24 0.37 31.66 [-3525.98, 110.14]
Personality -1133.45  -2057.17 0.55 23.87 [-3672.43, -990.54]
Year 777.29 777.29 1.00 35.61 [-1442.51, 2565.04]

Table S12: Working day length (model selection approach)

Full Subset X weights SE 95% CI for subset 3
Intercept 16.29 16.29 1.00 0.02 [15.16, 17.43]
Brood size 0.05 0.05 1.00 0.00 [-0.05, 0.17]
Date -1.47 -1.47 1.00 0.03 [-3.36, 0.5]
Date * year 0.55 0.55 1.00 0.01 [-0.26, 1.4]
Real day length 1.28 1.28 1.00 0.03 [-0.26, 2.93]
Sex -0.25 -0.25 1.00 0.00 [-0.5, -0.03]
Year -1.25 -1.25 1.00 0.03 [-2.83, 0.39]
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Reproductive success

Similar to the models on provisioning, the models on reproductive success may also be
susceptible to the order in which variables are eliminated when using backwards
elimination procedures. Therefore, we also compared these model outcomes to additional
models using an information criterion model selection approach (Tables S13-519). Using
this approach we calculated AICc values for models with all possible combinations of
variables and determined the model with the lowest AICc. Models with AAICc < 2 were
considered equivalent (Burnham and Anderson 2002). In cases where model selection as
a function of AICc did not give a single model, we performed an averaging of equivalent
models (i.e. models with AAICc < 2; Burnham and Anderson 2002). Given is the mean of
the predictor estimates, their unconditional standard errors and confidence intervals (CI).
Parameter estimates were considered significant when their 95% CI did not span zero
(Burnham and Anderson 2002). Model selection was performed using the R packages Ime4,
AlCcmodavg and MuMIn (Bates et al. 2015; R Development Core Team 2015; Mazerolle
2017).

Table S13: Lay date (model selection approach)

B SE 95% CI for subset
Intercept 1.76 0.87 [0.06, 3.46]
Year -0.12 0.27 [-0.64, 0.4]
Clutch size -0.22 0.10 [-0.42, -0.02]
Female personality 0.06 0.17 [-0.27, 0.39]
Male personality 0.05 0.14 [-0.23, 0.32]

Table S14: Clutch size (model selection approach)

B SE 95% CI for subset
Intercept 8.37 0.31 [7.76, 8.97]
Year -0.71 0.40 [-1.49, 0.07]
Lay date -0.24 0.31 [-0.85, 0.37]
Lay date * year -0.73 0.50 [-1.71, 0.24]
Female personality 0.38 0.49 [-0.57, 1.34]
Female personality * year -0.97 0.53 [-2.01, 0.08]

Male personality -0.05 0.22 [-0.48, 0.37]
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Table S15: Average egg weight (model selection approach)

B SE 95% CI for subset 3
Intercept 1.35 0.19 [0.97,1.73]
Year 0.00 0.06 [-0.12, 0.11]
Clutch size 0.03 0.02 [-0.01, 0.08]
Lay date 0.06 0.04 [-0.02, 0.14]
Lay date * year -0.13 0.07 [-0.26, 0.01]
Male personality 0.03 0.03 [-0.03, 0.09]
Female personality -0.02 0.04 [-0.09, 0.05]

Table S16: Effect of biological parents on offspring weight (model selection approach)

B SE 95% CI for subset
Intercept 1556.81 61.16 [1436.93, 1676.69]
Sex -124.71 29.81 [-183.12, -66.29]
Catch time 38.01 33.20 [-27.06, 103.09]
Catch date 225.12 69.84 [88.24, 362]
Year -47.95 70.68 [-186.48, 90.59]
Brood size -7.86 25.14 [-57.14, 41.41]
Female personality 202.09 122.80 [-38.58, 442.77]
Male personality -67.06 88.14 [-239.81, 105.69]
Catch date * year -142.85 80.99 [-301.58, 15.88]
Female personality * male personality 445.37 186.45 [79.94, 810.8]
Female personality * year -145.86 129.09 [-398.86, 107.14]
Male personality * year 72.11 96.99 [-117.98, 262.21]
Female personality * male personality * year -469.77 190.46 [-843.07, -96.47]
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Table S17: Effect of foster parents on offspring weight (model selection approach)

B SE 95% CI for subset 3

Intercept 1516.19 73.59 [1371.95, 1660.42]
Sex -41.83 31.03 [-102.63, 18.98]
Catch time 17.31 49.33 [-79.36, 113.99]
Catch date 101.04 89.00 [-73.4, 275.48]
Year -43.48 90.47 [-220.8, 133.84]
Brood size 38.25 40.31 [-40.77, 117.25]
Foster male personality -49.30 117.91 [-280.4, 181.8]
Catch date * year -34.61 102.94 [-236.37, 167.14]
Foster male personality * year 101.53 123.59 [-140.7, 343.75]
Foster female personality 31.84 44.61 [-55.6, 119.28]

Table S18: Effect of biological parents on fledging probability (model selection approach)

B SE 95% CI for subset
Intercept 1.23 0.79 [-0.32, 2.78]
Sex -0.47 0.44 [-1.33, 0.39]
Hatch date 1.82 1.14 [-0.41, 4.05]
Year -0.80 0.94 [-2.64, 1.04]
Brood size -0.44 0.35 [-1.12, 0.25]
Hatch date * year -1.60 1.24 [-4.02, 0.82]
Male personality 0.43 0.44 [-0.44, 1.3]
Female personality 0.15 0.52 [-0.86, 1.17]
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Table S19: Effect of foster parents on fledging probability (model selection approach)

B SE 95% CI for subset 3

Intercept -1.97 1.34 [-4.59, 0.65]
Sex -0.05 0.48 [-1, 0.89]

Hatch date 3.12 1.77 [-0.35, 6.59]
Year 2.62 1.44 [-0.2, 5.43]
Brood size -0.77 0.49 [-1.73,0.19]
Foster female personality -2.86 1.41 [-5.61,-0.1]
Hatch date * year -3.25 1.86 [-6.89, 0.4]
Foster female personality * year 2.89 1.52 [-0.08, 5.86]
Foster male personality -0.19 0.41 [-0.99, 0.61]
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he amount of sexual-selection literature is enormous, covering a wide range of
Tspecialised topics: different species, mating systems, theories and approaches. While

most theories and studies assume population-wide preferences, more and more
studies suggest that individuals may also differ in their preference. Instead of preferring
a universally ‘best” individual, they may prefer a mate that is best for them: a compatible
mate. Moreover, it has been shown that individuals also gain benefits from compatibility
with their mate. Therefore, in this thesis I investigated individual differences and the role
of compatibility in mate preferences in great tits. To gain a better insight into the role of

compatibility in sexual selection I addressed the following three questions in this thesis:

- Do individuals differ in their preferences for a mate?
- How are mate preferences reflected in mate choice?

- How does pair (in)compatibility affect reproductive success?

Here, I address these questions in light of the results presented here as well as the findings
of other studies. Additionally, since the methods used in measuring mate preferences and
mate choice can have a major impact on the conclusions that we draw on the process of
selection, I will discuss how my methods of measuring preference and choice, as well as
how individuals evaluate potential partners, may affect the results and conclusions.
Subsequently I will draw conclusions on what the results might mean for the study of
sexual selection in a broader sense and make some suggestions for promising directions

for future research.

Measuring mate preferences and mate choice

When studying mate preferences, mate choice and sexual selection it is important to
consider how our experimental design, our observations and our analyses affect the
conclusions that we can draw. One very important aspect of this is the distinction between
preference and choice. As explained in chapter 1, the actual choice for a mate is the result
of mate preferences while under physical and environmental constraints. Therefore, the
actual choice may not represent preferences at all. For instance, while in water striders
(Heteroptera; Gerridae) assortative mating patterns for size suggest individual differences
in mating preferences (Arnqvist et al. 1996), it is the competitive advantage that large
males have in intrasexual competition over the largest females that actually causes such
mating patterns. All males thus have the same preferences for more fecund large females.
On the other hand, in blue tits assortative mating patterns for heterozygosity levels were
found (Garcia-navas et al. 2009). The authors suggested that these patterns may be the
result of competition over mates with high heterozygosity levels. However, since this

study did not measure mate preferences it cannot be concluded what caused these mating
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patterns. The mating patterns I measured here suggest the possibility that these assortative
mating patterns previously found in blue tits (Garcia-navas et al. 2009) could be the result
of assortative preferences instead (chapter 3). Thus, making assumptions about
preferences on the basis of mating patterns alone may yield confounded results. Moreover,
to increase our understanding of the selective pressures leading to the evolution of
preferences we have to consider preference, choice and the fitness benefits related to these
preferences. Therefore I strongly advise that the terminology for mate preference and mate
choice should be used consistently to be able to compare studies and draw broad
conclusions (Jennions and Petrie 1997; Edward 2015). To our knowledge this study is the
first to consider all these three aspects of sexual selection and is able to show how despite

constraints on choice mate preferences may still give reproductive benefits (chapter 3).

To test preference functions, different designs may be more or less suitable depending on
the questions that we want to answer and the species being studied (Wagner 1998;
Castellano et al. 2012; Dougherty and Shuker 2014). The most common designs used to
test preferences are the no-choice or sequential test, and the (simultaneous) choice-test.
Whereas Wagner (1998) suggests that only sequential choice designs are able to measure
real preferences without the interference of motivation to choose, the disadvantage of this
design is that individuals may perceive this as a ‘last-chance option’. Without any
knowledge of the availability of mates, and the possibility to compare, their responses may
be the same for every stimulus presented since they may perceive it as their only option.
Additionally, these sequential tests may be very sensitive to order effects. On the other
hand, in simultaneous choice tests, it may be more difficult to discern non-linear
preferences and the social context may influence responses both in motivation and in the
preference function measured. In chapter 2 I found that indeed this social context affected
the responses of choosers. The average attractiveness of the stimulus groups affected the
total time individuals spent visiting all stimulus birds, and the variation in attractiveness
within groups affected the measured preference slopes. This indicates that great tits use a
combination of both absolute and comparative evaluation and that the social context
indeed affects the measured responses to stimulus groups. Since great tits pair up over the
winter, during which time they often forage in large foraging flocks, they are very likely
to encounter potential mates in a context where comparison is possible (Culina 2014).
Being able to value potential partners comparatively as a cognitive shortcut when possible,
while still having an absolute notion of the attractiveness of an individual when it is
encountered alone may benefit the behavioural flexibility of these birds in order to make
an informed choice in different settings. Similar results of individuals being able to use
both absolute and comparative evaluation have been found in other species by testing

individuals for their preferences using both sequential and simultaneous choice designs
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(Brandt et al. 2005; Maclaren and Rowland 2016). For instance, in female sailfin mollies the
direction of their preferences was the same over both tests, but, depending on the
experimental paradigm, the measured preferences were found to be stronger or weaker
(Maclaren and Rowland 2016). Therefore, when designing mate preference tests, the
expected evaluation method of the study species and the effects that the different choice
designs may have on the measurement of the preferences should be kept in mind.
Additionally, depending on how the study species evaluates the stimuli, taking the social

context in account in the analyses may yield more reliable measures of preferences.

Do individuals differ in their preferences for a mate?

This study can be added to the increasing number of studies that provide evidence that
individuals can differ in their preferences for a mate. The results presented in this thesis
suggest that individual great tits indeed differ in their preferences for a mate. In chapter 4
I have found that there were no population-wide preferences for any of the stimulus traits
measured. Additionally, I have found that individual preference slopes for (at least three
of) these traits differed between individuals. Moreover, in chapter 3 I have shown that
preferences for certain traits may be dependent on the choosers” own traits, suggesting

preference for the compatibility of these traits.

The absence of uniform preferences for any of the measured traits is quite striking. Despite
the fact that in this species with biparental care I expected compatibility to be of
importance, some traits might have been indicators of qualities that would be beneficial to
all choosers. However, here, for the traits that I measured, I found no population-wide
preferences. Therefore there may not be a ‘best individual’ or a “universal Prince
Charming’, and potential mates cannot simply be ordered into high or low quality mates
(Rosenthal 2017). Instead, these results show that the optimal mate is individual-specific

and individuals prefer the mate that is best for them.

Here, I measured differences in preferences on two different levels. In chapter 3 I
measured preferences at a population level, depending on the choosers” traits.
Subsequently, I studied whether these preferences were reflected in the mating patterns
or in reproductive success. In a way, this is very similar to studies on population-wide
preferences: we measure a preference pattern and assume that individuals that find a mate
according to that pattern find their mate attractive. For this population-wide approach, we
compare population-wide preference patterns with patterns in mate choice and breeding
success. Therefore, it is not necessary to have both the preference function and the
breeding data for each individual considered in the analysis. We can simply use all

individuals measured and compare patterns. Although this approach enables us to use
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more individuals, since we’re measuring population-wide patterns and not individual
based measurements, it also generalises some of our assumptions. By studying such
population-wide preferences for compatibility, it is possible to study the benefits that
individuals can gain from mating according to these preferences through the effects of pair
compatibility for these traits, and thereby increase our understanding of how and why
these preferences may have evolved. In this case these patterns show that in this
population preferences for heterozygosity depend on the choosers’ traits in a similar way.
Additionally, a trend for preference for moderate levels of relatedness suggests that
choosing individuals might be able to assess their relatedness with regard to other
individuals as well and that this plays a role in their preferences. Such self-referent
preferences suggest that individuals search for a mate that is compatible (Dechaume-
Moncharmont et al. 2013; Weddle et al. 2013).

In chapter 4, in contrast to the population-wide preferences in chapter 3, I estimated
preference functions for each individual separately. Here I found that individuals differed
in their preference slopes for (at least) three of the measured traits (heterozygosity,
yellowness and breast stripe size). On the basis of these individual preference functions I
was able to estimate the individual mate attractiveness score (IMA). This is a measure of
how attractive each particular focal individual perceives its mate (or other individuals of
the opposite sex), according to each of the traits I measured. The approach used in chapter
3 can increase our understanding of the benefits of preferences for these traits and may
shed light on why they might have evolved. However, the individual-based approach in
chapter 4 can give us a better understanding of the effects of perceived attractiveness on
reproductive success. Where quite a number studies in captivity on a wide range of study
systems have shown that perceived mate attractiveness affects reproductive success by
experimentally pairing individuals with either attractive or unattractive mates (Koeninger
Ryan and Altmann 2001; Drickamer et al. 2003; Gowaty et al. 2003; Anderson et al. 2007;
Ihle et al. 2015), such effects have so far not been found in wild populations. In the studies
performed in captivity, individuals are typically paired with either preferred or
unpreferred mates, which subsequently affects their reproductive success. Similarly, in the
wild, due to constraints on choice, individuals may also end up pairing with partners that
don’t meet their preferences entirely. Therefore, estimating how attractive individuals
perceive their mate to be could give very interesting insights into the consequences of

individual mate attractiveness, regardless of the actual trait values.

In many modelling studies, preferences for one trait - or multiple traits signalling the same
quality - are often assumed. In the case of multiple traits, assessing each of these traits
separately would increase the sampling costs, making the evolution of preferences for

multiple traits signalling the same quality unlikely (Kuijper et al. 2012). However, it is very
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well possible that choosers use different traits as signals for different aspects of ‘quality’
(Johnstone 1995; Candolin 2003; van Doorn and Weissing 2004). Theoretical models
indicate that when different ornaments indicate different qualities, preferences for
multiple traits may indeed evolve, even when this increases the sampling costs (van Doorn
and Weissing 2004). Our results in chapter 3 show that also for genetic traits individuals
may use multiple traits, relatedness and heterozygosity, for their preferences.
Additionally, in chapter 4 I estimated preference functions for each individual and for
each trait that affected the time they spent with stimulus birds. For most individuals their
association time was determined by more than one trait. This fact that choosers can select
for multiple traits, and that these different traits signal different messages has been found
in a number of studies. For instance, in the three-spined stickleback (Gasterosteus aculeatus),
females can use both visual and olfactory cues as signals in choosing a mate. Where
olfactory cues are used to optimise offspring MHC (major histocompatibility complex)
allele numbers (Reusch et al. 2001; Aeschlimann et al. 2003), visual cues can be used to
indicate direct benefits such as parental care (Bakker and Milinski 1993; Kraak 1999) or
indirect benefits in the form of good or attractive genes (Milinski and Bakker 1990; Bakker
1993). Here I found that females may have preferences for both heterozygosity and
intermediate levels of relatedness (chapter 3). These two traits appear to indicate different
benefits. These results suggest a direct benefit for heterozygosity compatibility, while on
the other hand choice for intermediate levels of relatedness may increase offspring
heterozygosity while avoiding any detrimental effects of too extreme outbreeding
(Bateson 1982; Neff 2004; Greeff et al. 2009; Richard et al. 2009). Although I found no
benefits of offspring heterozygosity on reproductive success, which is likely to depend on
optimal levels of parental relatedness, it is possible that these indirect benefits only appear
later in life (Szulkin and Sheldon 2007). Moreover, choosers weighed the heterozygosity
of that individual differently depending on their relatedness with a certain stimulus
individual, suggesting that different traits may indicate different benefits, which,
depending on the choosers traits may be more or less important (Candolin 2003; Burley et
al. 2018).

Furthermore, in chapter 3 I found similar mate preferences for both males and females:
males and female preference patterns did not differ. Especially since both sexes invest
heavily in reproduction, both may benefit from finding a compatible mate (Kokko and
Johnstone 2002). The possibility of mutual choice however has not been studied very
extensively so far. In zebra finches it has been found that males prefer fecund females
(Jones et al. 2001), and that males may invest differently in mating depending on female
fecundity (Engqvist and Sauer 2001). Males may also try to obtain a compatible mate for

instance through mutual mate choice or differential courtship efforts (e.g. through
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specifically courting certain females or investing more in courtship behaviours for certain
females). Great tits only show limited dimorphism and in such a case female
ornamentation is often suggested to be merely a by-product of selection for male traits
(Amundsen and Forsgren 2001). However, in species where mutual mate choice may be
of importance, female traits may signal similar qualities as male signals enabling also male
selection of females on the basis of these traits (Amundsen 2000). And this may also be a

reason why here I found no differences between male and female preference patterns.

How are mate preferences reflected in mate choice?

Individuals look for a mate on the basis of their preferences but have to choose a mate
under physical and environmental constraints (see introduction Figure 1.1). In this thesis
I was only able to study the result of the process of mate choice. In chapters 3 and 4 I
compared preferences with mating patterns. In chapter 3 I show that assortative
preferences for heterozygosity were not reflected in the mating patterns and in chapter 4
I show that the individual mate attractiveness scores within pairs are not higher than when
they would have mated at random. This suggests that, despite having preferences for
certain traits in a mate, great tits did not obtain a mate with traits that met these
preferences. However, it is possible that individuals still chose according to their
preferences from the options that they sampled, which is dependent on the availability
and distribution of potential mates. In great tits individuals become available (e.g. after
divorce or the death of a partner) and unavailable (after mating) throughout the winter
and thus the availability of mates may also vary across time and locations (Hinde 1952;
Gosler 1993; Culina 2014). Unfortunately, on the basis of our data, I cannot conclude
anything about which potential mates were available and which potential mates were
sampled before choosing a pair mate. Additionally it is possible that under social
monogamy selection may not favour high levels of choosiness because the benefits of
unidirectional choosiness may not exceed the costs related to scramble competition
(Dechaume-Moncharmont et al. 2016; Wang et al. 2017). Under such circumstances
individuals are expected to have very low acceptance thresholds or to sample two
individuals at most in the population. These low levels of choosiness and sampling effort
may lead to very subtle mating patterns and may explain the absence of mating patterns
in our observations. However, despite the fact that I did not find any indication of mating
according to their preferences, our data is not sufficient to draw definite conclusions about
an absence or presences of any mating patterns. As long as having preferences slightly
increases the chances of finding a compatible mate, and the benefits of compatibility
outweigh the costs of mate selection, selection would still favour the evolution of

preferences (Rosenthal 2017).
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How does pair (in)compatibility affect reproductive success?

Trait compatibility
The reproductive benefits that individuals may gain from mate choice can be direct or

indirect. In this study I found both types of benefits of choice for certain traits in a mate.

Genetic compatibility
In chapter 3 I found that, despite my hypothesis that especially homozygous individuals

would obtain genetic benefits from finding an unrelated partner in order to increase their
offspring heterozygosity, in reality, when biological mothers were homozygous, chicks
had a higher fledging probability when she mated with a related male. These compatibility
effects of the biological parents were surprising, especially since I expected the genetic
characteristics to have a positive effect on offspring performance through offspring
heterozygosity. However, I also found no benefit of offspring heterozygosity on chick
weight or fledging probability. Thus, possibly these indirect benefits of pair compatibility
and the resulting potential fitness effects of heterozygosity or attractiveness in the
offspring will only become apparent later in life (Szulkin et al. 2007). To get a better insight
into the evolution of sexual selection for this genetic compatibility it may therefore be
needed to follow offspring throughout their lives instead of only during the nestling
period like I did here. Thus, the genetic benefits that I found in chapter 3 for homozygous
females paired with related males, or heterozygous females paired with unrelated males,
may be the result of differential allocation by the female in egg size (Horvathova et al.
2012), yolk carotenoids (Marri and Richner 2014) or yolk androgens (Kingma et al. 2009;

see also below for differential allocation).

Since choice is costly, the slightest cost can override indirect benefits of choosiness leading,
theoretically, to the expectation that sexual selection driven by only indirect benefits may
be rare in nature (Kirkpatrick and Barton 1997; Cameron et al. 2003). Perhaps more likely
to evolve is direct selection: the evolution of chooser preferences is easier to explain if
choosers gain direct benefits from being choosy (Kuijper et al. 2012). A log likelihood ratio
test on the random effects in models on offspring weight and offspring fledging
probability (chapter 3) also indicates that the effects of foster parents on fledging
probability and the weight of offspring is much larger than the effect of biological parents
(results not presented here). This is consistent with other studies on blue tits (Hadfield et
al. 2006) and the common yellowthroat (Geothlypis trichas; Whittingham and Dunn 2005),
which show that social father identity is more important for offspring weight than the
genetic father identity. It is of course possible that these beneficial effects of genetic parent
identity only become apparent later in life, through a higher adult survival or increased

reproductive success, which I did not measure in this study. Nevertheless these direct
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effects on offspring fledging probability and offspring weight, and with it chances of
surviving the first winter (Van Balen 1973), will therefore have a major effect on the
reproductive success and fitness of these pairs. Thus in species with biparental care the
direct benefits may simply weigh more heavily than indirect benefits (Alonzo 2012). This
is also reflected in our results on reproductive success where I found direct effects of
genetic compatibility for heterozygosity in the foster parents, and in the relatedness of the
foster parents. Rather than the predominantly indirect effects I expected from genetic
compatibility, I also found it to affect rearing success. Although we found preferences for,
and benefits of pairing assortatively for heterozygosity, it is unclear why exactly these
pairs are more successful at rearing their offspring. Whether these pairs for instance were
behaviourally more compatible or invested more when they were able to obtain a mate
they preferred, regardless of its apparent heterozygosity or quality (Drickamer et al. 2003;

Ihle et al. 2015) can unfortunately not be determined from our data.

Nevertheless, the two effects, direct and indirect benefits of compatibility, need not be
mutually exclusive. More complicated patterns of chooser preferences may occur when
courters not only differ in parental ability, but also in genetic quality, and these aspects
may or may not be correlated. Therefore it matters which aspects of quality are signalled
and how to interpret these different signals (Kokko 1998; Alonzo 2012).

Behavioural compatibility

Another aspect for which I expected compatibility to play a large role, especially in terms
of direct benefits is personality. The compatibility of behavioural traits has been shown to
be important for mate choice, and to increase reproductive success (Spoon et al. 2006;
Schuett et al. 2011; Gabriel and Black 2012; Ouyang et al. 2014). Therefore, in chapter 5 I
studied whether this increased reproductive success for behaviourally compatible pairs
could be caused by more optimal provisioning behaviour. Here I found that the
combination of personalities in a pair did not affect their provisioning behaviour. Instead,
I found that although all birds faced a trade-off between nest visit rate and prey volume,
fast birds brought in smaller prey for a given visit rate resulting in a lower overall amount
of prey delivered to their offspring. These differences in provisioning strategy led to faster
explorers bringing a lower total prey volume to their offspring. Thus, personality may
certainly play a role in the direct benefits that individuals gain from finding a mate,
however, this benefit was not dependent on the choosers” own traits. In contrast to other
studies (Budaev et al. 1999; Sinn et al. 2006; Schuett et al. 2011; Ariyomo and Watt 2013;
Class et al. 2014, but see Both et al. 2015), I did not find that assortative pairs were better
parents; similar pairs were not more successful in rearing their offspring. Similarly, I did

not find any other personality related differences in reproductive success. This may be
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caused by the fact that in great tits the effects of personality and behavioural compatibility
on fitness and reproductive success have been suggested to fluctuate between years
(Dingemanse et al. 2004; Both et al. 2005; Nicolaus et al. 2016). Thus, differences in the
occurrence and stability of assortative mating patterns between populations may be
correlated with the extent to which the benefits of assortative mating are either stable or
context dependent. For instance some studies show that the benefits of assortative mating
for personality over disassortative mating are related to how pairs cope with challenging
situations (David et al. 2011; Harris and Siefferman 2014). Since I only measured base-line
provisioning on one day, on the basis of our data it was not possible to distinguish such
effects. This context dependence of these compatibility effects may also in part be an
explanation for why I did not find assortative mating patterns (although as said before,
this may also be the result of other factors such as territory quality (Drent 1983), the
availability of potential mates or female-female interactions). More long-term studies or
experimental studies manipulating the environmental context might be able to give better
insight into how selection pressures may favour certain combinations of personalities in a

pair under some circumstances and other combinations under other circumstances.

Adding to this line of thought about the context dependence of personality effects are the
indirect, pre-hatching effects on offspring weight. In one of the two years, original parents
that mated assortatively for personality, had a reproductive benefit in terms of offspring
fledging weight. This suggests that compatibility for these behavioural traits may have a
pre-hatching benefit for offspring in some years, but not in others, and thus that these pre-
hatching effects may also be context dependence. Potentially, offspring with extreme
personalities, coming from assortative parents, had a competitive advantage over more
intermediate foster siblings, perhaps through different, but equally successful strategies,
giving them a higher fledging weight. Or, alternatively this effect on offspring weight
works through maternal hormone investment in the eggs (for more on differential
allocation see below). The level of androgens deposited has been found to correlate with
female personality and her mates’ personality (Ruuskanen et al. 2017) and is known to
affect offspring early growth and survival. Additionally, since the effects of high androgen
levels can have both positive and deleterious consequences on offspring, the resulting net
benefits for the offspring are expected to depend on the rearing conditions (Von
Engelhardt and Groothuis 2011), which may also explain the context dependence of these

pre-hatching effects of parental personality.

Compatibility for attractiveness

From other studies it is known that individuals have increased reproductive success when

they are able to mate with individuals that they perceive as attractive (Koeninger Ryan
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and Altmann 2001; Drickamer et al. 2003; Gowaty et al. 2003; Anderson et al. 2007; Ihle et
al. 2015). In chapter 4 however I found no direct or indirect benefits of pairing with
attractive mates (a high IMA score) as perceived mate attractiveness was not correlated
with pre-hatching investment, fledging weight or fledging probability. Again, this may
suggest that individuals did not show preferences for mates with whom they would
optimise direct or indirect benefits. However, in chapter 3 I found that preferences for
heterozygosity were reflected in the direct benefits of mating according to these
preferences. One of the reasons for an absence of a similar effect may be the limited sample
size we have for these preference-tested birds, which was also confirmed by a re-analysis
of these heterozygosity effects on fledging using this smaller dataset with preference-
tested birds. Another reason may lie in the noise in the measurements of the preference
functions, which may vary over environments and internal states. However, despite the
fact that here, with a limited sample size there were no effects of IMA on reproductive
success, this is a very promising method to be able to study the effects of IMA in wild
populations. Additionally, it would be very interesting to repeat such a study on a larger
scale. Repeating this approach on a larger sample size, in a wild population or in a
controlled captive population, may give a clearer indication whether there is indeed scope

for the use of individual preference functions to estimate perceived mate attractiveness.

Differential allocation

Choosers are expected to change their own care level depending on their choice for a mate
(Burley 1988; Gil et al. 1999; Sheldon 2000; Bolund et al. 2009). Depending on different
factors such as how mate quality benefits reproductive success, the choosers own physical
state and the future prospects of reproduction or availability of potential mates,
individuals can invest more or less into reproduction. In chapters 4 and 5 I studied
whether there might be pre-hatching differential allocation by females depending on how

attractive they perceived their mate to be.

In chapter 5 I found that females invested differentially in egg weight depending on their
mates’ personality: females paired with faster males laid heavier eggs. Since fast males
were found to provision less, females with fast males may have invested more in their
eggs as compensatory investment (Hollander et al. 2008; Mutzel et al. 2013). However,
since fast females also provision less, a compensation in egg weight could also be
beneficial for fast females themselves, but this was not found by this study. Alternatively,
if fast males hold better territories (Both et al. 2005; Scales et al. 2013) females could also

have increased their investment in egg weight when they are paired with these fast males.

Where most studies test the effects of male traits on female pre-hatching investment, here

I also studied how females responded to how attractive they perceived their mate to be. If
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females differ in their preferences for male traits, their responses to these traits may also
differ depending on those preferences. I expected females to respond to the IMA with
differential allocation, with either a higher or a lower investment. Females however, did
not vary their investment depending on their IMA. Alternatively, a differential investment
by the females could also have depended on the IMA for the different traits separately
(heterozygosity, yellowness, stripe size and body condition). Females may respond
differently to the different traits depending on which benefit compatibility for these traits
may give them. Thus, for some traits females may increase or decrease their reproductive
investment with increasing IMA, while for other traits the IMA might not have made a
difference. However, also the trait specific IMA scores were not correlated with female
pre-hatching investment. Possibly females still invested differentially, but only in
response to the actual male trait values and the expected benefits related to these traits,
rather than to how attractive they perceived their mates to be. Alternatively, females may
invest differentially after hatching or with types of investment that we did not measure.
For instance through the deposit of carotenoids or androgens in the eggs (Kingma et al.
2009; Marri and Richner 2014).

Nevertheless, since differential female allocation can compensate for or increase the
beneficial effects of male traits, certain male traits may correlate with an increased
reproductive success. Although this may suggest effects of male quality or attractiveness,
the benefits may actually come from the females” investment. Therefore, in studying mate
choice and mate compatibility it is important to be aware of these potential effects (Hettyey
et al. 2010).

Consequences for sexual selection

Solution for the Lek paradox?

Individual differences in preferences for a mate, rather than population-wide preferences,
could be a mechanism that maintains genetic variation in traits and preferences (Neff and
Pitcher 2005; Kotiaho et al. 2008; Neff and Pitcher 2009). Preferences for compatibility, such
as the ones I found here, can reduce directional good-genes preferences, and thereby
maintain the genetic variation in traits and in preferences (Colegrave et al. 2002). If one
chooser maximises its fitness by mating with one type of courter and another chooser
achieves this with another type of courter, this could work through a kind of epistasis:
some preference-trait combinations have higher fitness than others. While these epistatic
effects make it difficult to predict responses to selection, it may play a larger role than we
commonly assume (Rosenthal 2017). Additionally, variation in mate preferences can

decrease variance in male mating success — and with it the strength of sexual selection
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(Brooks and Endler 2001; Dougherty and Shuker 2014). Modelling studies incorporating
the potential for preferences for compatibility may shed light on how these preferences

may evolve and what the consequences are for sexual selection.

Additionally, the Lek paradox posits that females only gain additive genetic benefits from
choosing attractive mates. However, in socially monogamous species with biparental care
direct benefits of finding a suitable mate also play a large role, if not a larger role in
reproductive success. Consequently, when direct benefits of mate choice are higher,
preferences for direct benefits may also evolve more easily than preferences for indirect
benefits (Kuijper et al. 2012; Rosenthal 2017). This also suggests that if direct benefits are
gained from compatibility between pair mates (Ihle et al. 2015; chapter 3) preferences for

(behavioural) compatibility are also likely to evolve.

Future research and promising research trajectories

In this thesis I described how mate preferences may have evolved to gain direct or indirect
benefits from pairing with a compatible partner. In the subsequent breeding season, if
individuals paired up with a mate according to those preferences, these compatible pairs
were better at rearing offspring (chapter 3). However, surprisingly, such preferences are
often not reflected in the mating patterns, despite the associated benefits (Booksmythe et
al. 2011; Duval and Kapoor 2015; chapter 3 and 4). This discrepancy may be caused by the
fact that, although birds have preferences for certain traits in a mate, in real life these
preferences are constrained by the ecological context and by social factors like availability
of potential mates, competition and sampling investment (Jennions and Petrie 1997;
Wagner 1998; Widemo and Seether 1999). Thus, individuals have to decide upon a mate,
whilst being affected by internal and external factors. Therefore, a very interesting
direction for future research would be to study how mate preferences are translated into
choice. Knowledge of how individuals sample the available options and weigh the
attractiveness of each potential partner combined with information on the life history of a
species could give a better understanding of the process sexual selection and the role that

preferences and choice play.

Additionally, although most theoretical models assume one choosy sex (Kokko et al. 2003),
in most mating systems pair formation is actually a mutual decision (Rosenthal 2017).
Especially in species with biparental care, both males and females benefit from finding a
compatible mate, which makes mutual mate choice likely (Kokko and Johnstone 2002). In
this thesis, I found that males and females did not differ in their preferences for genetic
traits in a mate (chapter 3). This shows that both males and females have preferences and

considering that both would benefit from finding a compatible mate one could argue that
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both sexes should benefit from being choosy in finding a mate. In the literature however,
the effects of mutual mate choice, compatibility and social environment are currently often
overlooked. Thus, are males also selective in finding a mate? And how do mutual

decisions and social context shape the realised outcomes?

In chapter 4 I studied how attractiveness may affect reproductive success. While studies
performed in captivity often find reproductive benefits of pairing with attractive mates
(Koeninger, Ryan and Altmann 2001; Drickamer et al. 2003; Gowaty et al. 2003; Anderson
et al. 2007; Ihle et al. 2015), the effects of individual mate attractiveness have, to my
knowledge, not been studied in the field. Despite the fact that, with this limited sample
size I did not find IMA to affect reproductive success, this may be a very promising
method to study the effects of pair compatibility on reproductive success. Repeating such
an approach on a larger sample size, in a wild population or in a controlled captive
population, may give a clearer indication whether there is scope for the use of individual

preference function to estimate perceived mate attractiveness.

And finally, we currently live in a world that is challenged by human induced
environmental changes that have the potential to affect the process of sexual selection
(Tuomainen and Candolin 2011). For instance human-induced water pollution is known
to affect the turbidity in waters, and with it the visibility of sexual signals (Jarvenpaa and
Lindstrom 2004; Engstrém-@st and Candolin 2007; Maan et al. 2009; Sundin et al. 2010).
Moreover, pollution from endocrine disrupting chemicals can change courtship and
parental care levels in sand gobies (Pomatoschistus minutus; Saaristo et al. 2009; Saaristo et
al. 2010) and pesticides can impair pheromonal communication essential for mate choice
behaviour in red spotted newts (Notophthalmus viridescens; Park et al. 2001). Do individuals
use multiple signals to select a mate? And could they use other non-disturbed signals as
replacing signals for quality (Candolin 2003; Engstrém-Ost and Candolin 2007)? Do these
changes in mate selection affect choice for compatible mates, and with it, does it affect
reproductive success? To fully understand what the impact and consequences of these
human induced changes are on sexual selection, and subsequently how this may affect the
fitness of the species, we thus need a better insight into how the different components in

the process of mate choice are affected.

Conclusion

To conclude, in this thesis I have investigated individual differences in mate preferences
and the role of compatibility in mate preferences, mate choice and reproductive success.
Additionally, I have revealed how individual great tits assess potential partners when

given the opportunity to compare the available options. Here I have found that
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preferences for a compatible, rather than universally attractive, partner may have evolved
to gain direct or indirect benefits from pairing. While the measured mate preferences were
not reflected in the mating patterns, which may be due to the many constraints regarding
mate choice, those individuals that did find a mate according to their preferences had a
higher reproductive success. Moreover, these results illustrate that we have to consider
preference, choice and the fitness benefits related to these preferences to increase our
understanding of sexual selection and the selective pressures leading to the evolution of

these mate preferences.
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Summary

By choosing the right partner individuals can gain reproductive benefits and can increase
their reproductive success. These benefits can be direct, when the offspring’s quality or
quantity is increased by the behaviour or investment of the mate, or indirect, when the
quality of the offspring is increased by the genetic contribution of the mate. While
previously it was often thought that reproductive benefits were primarily caused by the
higher quality of these preferred partners, more and more studies suggest that also partner

compatibility may increase reproductive success.

Mate compatibility may be especially important when individuals differ in their
preferences for a mate. Although uniform preferences are often assumed, an increasing
number of studies indicate that individuals have a preference for different trait values
(Forstmeier and Birkhead 2004; Lehtonen and Lindstrém 2008; Holveck and Riebel 2010;
Ihle et al. 2015). Moreover, these differences in preference can depend on the chooser’s
own trait values (Mays and Hill 2004; Holveck and Riebel 2007). These studies show that
individuals may prefer a mate that is the best fit for them, rather than the universally ‘best
individual'.

A number of studies on captive populations have found that the fitness benefits from
mating with a certain individual differ between individuals, suggesting individual
differences in preference and both direct and indirect benefits of mating with these
compatible mates. However, it is still unclear how compatibility and perceived mate
attractiveness affect reproductive success in a wild population. Additionally, to
understand fitness consequences and the evolution of mate preferences, preference and
choice should be studied as two distinct processes. To our knowledge, no study thus far
has combined all three and tested what the fitness benefits of mate preferences are under
mate choice constraints in a wild population. Therefore, the overall aim of this thesis was
to study the role of individual differences in mate preferences and its effects on
reproductive success, by comparing measured mate preference with the resulting choice

and relating the pair compatibility with different aspects of reproductive success.

When measuring mate preferences results may be affected by how individuals evaluate
and compare the available options they are presented with. Preferences are often assumed
to be absolute, assigning a fixed, absolute value to a cue or potential partner they
encounter. However, in reality, individuals may compare the available options, in which
case the social context plays an essential role in the preference for each potential partner.
In chapter 2 I used a 6-choice mate choice setup to test great tits for their preferences in a

mate. Using such a test design allowed individuals to comparatively evaluate potential
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partners. Additionally, presenting individuals with 6 choice options allowed for the
measurement of non-linear preferences. I reveal that great tits use a combination of both
absolute and comparative evaluation and that the social context affected the measured
responses to stimulus groups. This suggests that great tits can flexibly use both evaluation
methods, depending on the situation they encounter potential mates in. With such
knowledge of how a study species encounters and evaluates potential mates, it is possible
to choose the most appropriate experimental design and analysis to obtain reliable
measurements of mate preferences. The ability to more accurately quantify preference is
expected to increase our understanding of mate preferences, mate choice, and ultimately

sexual selection.

By measuring preferences for traits in a mate I found that individuals differed in their
preferences for a mate. In chapter 4 I have found that there were no population-wide mate
preferences for the different bird traits that we measured (heterozygosity, intensity yellow
breast plumage, black breast stripe size and body condition) and that individual
preference slopes for (at least three of) these traits differed between individuals. Thus,
rather than preferring the same universally attractive individuals, individuals may prefer
a mate that is compatible to themselves. Moreover, individuals may differ in which traits

they find important in a mate (chapter 4).

Compatibility between pair mates can be dependent on the combination of the pairs’ trait
values. In chapter 3 I have shown that preferences for certain traits were dependent on the
choosers’” own traits, suggesting preference for compatibility for these traits. By testing
individual repeatedly for their mate preferences for genetic characteristics I found that
both sexes preferred mates that had heterozygosity levels similar to themselves, and not
those with which they would optimise offspring heterozygosity. Moreover, I found that
these preferences for similarity in heterozygosity were in reflected in direct benefits for
reproductive success. In the subsequent field experiment where we cross fostered
offspring, foster parents with more similar heterozygosity levels had higher reproductive
success, despite the absence of assortative mating patterns. This suggests that direct fitness
benefits underlie mate preferences for genetic characteristics and that the potential for

selection for preferences persists despite constraints on mate choice.

Another trait that is thought to play a large role in pair compatibility is behavioural
compatibility. Especially for species with biparental care behavioural traits, such as
personality traits and behavioural compatibility may be important for reproductive
success. In chapter 5 I studied the role of personality and behavioural compatibility in the
provisioning behaviour in particular, by recording parental provisioning behaviour of

great tit pairs with known exploratory behaviour. By experimentally cross-fostering
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offspring I was able to distinguish between the pre-hatching and rearing effects of parental
personality on offspring weight and fledging probability. Here I found that the
combination of personalities in a pair did not affect their provisioning behaviour. Instead,
I found that although all birds provision on a trade-off between visit rate and prey volume,
fast birds brought in smaller prey for a given visit rate resulting in a lower overall amount
of prey delivered to their offspring. These differences in provisioning strategy led to faster
explorers bringing a lower total prey volume to their offspring. Thus, personality may
certainly play a role in direct benefits that individuals gain from finding a mate, however,
this benefit was not dependent on the choosers” own traits. Despite the personality
dependent differences in provisioning behaviour, there was no effect of pair compatibility
on provisioning performance. However, it is possible that these effects of personality are
context dependent, or only become apparent when pairs encounter challenges in their
breeding attempt. To gain a better insight into how selection pressures may favour certain
combinations of personalities these personality effects should be measured over more
different contexts (over different years, different contexts or using experimental
manipulations). Additionally, a context dependence of behavioural compatibility suggests
a fluctuating selection on personality traits and pair compatibility, and with it a potential

for fluctuating selection on preferences for mate personality.

Individuals have been shown to have increased reproductive success when they are able
to mate with individuals that they perceive as attractive. Since here individuals have been
found to differ in their preferences, and some traits can be more or less important for
different individuals depending on their own traits (chapter 3 and 4), each individual can
differ in how attractive they perceive the same potential mate. This has been shown in
captivity where it has been found that the same courter may give higher benefits to some
choosers than to others. Here I investigated if the attractiveness of an individual, as
perceived by its mate, increased the reproductive success of the pair (chapter 4). On the
basis of preference tests I calculated preference functions for each individual and in the
subsequent breeding season estimated a measure of how attractive each individual
perceived the mate they were paired with. Here I found that while individuals differed in
their preference for a mate, they were not more likely to obtain a mate that they perceived
as attractive than under random mating. Additionally, I found no effects of perceived mate
attractiveness on female reproductive investment, offspring weight or fledging
probability. Thus, although with a limited sample size, we found no effect of our measure
individual mate attractiveness on reproductive success, this method of estimating
preferences and individual mate attractiveness gives the potential for further studies

studying pair compatibility and reproductive success. A better understanding of
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preferences for compatibility rather than quality and the benefits related to this may shed

light on the adaptive value of individual differences in preference for mates.

By measuring both preference and choice I found that, quite often, preferences are not
reflected in the mating patterns that we find in the population (chapter 3 and 4). However,
I did find that these preferences were reflected in reproductive benefits (chapter 3). Thus,
while not always being able to, those individuals that did find a mate according to their
preferences benefitted from compatibility with their mate. Mate choice is therefore the
result of choosing a partner according to ones” preferences whilst under physical and
environmental constraints. This emphasizes the importance of measuring both preference

and choice to fully understand how sexual selection acts on preferences.

To conclude, in this thesis I investigated the role of compatibility on mate preferences,
mate choice and reproductive success. Additionally, I revealed how individuals evaluate
potential partners and how perceived mate attractiveness may affect reproductive success.
Here I have found that mate preferences for a compatible, rather than universally
attractive, partner may have evolved to gain direct or indirect benefits from pairing.
Additionally, while there may be constraints on the choice of a mate, finding a compatible
mate can increase reproductive success. These results also illustrate the importance of
considering mate preferences and mate choice two distinct processes, both of which

should be studied to better understand how sexual selection acts on preferences.









Samenvatting

Het kiezen van een geschikte partner is van groot belang. Immers, door de juiste partner
te kiezen kunnen dieren voordelen behalen voor hun voortplanting en daarmee hun
voortplantingssucces vergroten. Deze voordelen kunnen direct zijn, wanneer de kwaliteit
of de kwantiteit van de jongen hoger is door het gedrag of de investeringen van de partner,
of indirect, wanneer de kwaliteit van de jongen hoger is dankzij de genen van de gekozen
partner. Eerder dacht men dat deze reproductieve voordelen van partnerkeuze voornamelijk
veroorzaakt werden door de hogere kwaliteit van deze partners, maar tegenwoordig zijn
er steeds meer studies die suggereren dat de compatibiliteit tussen partners ook van

belang is om een hoger voortplantingssucces te behalen.

Deze compatibiliteit tussen partners kan met name een rol spelen in diersoorten waar
individuen verschillen in hun voorkeur voor een partner. Hoewel het vaak aangenomen
wordt dat partnervoorkeuren uniform zijn, zijn er toch steeds meer studies die aangeven
dat individuen verschillen in hun voorkeur voor bepaalde uiterlijke of innerlijke
eigenschappen in een partner. Bovendien kunnen deze voorkeuren weer athangen van de
kiezers’ eigen eigenschappen. Deze studies geven aan dat dieren niet een voorkeur hebben

voor het universele ‘beste’ individu, maar voor de partner die het beste bij hen past.

Verschillende studies aan dieren in gevangenschap hebben aangetoond dat individuen
verschillen in hun voorkeur voor een partner en dat het voorplantingssucces van het paren
met de ene partner hoger is, dan wanneer ze gekoppeld worden aan andere partner. De
ene combinatie bleek succesvoller dan de andere, ongeacht de kwaliteit van elk van de
partners. Dit suggereert niet alleen dat er individuele verschillen zijn in voorkeur, maar
ook dat er zowel directe als indirecte voordelen te behalen zijn door met een compatibel
individu te paren. Wat alleen nog niet duidelijk is, is hoe compatibiliteit met de partner en
de aantrekkelijkheid van de partner reproductief succes beinvloedt in een natuurlijke
populatie. Zeker in wilde populaties kan dit effect van compatibiliteit relevant zijn omdat
het in de natuur niet altijd mogelijk is om een aantrekkelijke of compatibele partner te
vinden. Bovendien, om de gevolgen voor de fitness en de evolutie van partner voorkeuren
te begrijpen, moeten zowel de voorkeuren als de uiteindelijke keuze voor een partner
gemeten worden omdat de combinatie van deze twee processen samen bepalend zijn voor
het voortplantingssucces en daarmee de seksuele selectie. Voor zover wij weten is er tot
nu toe geen studie geweest die, in een wilde populatie deze drie aspecten, voorkeur, keuze
en reproductief succes gecombineerd hebben en vervolgens getest hebben wat de fitness
voordelen van het hebben van partnervoorkeuren is onder beperkte partnerkeuze.

Daarom is het doel van deze thesis om de rol van individuele verschillen in
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partnervoorkeur en de effecten daarvan op reproductief succes te bestuderen. Dit doen
we door de partnervoorkeuren te meten en te vergeliken met de partnerkeuze die
uiteindelijk gemaakt is om de paar-compatibiliteit te relateren aan de verschillende

aspecten van reproductief succes.

Wanneer men partnervoorkeuren meet kunnen de resultaten beinvloed worden door de
manier waarop individuen de beschikbare opties evalueren en vergelijken. Vaak wordt
gedacht dat de voorkeuren ‘absoluut’ zijn, waarbij een vaste absolute waarde van
aantrekkelijkheid wordt verbonden aan een bepaalde eigenschap of een potenti€le
partner. In realiteit echter, kunnen individuen ook de beschikbare opties vergelijken. In
dit geval spelen de beschikbare opties, of de sociale context, een essentiéle rol in de
voorkeur voor elke potentiele partner. In hoofdstuk 2 heb ik de partnervoorkeuren van
wilde koolmezen getest door ze met een 6-keuze testopstelling te testen. Door middel van
dit meerkeuze testontwerp kunnen de kiezers de potentieel beschikbare partners
vergelijken. Bovendien, door de kiezers te presenteren met 6 opties is het mogelijk om ook
non-lineaire voorkeuren te meten. Hier laat ik zien dat koolmezen de potentieel
beschikbare partners evalueren door een combinatie van zowel absolute als vergelijkende
evaluatie, en dat de sociale context de gemeten voorkeuren beinvloedt. Dit suggereert dat
koolmezen, athankelijk van de situatie waarin zij mogelijke partners tegenkomen, flexibel
zijn in het gebruiken van beide evaluatiemethoden. Met dergelijke kennis over hoe een
studiesoort potentiele partners tegenkomt en evalueert, is het mogelijk om de meest
passende experimentele aanpak en analyses te kiezen om partnervoorkeuren zo
betrouwbaar mogelijk te kunnen meten. Door deze voorkeuren accurater te kwantificeren
kunnen we onze kennis over partnervoorkeuren, partnerkeuze, en uiteindelijk seksuele

selectie vergroten.

Door het meten van de voorkeuren voor verschillende eigenschappen heb ik gevonden
dat individuen verschilden in hun voorkeuren voor een partner. In hoofdstuk 4 heb ik
bijvoorbeeld gevonden dat er, voor de eigenschappen die wij gemeten hebben
(heterozygositeit, intensiteit van de gele borstveren, formaat van de zwarte borststreep, en
de lichaamsconditie), geen sprake was van uniforme partnervoorkeuren in de deze
populatie en dat individuele voorkeursfuncties voor (tenminste drie van deze
eigenschappen) verschilden tussen individuen. Dus, in plaats van dat elk individu
dezelfde voorkeur voor dezelfde universeel aantrekkelijke individuen heeft, heeft elk
individu zijn eigen voorkeur voor een compatibele partner. Daarnaast kunnen individuen
ook verschillen in welke eigenschappen ze belangrijk vinden in een partner (hoofdstuk
4).
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Compatibiliteit binnen een paar kan afhangen van de combinatie van de eigenschappen
van deze beide partners. In hoofdstuk 3 laat ik zien dat voorkeuren voor bepaalde
eigenschappen afhankelijk waren van de kiezers’ eigen eigenschappen. Dit suggereert dat
ze een voorkeur hebben voor compatibiliteit voor deze eigenschappen. Door individuen
herhaaldelijk voor hun voorkeuren voor genetische eigenschappen te testen heb ik
gevonden dat zowel mannelijke als vrouwelijke koolmezen een voorkeur hebben voor een
partner die net zo heterozygoot is als zichzelf, en niet, zoals we verwacht hadden, een
partner waarmee ze heterozygote nakomelingen zouden krijgen. Daarnaast heb ik
gevonden dat deze voorkeuren voor gelijke heterozygositeit in een partner weerspiegeld
werden in het broedsucces die ze kregen van het vinden van een dergelijke, compatibele
partner. In een opvolgend veldexperiment heb ik jongen uitgewisseld tussen nesten om
onderscheid te kunnen maken tussen de effecten van de opvoeding van de pleegouders
en de effecten van de biologische ouders (bijvoorbeeld genen, hormonen en andere
investeringen in het ei van de moeder) op de groei of uitvliegkansen van de jongen. Met
dit experiment heb ik gevonden dat wanneer de pleegouders gelijke niveaus van
heterozygositeit hadden, ze beter waren in het opvoeden van de jongen. Maar ondanks de
directe voordelen voor de voortplanting, was er geen sprake van een assortatief keuze
patroon, waarin heterozygote dieren vaker paarden met heterozygote dieren en vice versa
voor de homozygote dieren. Dit suggereert dat, ondanks beperkingen in de keuze van een
compatibele partner, de partnervoorkeuren voor genetische eigenschappen toch tot stand

kunnen komen, en kunnen blijven bestaan, dankzij de directe voordelen voor reproductie.

Een andere eigenschap die een rol kan spelen in paar-compatibiliteit is compatibiliteit in
gedrag. Vooral voor soorten waarbij beide ouders een rol spelen in het opvoeden van de
jongen kan dit van belang zijn voor hun reproductieve succes. In hoofdstuk 5 heb ik de
rol van comptabiliteit op het gebied van gedrag, in het bijzonder van persoonlijkheid, in
het voeren van de jongen bestudeerd. Dit heb ik gedaan door het voergedrag van
koolmees- paren van wie het exploratiegedrag (gebruikt als meting van persoonlijkheid)
bekend was, te observeren. Door experimenteel de jongen tussen nesten tussen nesten uit
te wisselen heb ik gevonden dat de combinatie van persoonlijkheden in een paar geen
effect had op hun voergedrag. In plaats daarvan heb ik gevonden dat, ondanks dat alle
vogels een ‘trade-off’ hebben wanneer ze hun jongen voeren, een afweging tussen hoe
vaak ze bezoeken en hoe groot de prooi is die ze brengen, vogels met snel
exploratiegedrag, vaak voor een gegeven aantal bezoeken gemiddeld kleinere prooien
binnenbrengen. Deze verschillen in voerstrategieén leiden ertoe dat deze “snelle’ dieren
een lagere totale hoeveelheid aan prooien aan hun jongen voeren. Persoonlijkheid kan dus
zeker een rol spelen in de keuze voor een partner en de voordelen (of nadelen) voor

voortplanting die daarmee gemoeid zijn. Toch, is dit voordeel niet afhankelijk van de
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persoonlijkheid van de kiezer zelf: ondanks de persoonlijkheidsafhankelijke verschillen in
voergedrag, was er geen effect van paar-gedragscompatibiliteit op de voerprestaties. Het
is echter ook mogelijk dat deze effecten van persoonlijkheid op broedsucces afthankelijk
zijn van de omgeving, of dat deze effecten alleen tot uitdrukking komen wanneer paren
moeilijke omstandigheden tegenkomen tijdens het opvoeden van hun jongen. Om hier een
beter begrip van te krijgen zouden deze persoonlijkheidseffecten in verschillende situaties
gemeten moeten worden (verschillende jaren, omstandigheden of omgevingen of onder
verschillende experimentele manipulaties). Bovendien, wanneer gedragscompatibiliteit
afhankelijk is van de context, dan suggereert dit dat er ook sprake kan zijn van een

wisselende selectie op voorkeuren voor persoonlijkheid in een partner.

Het is aangetoond dat individuen die de kans krijgen om zich voort te planten met een
partner die ze die ze aantrekkelijk vonden een hoger reproductief succes hebben. Omdat
ik gevonden heb dat individuen verschillen in hun voorkeur voor bepaalde
eigenschappen, en individuen ook verschillen in hoe belangrijk ze de verschillende
eigenschappen in een partner vinden afhankelijk van hun eigen eigenschappen
(hoofstukken 3 en 4), kan elk individu ook verschillen in hoe aantrekkelijk ze bepaalde
potentiele partners vinden. Dit is voorheen al aangetoond waar eenzelfde individu in
gevangenschap hogere reproductieve voordelen kan geven aan de ene partner dan aan de
andere partner. Ik heb onderzocht of de aantrekkelijkheid van een individu, vanuit het
oogpunt van zijn partner, het reproductieve succes van een paar kan verhogen. Op basis
van voorkeurstesten heb ik de voorkeursfuncties van elk individu berekend. In het
opvolgende broedseizoen heb ik op basis van deze functies een schatting gemaakt van hoe
aantrekkelijk ze de partner die ze uiteindelijk gekozen hebben zouden vinden. Hier heb ik
gevonden dat, ondanks dat individuen verschilden in hun voorkeur voor een partner, de
kans dat zij een partner kregen die zij aantrekkelijk vonden niet hoger was dan de kans
dat ze een onaantrekkelijke partner vonden. Bovendien heb ik ook geen effecten gevonden
van deze partneraantrekkelijkheid (zoals gezien door hun eigen partner) op de investering
in voortplanting door de vrouwtjes, op de groei van de jongen of hun uitvliegkansen. Dus,
ondanks dat we, met een relatief kleine steekproefomvang, geen effect gevonden van onze
schatting van partneraantrekkelijkheid op broedsucces, geeft deze methode van het
schatten van voorkeuren en een mate van partneraantrekkelijkheid wel het potentieel voor
verdere studies die het verband tussen paarcompatibiliteit en voortplantingssucces
bestuderen. Een beter begrip van voorkeuren voor compatibiliteit in plaats van voor
kwaliteit in een partner en de voordelen die hieraan gerelateerd zijn kunnen zou een
verklaring kunnen geven voor de adaptieve waarde van individuele verschillen in

voorkeuren voor een partner.
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Dankzij het meten van zowel de voorkeur als de uiteindelijke keuze voor een partner heb
ik gevonden dat, in veel gevallen, de voorkeuren niet terugkomen in de uiteindelijke
keuze en de resulterende keuzepatronen in de populatie (hoofdstukken 3 en 4). Ik heb
echter wel gevonden dat deze voorkeuren terugkomen in de voordelen voor het
broedsucces die individuen krijgen van hun keuze (hoofdstuk 3). Dus, ondanks dat het
niet altijd mogelijk is om een partner te vinden die aan hun voorkeur voldoet, hebben de
individuen die wel een dergelijke partner hebben kunnen vinden een voordeel van het
hebben van een dergelijke compatibele partner. Partnerkeuze is dus het resultaat van de
keuze die individuen moeten maken op basis van hun voorkeuren, terwijl ze beperkt
worden door bijvoorbeeld hun eigen fysieke gesteldheid of uiteenlopende
omgevingsfactoren. Dit benadrukt het belang van het meten van zowel voorkeur als keuze
om echt een beter begrip te krijgen van hoe partnervoorkeuren ontstaan en blijven bestaan

onder seksuele selectie.

In conclusie, in deze thesis heb ik de rol van compatibiliteit in partnervoorkeuren,
partnerkeuze en reproductief succes onderzocht. Verder heb ik laten zien hoe individuen
potenti€le partners evalueren en hoe aantrekkelijkheid, zoals gezien door hun partner,
reproductief succes kan beinvloeden. Ik heb gevonden dat partnervoorkeuren voor
compatibele partners, in plaats van universeel aantrekkelijke partners, ontstaan kunnen
zijn door de directe of indirecte voordelen die individuen krijgen wanneer ze met een

compatibele partner paren.
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