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Summary

In a constantly changing world behavioural flexibility should be favoured by selection
allowing individuals to adjust their behaviour to various situations. Yet, consistent between-
individual differences in behaviour (also called personality differences) are prevailing in the
animal kingdom. But although the existence of personality differences is empirically well
supported we are just starting to understand their adaptive significance. Recently, it has
been suggested that sexual selection may have profound effects on personality variation
observed within populations. Depending on the direction of mate choice and associated
variance in reproductive success of different behavioural types (or the combination of them),
sexual selection may have the power to erode or stabilise personality variation. However,
the hypotheses proposed largely remain to be tested. In my thesis, | aimed to contribute to
a better understanding of how sexual selection can shape personality variation by testing
how individual differences in aggression and boldness, two of the most prominent
personality traits, affect mate choice and reproductive success in the rainbow krib,
Pelvicachromis pulcher, a bi-parental cichlid from West Africa. Individual aggression and
boldness are thought to be sexually selected in this species because both traits are
important during parental care (i.e. they affect whether and how parental fish protect their
offspring from con- and heterospecific brood-predators).

| tested female mate choice for male boldness and aggression and male mate choice
for female boldness (level and consistency of behaviour, respectively). Further, | tested how
personality differences in pre-determined boldness and aggression, and in parental care
behaviour affect reproductive success (number and size of offspring). For all experiments, |
followed up two alternative hypotheses regarding the level and consistency of behaviour: |
either expected selection for individual quality (indicated by directional selection) or for pair
compatibility (indicated by (dis-) assortment).

| found differences in mate choice between the sexes (female choice but no male
mate choice) and, for female mate choice, between personality traits. That is, females
showed a directional preference for consistent high-aggression males, a dis-assortative
preference for the level of male boldness, and an assortative preference for the consistency
of male boldness. The dis-assortative female preference for male level of boldness was
associated with increased reproductive success in terms of a higher number of offspring.
However, also positive assortment in the level of aggression- and boldness-like parental
care behaviour was associated with increased reproductive success in terms of larger
offspring.

My results suggest that sexual selection may erode personality variation in the level
of aggression and boldness via directional and dis-assortative selection, respectively (given
that there are no other selective pressures). But my data also support the hypothesis that

personality variation is maintained via reproductive benefits resulting from positive



behavioural assortment during parental care. My data suggest that the strength of sexual
selection may vary between the sexes (as | found female but no male mate choice). Further,
my data indicate that not only the level of behaviour but also behavioural consistency is
sexually selected (as indicated by female mate choice) though | could not detect
reproductive consequences being associated with behavioural consistency. | provide
evidence that sexual selection affects personality variation in rainbow kribs. However, the
direction of selection is rather complex calling for further investigations the shed light on the

overall direction of selection.



Zusammenfassung

In einer sich sténdig verandernden Welt sollte Verhaltensflexibilitat einen selektiven Vorteil
bieten, da sie Individuen erlaubt sich unterschiedlichsten Situationen anzupassen. Trotzdem
kénnen wir bei einer groBen Anzahl von Tierarten konsistente Unterschiede im Verhalten
zwischen Individuen beobachten (auch Personlichkeitsunterschiede genannt). Obwohl die
Existenz dieser Personlichkeitsunterschiede empirisch gut belegt ist, fangen wir gerade erst
an zu verstehen, welche adaptive Bedeutung Personlichkeitsvariation haben konnte.
Sexuelle Selektion konnte hierbei eine entscheidende Rolle spielen. Das heif}t, in
Abhangigkeit der Richtung der Partnerwahl und der damit verbundenen Variation im
Reproduktionserfolg der verschiedenen Verhaltenstypen (oder deren Kombination), kénnte
sexuelle  Selektion eine erodierende oder stabilisierende Wirkung auf die
Personlichkeitsvariation innerhalb von Populationen haben - wobei diese Hypothesen erst
noch empirisch untersucht werden missen. Mit dieser Dissertation mochte ich zu einem
besseren Verstdndnis des Einflusses sexueller Selektion auf die Evolution von
Personlichkeitsunterschieden beitragen. Zu diesem Zweck habe ich getestet, welche Rolle
individuelle Verhaltensunterschiede in Aggressivitat und Mutigkeit, zwei der prominentesten
Personlichkeitsmerkmale, bei Partnerwahl und Reproduktionserfolg des
Pupurprachtbuntbarsches, Pelvicachromis pulcher, einem bi-parentaler Cichliden aus
Westafrika, spielen. Ich hatte vermutet, dass individuelle Verhaltensunterschiede in
Aggressivitat und Mutigkeit in dieser Art sexuell selektiert werden, weil beide
Verhaltensmerkmale wéhrend des Elternfiirsogeverhaltens wichtig sind (d.h. sie beeinflussen
ob und wie die Nachkommen vor artgleich und artfremden Brutpredatoren beschiitzt
werden).

Ich habe getestet, welche Paarungspraferenzen Weibchen fiir Aggressivitat und
Mutigkeit bei Mannchen zeigen und welche Paarungspraferenzen Mannchen fir Mutigkeit
bei Weibchen haben (dabei habe ich jeweils sowohl das Verhaltenslevel als auch die
Verhaltenskonsistenz beriicksichtigt). AuBerdem habe ich getestet, welchen Einfluss
Personlichkeitsunterschiede in  Aggressivitdét und Mutigkeit (vor und wahrend der
Jungenfiirsorge) auf den Reproduktionserfolg (Anzahl und GréBe der Nachkommen) haben.
In allen Experimenten habe ich zwei alternative Hypothesen hinsichtlich des Verhaltenslevels
und der Verhaltenskonsistenz verfolgt: ich hatte gerichtete Selektion fur individuelle
Qualitdt erwartet oder Selektion auf (Un-) Ahnlichkeit (positiv oder negativ assortative
Selektion) fir Kompatibilitt.

Das Partnerwahlverhalten hat sich zwischen den Geschlechtern unterschieden
(Weibchen- aber keine Mannchenwahl) und bei der Weibchenwah! unterschied es sich auch
zwischen den Verhaltensmerkmalen. Das bedeutet, Weibchen zeigten eine gerichtete
Praferenz fur konsistent hoch-aggressive Mannchen. Bezlglich des Mutigkeitsverhaltens

zeigten Weibchen eine Paarungspraferenz fiir Méannchen mit einem unédhnlichen
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Verhaltenslevel aber mit dhnlicher Verhaltenskonsistenz (im Verhéltnis zum Weibchen). Die
Paarungspraferenz  fiir Unéhnlichkeit im Level des Mutigkeitsverhalten stand im
Zusammenhang mit einem erhéhten Reproduktionserfolg, d.h. eine erhdhte Anzahl von
Nachkommen. Allerdings hatten auch Brutpaare, die sich wahrend der Jungenfiirsorge
dhnlich verhalten hatten einen erhéhten Reproduktionserfolg, d.h. gréBere Nachkommen.
Meine Ergebnisse legen nahe, dass sexuelle Selektion Personlichkeitsvariation in
Aggressivitat und Mutigkeit durch gerichtete und negativ-assortative Selektion erodieren
kénnte (vorausgesetzt es wirkt kein anderer Selektionsdruck auf diese Verhaltensmerkmale).
Meine Daten stltzen allerdings auch die Hypothese, dass Personlichkeitsunterschiede durch
positiv-assortative Selektion erhalten bleiben, da Ahnlichkeit im Verhalten wahrend der
Jungenfiirsorge reproduktive Vorteile hatte. Die Stérke der Selektion scheint sich zwischen
den Geschlechter zu unterscheiden, da ich Weibchen- aber keine Mannchenwahl
nachweisen konnte. AuBerdem zeigen die Resultate meiner Weibchenwahl-Experimente,
dass nicht nur das Verhaltenslevel sondern auch die Verhaltenskonsistenz sexuell selektiert
wird; wobei ich keinen Effekt von Verhaltenskonsistenz auf den Reproduktionserfolg
nachweisen konnte. Ich zeige, dass sexuelle Selektion Personlichkeitsvariation im
Pupurprachtbuntbarsch beeinflusst. Die Richtung der Selektion ist allerdings komplex, daher
bedarf ~es  weiterer Untersuchungen, um den  Zusammenhang  zwischen

Personlichkeitsunterschieden und sexueller Selektion in dieser Art besser zu verstehen.
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CHAPTER 1

GENERAL INTRODUCTION

A couple days ago, | met an old friend from school. Little Brigitte. | have not seen her in
years. But Brigitte hasn't changed a bit: a bit overweight (food was always her soft spot) but
very smart and witty. And | have not changed either: not caring much about food and still
being absorbed by her fascinating way of thinking. Meeting her felt like no time had passed.
No one will be surprised by this little anecdote. In fact, it represents a rather common
incident that you most probably have experienced and heard about yourself many times. In
essence, we broadly agree on the fact that we, humans, are different to one another, and
that these behavioural differences persist over a very long time, if not even a life time (Buss
and Greiling 1999; Gosling 2001). In non-human animals, however, we have neglected the
existence of such consistent between-individual differences in behaviour - also called
personality differences, temperaments or coping styles (Réale et al. 2010a; Reale et al. 2007)
- for a long time. Some pioneering work has been done in the 1970-80s (Clark and Ehlinger
1987; Huntingford 1976) but we continued to believe that the behavioural variation
observed within populations represents non-adaptive, random noise that surrounds an
adaptive mean, rather than being adaptive itself (Wilson 1998). According to Réale et al.
(2010a), it was an article published by Wilson et al. (1994), ‘Shyness and boldness in humans
and other animals’, that caused a tenfold increase in the number of publications concerning
animal personalities during the following two decades. Since the 1990s, much effort has
been made to characterise the distribution of personality differences and to define its
proximate and ultimate causes, yet, we are still just starting to understand (a) the evolution
of stable personality variation and (b) the consequences resulting from the observed
pattern.

(a) Today, the existence of stable personality variation is not surprising anymore: we
know that personality differences are not exceptional in the animal kingdom, but universal
(see the below ‘Descriptive background'). However, the existence of stable personality
variation brings a whole new set of questions with it: Why do individuals behave so
differently from one another (even when they are in the same situation)? And why do these
differences persist over time? What is the adaptive benefit of the distinct behavioural
polymorphism that we can observe? We need to establish (and empirically verify)
quantitative frameworks to identify the evolutionary forces that generate and maintain

stable personality variation and to find out how these evolutionary forces shape
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personality differences (direction and strength of selection). Answers to these questions are
central to our general understanding of animal behaviour at the individual as well as at the
population level. Yet, conceptual frameworks developed so far are still in their ‘infancy’
(Wolf and McNamara 2012) and the validity of the theories proposed has often yet to be
empirically tested (Schuett et al. 2010; Wolf and McNamara 2012).

(b) Personality differences affect a wide array of ecologically relevant processes
(Reale et al. 2007), e.g. decision making (Chang et al. 2018; Chang et al. 2017; Mamuneas
et al. 2015), habitat use (Schirmer et al. 2019), disease and parasite transmission (Keiser et
al. 2016; Sih et al. 2018), dispersal behaviour (Cooper et al. 2017; Luna et al. 2019), and
collective movements (del Mar Delgado et al. 2018). Thus, we may have to rethink the
general validity of classic and widely excepted concepts that assume individuals (should)
behave more or less equally (Schirmer et al. 2019; Wilson 1998). For example, classic
optimal foraging theory assumes that there is one optimal strategy that should be applied
by all individuals (Wilson 1998). But individuals differ consistently in their foraging behaviour
depending on their behavioural type (loannou and Dall 2016; Patrick et al. 2017; Schuett
and Dall 2009), suggesting they are following different strategies. Not least, personality
differences should also be considered in conservation issues as they can affect a
population's adaptive potential (McDougall et al. 2005; Watters and Meehan 2007). For
example, in captive-bred swift foxes, Vulpes velox, boldness was negatively associated with
survival in the wild after release (Bremner-Harrison et al. 2004). Finally, integrating insight
from animal personality research could increase both productivity and animal welfare in
economic sectors like agriculture, fisheries, zoos, and pet shops (Kelleher et al. 2018;
McDougall et al. 2005; Watters and Powell 2012; Wielebnowski 1999). Productivity could be
increased considering the behavioural type of individuals within a breeding pair as some
behavioural types have been shown to be more successful in producing offspring than
others (reviewed in Tetley and O'Hara 2012). Also, when grouping animals in a social
context outside of breeding, the composition of behavioural types within the group can
significantly contribute to the well-being of group members, thus the consideration of
individual behavioural types in husbandry can contribute to animal welfare (reviewed in
Tetley and O'Hara 2012). In sum, conclusions drawn from animal personality research are
relevant to ecological research, conservation, and all economic sectors handling live
animals. Yet, animal personality research is far from providing conclusive evidence that can
be readily applied (see above).

Our very limited understanding of (a) why and how personality differences are
generated and maintained in combination with (b) the relevance of personality variation for
other research fields like ecology and conservation, economics and animal welfare promotes
the strong need for further animal personality research. | hereby want to contribute to this
matter. More precisely, in my dissertation, | investigated the potential role of sexual
selection on the evolution of personality differences. But before | introduce the conceptual
framework underlying my work and my main study aims, | shortly give some descriptive

background on personality traits and present major concepts on the evolution of personality
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differences that have been proposed so far. | further outline the gaps and limitations of
these concepts and explain why the consideration of sexual selection is important for our

understanding of how personality differences are generated and maintained.

Animal personalities: Descriptive background

Repeatable differences in individual behaviour have been shown in a wide range of taxa
including mammals, birds, fish, reptiles, amphibians, insects, spiders, and cephalopods
(reviewed in: Bell et al. 2009; Gosling 2001; Stamps 2007). Although the personality
measures obtained vary a lot between species and studies, they can broadly be summarized
into five categories: (1) shyness-boldness, (2) exploration-avoidance, (3) activity, (4)
aggressiveness, and (5) sociability (proposed by Reale et al. 2007). These categories differ
from the standard five-factor model (also called the OCEAN-model) used in psychological
personality research in humans; which comprises Openness, Conscientiousness,
Extraversion, Agreeableness, and Neuroticism (Allport and Odbert 1936; Gosling and John
1999; McCrae and Costa 1999). However, the human model is not ideally suited for
application in animal personality research as the psychological mechanisms underlying a
behavioural expression may differ between humans and non-human animals (Reale et al.
2007). Often, a correlation between personality measures of different categories has been
reported (Conrad et al. 2011; Kelleher et al. 2018; Sih et al. 2004a; Sih et al. 2004b; but see
Broecke et al. 2018, and Thys et al. 2017). For example, boldness and exploration behaviour
are positively correlated in the convict cichlid, Amatitlania siquia (Mazue et al. 2015) and in
nesting rodents, Octodon degus (Chock et al. 2017). Due to these correlations between
behaviours, individual behaviour is sometimes even further simplified, and categorized on a
single axis, the proactive-reactive continuum (lbarra-Zatarain et al. 2019; Laubu et al. 2016).
However, we do not entirely understand why behaviours show such correlations across
contexts, given that this may result in often mal-adaptive behaviour (Sih et al. 2004a; Sih et
al. 2004b).

Personality differences have a genetic component with modest to moderate
heritability of up to approx. 30-60% (Araya-Ajoy and Dingemanse 2017; Ariyomo et al.
2013; Dochtermann et al. 2015; Drent et al. 2003; Petelle and Blumstein 2015; Reif and
Lesch 2003; van Oers et al. 2005) and they are associated with diverse fitness consequences
(reviewed in: Biro and Stamps 2008; Dingemanse et al. 2004; Smith and Blumstein 2008).
For example, high levels of both boldness and aggressiveness are associated with increased
reproductive success in a number of species (Ariyomo and Watt 2012; Ballew et al. 2017;
Kontiainen et al. 2009; Sinn et al. 2008). Furthermore, aggression is a good predictor for
dominance and competitive ability (Houpt et al. 1978; Muller and Wrangham 2004; Wilson
et al. 2013). But, on the other hand, aggressive behaviour is metabolically costly (Briffa and
Sneddon 2007; Castro et al. 2006), can decrease survival (Dufty 1989), and the risk of being
predated (Hess et al. 2016) or injured (Dufty 1989). Also for boldness, there is mixed
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evidence regarding its adaptive benefit. That is, bold individuals in the common yabby,
Cherax destructor (Biro and Sampson 2015), and in the sole, Solea solea (Mas-Mufioz et al.
2011), show faster growth rates compared to their shyer conspecifics, whereas bold brown
trouts, Salmo trutta, grow slower (Adriaenssens and Johnsson 2010). Similarly, boldness is
associated with increased - (Foster et al. 2017; Godin and Dugatkin 1995; Piquet et al. 2018;
Smith and Blumstein 2010) as well as with decreased survival (Ballew et al. 2017; Smith and
Blumstein 2008) in a number of species, respectively. In great tits, Parus major, explorative
behaviour had a rather complex effect on survival showing differences between the two
sexes and between years (Dingemanse et al. 2004). In short, personality traits show a
manifold of fitness effects that vary between and even within species depending on
environmental conditions (Ballew et al. 2017; Dingemanse et al. 2004; Dingemanse and
Reale 2005; Teyssier et al. 2014).

Evolution of personality differences: An overview of conceptual
frameworks

Personality traits show, per definition, polymorphic variation, they are heritable and they
affect an individual's fitness (see the above ‘Descriptive background’) - building the basis for
evolution to act on (Barrett and Schluter 2008; Bijma 2011; Dingemanse and Reale 2005).
Thus, we have good reason to believe that stable personality variation observed within
populations is not just evolutionary raw material but may be a product of selection.
Frameworks addressing the evolution of personality variation tackle three characteristics of
personality differences, i.e. the existence of (1) within-individual consistency, (2) between-
individual variation, and (3) within-individual correlations between different behaviours
(behavioural syndromes) (Roberts and DelVecchio 2000). Below, | outline main concepts
regarding the first and second issue. However, | do not go into detail regarding the third
issue, as the evolution of behavioural syndromes does not specifically fall within the scope

of the present project.

Evolution of within-individual consistency

Behavioural flexibility is generally assumed to be advantageous over consistency (Bell and
Aubin-Horth 2010; Dingemanse et al. 2012; Sih et al. 2004a; Sih et al. 2004b), this is
because flexibility allows an individual to adjust its behavioural expression fitting the needs
of a situation, whereas behavioural consistency constrains an individual's capacity to
optimize its behaviour. For example, a male that consistently expresses a high level of
aggression shows high competitive ability (potentially adaptive) but, as this behaviour is
expressed consistently, he may also show increased aggression against females or predators

(mal-adaptive) (Sih et al. 2004b). Similarly, a shy individual that spends a lot of time hiding,
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instead of feeding, shows adaptive behaviour if the predation risk is high but not if it is low
(because it misses out on feeding opportunities) (Sih et al. 2004b). However, there are at
least four mutually non-exclusive mechanisms that may promote the evolution of within-
individual consistency by either constraining flexibility or by favouring consistency.

First, behavioural flexibility can be constrained by physiological and morphological
factors (Bell and Aubin-Horth 2010; Wolf and McNamara 2012). For example, body size is a
strong predictor for locomotor activity in fishes (Bainbridge 1958; Fry and Cox 1970; Webb
et al. 1984). In female Dumpling squids, Euprymna tasmanica, boldness was positively
affected by body size (Sinn et al. 2006). Also, metabolic rates (reviewed in Biro and Stamps
2010), and the neuroendocrine system including the serotonergic system (reviewed in:
Boissy 1995; Reif and Lesch 2003) can restrain behavioural flexibility. However, constrains of
flexibility alone cannot explain why there is such persisting polymorphism in behaviour (Wolf
and McNamara 2012).

Second, state-dependent positive feedback loops can be stabilising on individual
behaviour (Petelle et al. 2019; Wolf and McNamara 2012). The state comprises all
characteristics that determine an individual's ability to survive and reproduce, e.g. body
condition, age, and energetic reserves; but also factors like territory size, parasite load, or
experience determine an individual's state (McNamara and Houston 1996). Please note, an
individual's state also includes physiological characteristics - causing some overlap with the
above mentioned constrains of flexibility. But different to the above constrains of flexibility,
state-dependent feedbacks represent an adaptive process.

Third, behavioural consistency can be advantageous in social interactions - on
condition of social responsiveness or awareness (Dall et al. 2004; McNamara et al. 2009;
Wolf and McNamara 2012). That is, behavioural consistency allows individuals to make
predictions about their conspecifics' future behavioural responses. For example, social
responsiveness in combination with behavioural consistency can prevent costly fight
escalation in conspecific agonistic encounters via eavesdropping, i.e. the focal individual
observes its counterpart's previous fights and makes an informed decision by estimating a
potential fight's outcome based on what it saw: do not fight if it is likely to lose (Dall et al.
2004). Thus, behavioural consistency may allow for a more effective coordination of
behaviours, reducing stress and conflict, leading to behavioural specialisation into social
niches (Bergmiiller and Taborsky 2010; Montiglio et al. 2013). Indeed, there is empirical
support for this social niche specialisation hypothesis. Von Merten et al. (2017) compared
the agonistic behaviour of a social shrew mouse with three closely related solitary shrew
species and found more pronounced personality differences in the social species. Similarly,
Laskowski and Pruitt (2014) showed that social spiders, Stegodyphus mimosarum, which
familiarized with the conspecifics in their social group showed higher among-individual
variation and higher within-individual consistency of boldness.

Fourth, life-history trade-offs may promote both within-individual consistency as well
as between-individual variation in behaviour (Dammhahn 2012; Schuett et al. 2015; Wolf et

al. 2007). This is because individuals vary in their assets (i.e. fitness expectations). Thus,
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‘high-asset' individuals that show risky behaviour have more to loose compared to their
'low-asset' conspecifics showing the same level of behaviour. Therefore, individuals with
high assets should behave risk-averse whereas individuals with low assets should be more
prone to risks (Wolf et al. 2007). And as these between-individual differences in future
fitness expectations persist over a long time we expect individuals to consistently vary in
their risk-prone vs. risk-averse behaviour (Wolf et al. 2007), forming distinct life-history
strategies (Petelle et al. 2019; Réale et al. 2010b; Schuett et al. 2015). Please note, an
individual's state mediates its life-history trade-offs (McNamara and Houston 1996; Schuett

et al. 2015), therefore, this fourth point raised relates to the above third one.

Evolution of between-individual variation

Beside the afore-mentioned effect of life-history trade-offs on the evolution of stable
personality differences, negative frequency-dependent selection is one of the major
concepts explaining between-individual variation (Roff 1998; Wolf and McNamara 2012).
Here, the fitness benefits of a behavioural strategy depend on how many other individuals
play the same strategy (Ayala and Campbell 1974; Dugatkin and Reeve 2000; Maynard
Smith 1982). For example, Lichtenstein and Pruitt (2015) found reproductive success of
aggressive and docile individuals in three species of social spiders to be the highest for
groups that were composed of a mixture of the two behavioural types (compared to groups
composed of a single behavioural type).

Further, environmental fluctuations (temporal and spatial) may contribute largely to
the maintenance of between-individual variation in behaviour (Dingemanse et al. 2004,
Dingemanse and Reale 2005). For example, Schuett et al. (2018) showed that the
explorative tendency of three species of ground beetles from natural populations differed
between habitat types with beetles in urbanized areas being more explorative compared to
beetles in less urbanized areas. Also, Haage et al. (2013) found boldness and exploration in
the European mink, Mustela lutreola, to differ between the breeding - and non-breeding

season.

Gaps and limitations

Although the above outlined frameworks are highly relevant to our understanding of the
evolution of stable personality variation they lack two crucial considerations that need to be
taken into account when thinking about personality differences and their evolution. First, the
frameworks listed so far cover possible evolutionary forces that generate and maintain
within- and between-individual variation in the level of behaviour (i.e. the magnitude in the
expression) but between-individual differences in behavioural consistency (i.e. the variation

in the expression) and their potential fitness consequences have not been considered (but
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see Dall et al. 2004). However, recent empirical evidence does not only suggest that
individuals vary with respect to their behavioural consistency, but also that there are fitness
consequences associated with these differences (Dingemanse et al. 2010; Stamps et al.
2012). Second, there are two components affecting an individual's fitness: survival and
reproductive success. Yet, the latter has not been addressed by the above frameworks.
Given the evolutionary importance of an individual's reproductive success and the
prevalence of sexually reproducing species there is a strong need for both conceptual and
empirical work regarding the effect of sexual selection on the evolution of personality
differences (Schuett et al. 2010).

Personality differences: A role of sexual selection

Sexual selection, that is selection driven by differences in individual reproductive output
(Andersson 1994; Jones and Ratterman 2009), may have the power to both generate and
maintain personality differences. A first conceptual framework considering the effect of
sexual selection on the evolution of stable personality variation was proposed by Schuett et
al. (2010). Most importantly, Schuett et al. (2010) considered sexual selection to affect two
aspects of personality: the level and consistency of individual behaviour. Schuett et al.
(2010) outlined how the two key mechanisms of sexual selection, i.e. intra-sexual selection
(often referred to as male-male competition to access to potential mates, though also
female-female competition exists), and inter-sexual selection (mate choice) may generate
(only differences in consistency) and maintain (level and consistency differences) stable
personality variation. Intra-sexual selection may affect the level and consistency of
behavioural traits that mediate competitive ability, e.g. a high level of aggression as well as
the consistent expression of this high level can be favoured by intra-sexual selection if it
secures a high hierarchy position and therefore access to mates. However, this benefit
comes at a cost driven by more fight escalations and increased vigilance, therefore, the pay
offs of this behavioural strategy may depend on the frequency in which the strategies are
played (Schuett et al. 2010). See below for possible effects of mate choice on the evolution

of personality differences.

Mate choice for personality differences

Mate choice for the level of behaviour

According to the proposed framework (Schuett et al. 2010), mate choice can lead to a
directional selection for (or against) a high level of behaviour if there is an inter-individual
agreement in mating preference. This is the case if the behavioural expression is an honest
indicator for quality, being it either genetic or phenotypic quality. Benefits associated with

genetic quality (indirect benefits) require that the expression of a behavioural level is
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associated with a measure of fitness by a shared genetic basis that affects both (the
behaviour and the fitness measure) in a similar manner, thus providing benefits in turns of
increased offspring fitness (Jones and Ratterman 2009; Schuett et al. 2010). For example,
indirect evidence comes from Ariyomo and Watt (2012), who found that high levels of
boldness and aggressiveness were associated with increased egg fertilisation rates in the
zebrafish, Danio rerio. Benefits of phenotypic quality (direct or behavioural benefits) in
behaviour are mediated by long-term pair bonds and/or (bi-) parental care behaviour
(Schuett et al. 2010). For example, aggressiveness and exploration behaviour have been
shown to go hand in hand with effort in nest defence (reviewed in Chira 2014).

Alternatively, individuals may differ in their preference depending on their own
behavioural background leading to (dis-) assortment in their mating preference. Again, this
may have genetic and phenotypic benefits resulting from increased compatibility between
mates (Schuett et al. 2010). Behavioural compatibility may improve within-pair coordination
and cooperation in that it could ease sexual conflict over the amount of parental
provisioning (Schuett et al. 2011; Schuett et al. 2010). In that regard, positive assortment in
birds is associated with synchronisation of feeding rates and higher reproductive success
(Mariette and Griffith 2012; van Rooij and Griffith 2013). Laubu et al. (2016), found that dis-
assortative breeding pairs in convict cichlid, Amatitlania siquia, could increase their
reproductive success by achieving post-pairing similarity. However, also dis-assortment may
be advantageous depending on the species' biology, e.g. if parental care comprises more
than one activity and a specialisation into different parental roles increases efficiency, and
thus reproductive success (Schuett et al. 2010).

Although the amount of empirical work considering mate choice for personality
differences (in the level of behaviour) is rising, our understanding of how sexual selection
shapes personality variation remains very incomplete. Existing studies vary in the direction
found. That is, depending on the species of interest and the behaviour, studies have found
either positive (Barlow 1986), negative (Ophir and Galef 2003), assortative (Kralj-Fiser et al.
2013), or dis-assortative (indirect evidence from van QOers et al. 2008) female mating
preferences. But also within species considerable variation in mating preferences for
behavioural traits can be observed, depending on environmental conditions (e.g. Teyssier et
al. 2014). The empirical evidence collected so far implies a high complexity in the interplay
between personality differences and sexual selection calling for further empirical work.

Also, we know very little about the reproductive consequences being associated with
the mate choice patterns we can observe (i.e. behavioural vs. genetic benefits). This is
especially interesting for (bi-) parental species as parental care effort strongly affects
reproductive success (Clutton-Brock 1991; Schneider and Lamprecht 1990) though the style
and amount of care depend on individual behavioural types (reviewed in Chira 2014), i.e.
personality differences can affect parental care and reproductive success and should
therefore be under sexual selection. In bi-parental species, both sexes engage into costly
parental care, therefore, we would expect not only females but also males to be choosy. But

existing studies considering mate choice for personality in care giving species mainly focus
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on female mate choice though studies considering male mate choice for female personality

are scarce (but see Laubu et al. 2017).

Mate choice for behavioural consistency

Similarly to the above outlined mate choice trajectories for the level of behaviour, also
behavioural consistency can be selected via directional vs. (dis-) assortative mate choice
(Schuett et al. 2010). Directional mate choice for high consistency is expected when
consistency in the expression of a behaviour indicates genetic quality (because it is costly to
produce) or when the resulting predictability of behaviour provides behavioural advantages.
That is, a male that shows consistent high-aggression may signal genetic quality because it
is costly to be constantly aggressive (e.g. in terms of an increased metabolic rate or injuries).
Further, it may signal parental ability (behavioural advantage) to a female if it is likely that
the male continues to be consistent in this behaviour until the time comes to defend
potential future progeny (Royle et al. 2010; Schuett et al. 2010).

Positive assortment for behavioural consistency may arise if individuals profit from
either flexible negotiation over the amount of care provided vs. sealing the bid (Royle et al.
2010). However, also (dis-) assortment in behavioural consistency can be adaptive, for
example in the following scenario: imagine a bi-parental system where male-male
competition selects for consistent high-aggression males. And further assume female choice
points towards the same direction because consistent high-aggression males protect the
offspring in a high and predictable manner. Then, females could increase reproductive
success via flexible adjustment of their behaviour depending on environmental conditions
(Schuett et al. 2010). This would result in a reproductive benefit of ‘skewed’ dis-assortment
for behavioural consistency (i.e. higher reproductive success for breeding pairs with an
inconsistent female and a consistent male).

Given the above reasoning it seems worthwhile to investigate a potential role of
individual differences in behavioural consistency during mate choice. However, empirical
work addressing mate choice for behavioural consistency (and its reproductive
consequences) is scarce (but see Schuett et al. 2011). Further, existing studies addressing
sexual selection for the level of behaviour have often neglected between-individual
differences in behavioural consistency. This is non-trivial as a potential preference for (and
benefits from) the behavioural level may depend upon the consistency in which it is

expressed (see above).
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Project outline
Study aims

In my dissertation, | investigated whether personality differences in the rainbow krib,
Pelvicachromis pulcher are sexually selected. This study species is particularly well suited to
test for a potential role of sexual selection on the evolution of personality differences
because it is a bi-parental species (see below). That is, both sexes heavily invest into
reproduction (indicating mutual mate choice) and they repeatedly interact with each other
(allowing to test for behavioural benefits being associated with personality differences). My
main study aims were to find out (I) whether male personality differences are sexually
selected via female choice and (ll) whether female personality differences are sexually
selected via male choice. For (I) female - and (Il) male mate choice, | considered individual
differences in both personality aspects, level and consistency of behaviour, to be important;
and | considered two possible selection trajectories: directional selection for individual
quality vs. (dis-) assortment for pair compatibility (Schuett et al. 2010). Further, | wanted to
know whether (lll) the mating preferences | found translate into reproductive success. Here, |
was specifically interested in testing whether reproductive advantages resulting from pairing
by personality are mediated via behavioural benefits (increased compatibility or quality in
parental care activities) or genetic benefits. In my studies, | focussed on two personality
traits, aggression and boldness. Both traits were thought to be sexually selected in the
rainbow krib because they are important during parental care (see below).

With regard to my study aims, (a) | conducted two female mate choice experiments,
one to test for female preference for male aggression (Chapter 2), the other one to test for
female preference for male boldness (Chapter 3) (level and consistency of behaviour,
respectively). These two experiments were conducted on a correlative basis, i.e. females
could eavesdrop on the level and consistency of the behaviour males naturally express.
However, such correlative evidence does not imply causality (Schuett et al. 2010). | therefore
performed two follow-up female mate choice experiments where | manipulated either male
aggression or male boldness (level and consistency of behaviour, respectively) (Chapter 4).
(b) Further, | tested for the male perspective, that is, | tested male mating preference for the
level and consistency of female boldness (correlative set-up) (Chapter 5). (c) To test for an
effect of personality differences on parental care behaviour and on reproductive success |
conducted a breeding experiment where | set up breeding pairs that varied in their
behavioural composition (regarding the level and consistency of boldness) (Chapter 6).
General implications resulting from this experimental work are discussed (Chapter 7).
Finally, | present some methodological work testing the suitability of applied methods,
supplied in Appendix 1 (VIE colour marking as a tool for individual identification),
Appendix 2 (mirror tests as a tool to test for individual aggressiveness), and Appendix 3

(simple computer animations to test for individual aggressiveness and boldness).
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Figure 1. Male (to the left) and female (to the right) rainbow krib with fry.

Study species

The rainbow krib is a relatively small (more or less palm-sized) and, like its name tells,
colourful cichlid (Figure 1). The species naturally occurs in streams and rivers around West
Africa. Rainbow kribs are socially monogamous and perform extensive bi-parental care for
several weeks. Breeding pairs form territories including a breeding cavity (consisting of
stones, little rocks and/or shells) where eggs are laid and where wrigglers (free-embryos,
developmental stage between eggs and free-swimming fry) stay until they become free-
swimming (U. Scherer, personal observation). Eggs develop into wrigglers within three day,
wrigglers need another five days to develop into free-swimming fry (approximate durations).
The egg- and wriggler stage are characterised by one parent mostly staying in the breeding
cave to provide direct care to eggs/wrigglers (oxygenation, cleaning) while the other parent
stays outside (but within the territory) protecting the offspring (vigilance, chasing away
intruders). Free-swimming fry are guarded and protected by both parents (U. Scherer,
personal observation). Commonly, a classical role division has been reported in cichlids with
the male engaging more into protective behaviours (offspring and territory defence) and the
female being the primary direct-care giver (McKaye and Murry 2008; Richter et al. 2010). But

both parents can do and do the same parental behaviours indicating that role allocation is
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flexible (see ltzkowitz (1984), Lavery and Reebs (1994), Sasvari (1986), and Storey et al.
(1994) for studies on sex roles in cichlids and see Royle et al. (2014) for a review on flexibility
of parental care behaviour). Individual aggressiveness is important during parental care
because brood and territory are defending via aggressively attacking con- and
heterospecific intruders. Also boldness is thought to be important during parental care as it
affects an individuals willingness to approach and inspect a potential thread (Godin and
Dugatkin 1996).

Empirical work on rainbow kribs is scarce (but see: Martin and Taborsky 1997; Nelson
and Elwood 1997; Seaver and Hurd 2017) and, to the best of my knowledge, no work has
been done on mate choice in this species. However, existing studies on a closely related
sister species, P. taeniatus, found female and male mate choice for relatedness (Thiinken et
al. 2007), body size (Baldauf et al. 2009a) and colouration (Baldauf et al. 2011; Baldauf et al.
2009b). Mutual mate choice is further suggested by the intense, but sexually dimorphic
body colouration of rainbow krib males and females. Also, both sexes in the rainbow krib
show courtship behaviour (including a change in colouration, fin displays, for females:
flaunting of the belly) (U. Scherer, personal observation).

Note

For chapters including supplemental material, the supplement is provided directly following
the reference list. For published articles, supplemental material may contain raw data or R

codes that are not provided in the current transcript but can be found online.
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CHAPTER 2

Predictability is attractive: Female preference for
behaviourally consistent males but no preference for the
level of male aggression in a bi-parental cichlid

Ulrike Scherer, Mira Kuhnhardt, and Wiebke Schuett
Published 2018 in PLOS ONE 13(4): e0195766. DOI 10.1371/journa|.pone.0195766

ABSTRACT

Although personality traits can largely affect individual fitness we know little about the
evolutionary forces generating and maintaining personality variation. Here, we investigated
the hypothesis that personality variation in aggression is sexually selected in the
monogamous, bi-parental cichlid Pelvicachromis pulcher. In this species, breeding pairs
form territories and they aggressively defend their territory and offspring against con- and
heterospecific intruders. In our mate choice study, we followed up two alternative
hypotheses. We either expected females to show a directional preference for a high level
and high consistency of aggression (potentially indicating mate choice for male parental
quality) or, alternatively, we expected females to choose males for (dis-) similarity in the
level/consistency of aggression (potentially indicating mate choice for compatibility).
Individual level and consistency of aggression were assessed for males and females using
mirror tests. After eavesdropping on aggressive behaviour of two males (differing in level
and consistency of aggression) females were then allowed to choose between the two
males. Males, but not females, showed personality variation in aggression. Further, females
generally preferred consistent over inconsistent males independent of their level of
aggression. We did not detect a general preference for the level of male aggression.
However, we found an above average preference for consistent high-aggression males;
whereas female preference for inconsistent high-aggression did not deviate from random
choice. Our results suggest behavioural consistency of aggression in male rainbow kribs is
selected for via female mate choice. Further, our study underlines the importance of
considering both the level and the consistency of a behavioural trait in studies of animal
behaviour.



INTRODCUTION

Consistent between-individual differences in
behaviour (aka personalities, coping styles
or temperaments; Schuett et al. 2010) have
far-reaching fitness consequences (reviewed
in Chira 2014; Reale et al. 2007; Smith and
Blumstein 2008). For example, boldness and
aggressiveness have been shown to affect
egg fertilization rates (Ariyomo and Watt
2012), survival (Ballew et al. 2017; Dufty
1989), growth (Adriaenssens and Johnsson
2010; Grant 1990), and foraging success
(Dyer et al. 2008; Grant 1990). Especially in
(bi-) parental species, consistent behavioural
differences are thought to heavily affect
fithess (reviewed in Schuett et al. 2010)
because the reproductive success largely
depends on parental care behaviour
(Clutton-Brock 1991; Mutzel et al. 2013).
Parental care behaviour, in turn, is often
closely associated with individual
personalities (Budaev et al. 1999; Cain and
Ketterson 2013; Chira 2014).

Because personality traits can largely
affect individual reproductive success and
overall fitness they should likely be
considered during mate choice (Chira 2014;
Qvarnstrom and Forsgren 1998; Schuett et
al. 2010; Teyssier et al. 2014). However,
existing studies investigating the link
between  personalities, or non-sexual
behaviour in general, and mate choice are
rare and deliver divergent results. Some
studies found a general preference for
(Bierbach et al. 2013; Doutrelant and
McGregor 2000; Herb et al. 2003) or against
(Ophir and Galef 2003; Spritzer et al. 2005)
certain behavioural traits among females of
a species. Other studies found females to
differ in their mating preference, depending
on their own behavioural type, leading to
positive assortment (Kralj-Fiser et al. 2013;
Montiglio et al. 2016; Schuett et al. 2011b)
or dis-assortment (Scherer et al. 2017). In
addition, existing studies on the role of
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behaviour during mate choice have often
neglected the role of between-individual
differences in behavioural consistency (but
see: Schuett et al. 2011a), although this is
an important personality component that
can have diverse fitness implications itself
(Dingemanse et al. 2010; Laubu et al. 2016;
Stamps et al. 2012). Behavioural consistency
in exploration behaviour, for example, is
positively correlated with reproductive
success in zebra finches, Taeniopygia
guttata, (Schuett et al. 2011a) and
consistency in boldness positively correlates
with food consumption and collective
behaviour  in

foraging three-spined

sticklebacks, Gasterosteus aculeatus
(loannou and Dall 2016). Accurate
assessment of a potential mate's behaviour
(level and consistency) is demanding and
costly (Bleu et al. 2012; Castellano and
Cermelli 2011; Fawcett and Johnstone
2003) because it

observation. High assessment costs could

requires  careful
sometimes outweigh social and
reproductive  benefits of  behavioural
consistency  promoting also  flexible
behaviour (Laubu et al. 2016). Clearly, we
need more studies to identify the
evolutionary forces shaping the diverse
preference pattern, consequently helping us
to understand the existence of animal
personality ~variation. Further, a more
comprehensive  approach is  needed
including all aspects of behavioural traits
(behavioural level and consistency) to fully
describe the relation between personality
traits and mate choice.

In the present study, we used a
correlative approach to investigate the
effect of individual aggression (level and
consistency) on female mate choice in a bi-
parental West African cichlid, the rainbow
krib, Pelvicachromis pulcher. Breeding pairs
of this species raise their offspring in
territories and, among other parental duties

(e.g. searching for foraging grounds,
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keeping the brood together), both parents
aggressively defend their offspring and
territory against any kind of intruders.
Therefore, individual differences in
aggression are likely to affect reproductive
success and should thus be considered
during mate choice. We assessed level and
consistency of aggression (total number of
aggressive behaviours) for all males and
females over two mirror tests. Aggressive
behaviour directed towards a mirror image
reliably  reflects  aggression  towards
conspecifics in P. pulcher (Scherer et al.
2016). Females were allowed to choose
between a high- and a low-aggression male
(differing in their consistency) after prior
eavesdropping on  male  aggressive
behaviour. If females choose males for their
ability to defend offspring and territory
(mate choice for male parental quality) we
would expect females to generally prefer
high- over low-aggression males. Also,
several studies found high aggression to be
associated with high genetic quality (e.g.
Ariyomo and Watt 2012; Grant 1990). For
the behavioural consistency, we expected
females to show a general preference for
consistent males because this would
indicate the reliability of the behaviour
allowing a female to predict future parental
performance (Royle et al. 2010; Schuett et
al. 2010). Also, high behavioural consistency
could ease sexual conflict over parental
investment through facilitated negotiation
over the amount of parental provisioning
(Royle et al. 2010). Further, high consistency
in highly aggressive behaviour can serve as
a signal for eavesdropping individuals
lowering the number of escalating fights
(Dall et al. 2004). Alternatively, we expected
females to prefer the male being more (dis-)
similar to themselves, which could ease
synchronisation and/or specialisation of
parental abilities and facilitate care
coordination (mate choice for compatibility;

discussed in Schuett et al. 2010).

MATERIAL & METHODS

Ethics statement

This work was approved by the German
‘Behdrde far Gesundheit und
Verbraucherschutz Hamburg’ (permission
number 52/16). Stimulus males were used
twice in order to reduce the number of
animals needed and we used animated
conspecifics instead of live conspecifics to
reduce stress. Avoiding the risk of injuries
during actual fights we determined
individual aggressiveness using mirror tests.
The number of aggressive behaviours is a
good proxy for the probability of fight
winning (Ophir and Galef 2003; Schlinger et
al. 1987) and therefore represents a
measure of

biologically relevant

aggressiveness.

Fish maintenance

We used laboratory bred rainbow kribs from
a breeding stock at the Universitat
Hamburg, a local supplier (Atlantis
Aquarium; Hamburg, Germany;
53°60'58.39"N  10°07'72.39"0) and a
wholesaler (Dietzenbach Aquarium GmbH;
Dietzenbach,  Germany; 50°02'27.32"N
8°80'19.7170). All fish were maintained in
same-sex sibling groups of approx. 20-30
individuals per tank and were fed on 5 days
a week with Artemia spp. Holding
conditions were standardised using a 12:12
hours light:dark cycle and 100 L fish holding
tanks (100 x 50 x 25 cm) containing a layer
of sand and plastic aquarium plants. The
water (26 = 1°C water temperature) was
internally aerated and filtered and changed
once a week. One day prior to the start of
the experiment, all fish were measured for
their standard length (mean * SE; males =
4.6 £+ 0.1 cm, N = 40; females = 3.8 = 0.1



cm, N = 39) using ImageJ (Schneider et al.
2012) and transferred to individual housing
tanks (25 x 50 x 25 c¢m, holding conditions
as above) for the duration of experimental
trials. Each tank was endowed with half a
clay pot (8 x 8 x 4 cm) as shelter.

Experimental outline

We assessed the level and consistency of
aggression for all males (N = 40) and
females (N = 39) using mirror tests (see
"Mirror tests’). Mirror tests were performed
twice (5 days in between tests) in order to
assess the mean level as well as the degree
of individual consistency in aggression and
to test for consistent between-individual
differences in aggression at population level
(repeatability). For mate choice trials, males
were paired up to dyads (N = 20) always
consisting of two males differing in their
level and consistency of aggression, based
on their aggression shown during mirror
tests (for more details please see 'Mirror
tests’). Male dyads were used twice during
mate choice trials, except one dyad that was
only used once. Females were tested for
their mate preference once.

Female mate choice trials were
conducted in two steps: an observation and
a subsequent choice (see 'Mate choice
trials’). During the observation, females
were allowed to eavesdrop on the
aggressive behaviour of the two males of a
dyad; directed towards their mirror images.
Females could then choose between these
two males in a dichotomous choice test, a
standard procedure suitable to predict
mating preferences in cichlids (Dechaume-
Moncharmont et al. 2011; Thinken et al.
2007). Several studies have shown that
individuals in many fish species gain social
information through observing conspecific
interactions and later use this information
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during their own social interactions (Aquiloni
et al. 2008; Doutrelant and McGregor 2000;
Ophir and Galef 2003; Schlupp et al. 1994;
Witte and Godin 2010).

Mirror tests

Mirror tests were performed according to
Scherer et al. (2016). We started a mirror
test by removing filter and heater from an
individual's housing tank, and setting up a
video camera in front of the tank, one day
after introducing fish into their individual
housing tanks. After an acclimation of 15
min, a mirror (25 x 50 cm) was introduced
on one long side of the tank facing the
opening of the clay pot. The focal fish's
behaviour was video-recorded for 12 min.
To avoid disturbances, no human was
present during recordings and tanks were
covered with black plastic foil on three
sides. Individuals were tested at the same
time of day £ 15 min to avoid potential
effects of hunger level or time of day on
individual aggression (Ariyomo and Watt
2015; MacPhail et al. 2009) in repeated
trials.

Following Scherer et al. (2016), the
number of all restrained (frontal displays, left
lateral displays, right lateral displays, s-
shaped bendings, fast approachings) and
overt aggressions (bites) were manually
counted from the videos for a duration of 10
min, starting 2 min after the beginning of a
video. We calculated the mean aggression
level for each individual as the sum of all
restrained and overt aggressions (average
Individual

consistency was calculated as behavioural

over both  mirror tests).

inconsistency: the absolute difference in the
number of all aggressive behaviours
between the first and second mirror test
(loannou and Dall 2016).
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Based on the mirror tests, we
formed male dyads: the two males within a
dyad were matched for size (size difference
< 10% of standard length; mean difference
+ SE = 2.1 = 0.3 mm) and family, but were
otherwise chosen to have a maximum
possible contrast in their aggressive
behaviour (mean difference = SE; level of
aggression: 207 + 28  aggressive
behaviours; behavioural inconsistency: 110
+ 18 difference in the number of aggressive
behaviours; N = 20 male dyads).
Accordingly, males within a dyad were
classified into high (mean = SE = 277 + 25
aggressive behaviours) and low-aggression
males (mean = SE = 70 + 15 aggressive
behaviours). High- and low-aggression
males differed significantly in their mean
level of aggression (unpaired Wilcoxon
signed-rank test; W = 309, P < 0.0001; N =
20 male dyads). Likewise, the two males
within a dyad were classified into consistent
(lower  within-individual variation) and
inconsistent (higher within-individual
variation). Consistent (mean + SE = 32 =+ 8
difference in the number of aggressive
behaviours) and inconsistent (mean = SE =
141 = 22 difference in the number of
aggressive behaviours) males significantly
differed in their behavioural inconsistency
(unpaired Wilcoxon signed-rank test; W =
38, P < 0.0001; N = 20 male dyads). For all
individuals, the first mirror test was
performed before mate choice trials and the
second mirror test was performed after

mate choice trials. In order to form male
dyads used for mate choice trials, we pre-
classified males according to their behaviour
shown during the first mirror test but final
classification was performed a posteriori
based on the results of both mirror tests.
Differences in the behavioural contrast
between the two males of a dyad did not
affect female preference. That is, female
preference for the preferred male was
neither affected by how much the two males
of a dyad differed in their mean level of
aggression during the mirror tests (linear
mixed-effects model; ¥ = 1.631, P = 0.202;
N = 35 mate choice trials, with male pair ID
as random effect) nor was it affected by how
much the two males of a dyad differed in
their  behavioural inconsistency (linear
mixed-effects model; %1 = 0.281, P = 0.596;
N = 35 mate choice trials, with male pair ID
as random effect).

When considering both male level
and consistency classification, our set up
resulted in a crossed design with four
different male types: consistent high-
aggression  males, inconsistent high-
aggression males, consistent low-aggression
males and inconsistent low-aggression
males (please see Table 1). Male dyads
consisted either of one consistent-high and
one inconsistent-low aggression male or,
alternatively, they consisted of one
inconsistent-high and one consistent-low
aggression male.

Table 1. Descriptive statistics on male classification of aggression. Given are sample sizes and mean = SE
for the level (number of aggressive behaviours) and inconsistency (absolute difference in the number of
aggressive behaviours) of aggression within each of the four classifications of male (Nmaes = 40, resulting in N

= 20 male dyads) behaviour.

High-aggression males Low-aggression males
Consistent Inconsistent Consistent Inconsistent
N 9 11 11 9
Mean + SE level 305 =43 254 + 28 42 £ 15 105 = 22
Mean = SE inconsistency 44 £ 8 148 £ 33 22 +13 133 £29
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Figure 1. Experimental setup for testing female mating preference. Apparatus for (a) female
eavesdropping on male aggression and (b) subsequent female choice. (a) The observation tank (height =
50 cm, water level 10 cm) was divided into three compartments: (F) a female compartment and (M1 and
M2) two male compartments. Each male compartment was provided with a half a clay pot (8 x 8 x 4 cm) in
a standardised position (objects in dark grey) and a removable mirror (objects with hatching). The female
was hidden behind a one-way mirror (slope of 45° to avoid males seeing their mirror image; grey area). (b)
The choice chamber (height = 35 cm, water level = 10 cm) was divided into three compartments with the
female compartment being in the middle and two male compartments covering the edges of the tank.
The female compartment was subdivided into three zones, with the neutral zone being in the middle and
the two preference zones for the males on the adjacent sides, each zone alongside the concomitant male
compartment (width = 12 cm, refers to approx. two fish lengths; light grey areas). Compartments of
observation tank and choice chamber were separated using clear Plexiglas (dashed lines) and/or white
Plexiglas (solid lines). Tanks were surrounded with white Plexiglas.

covering the partition between the male

Mate choice trials

Before each mate choice test, females were
allowed to observe male aggressive
behaviour. To start the observation, we
introduced two males of a dyad into an
observation tank (Figure 1a), one male into
each of two male compartments. Also, we
transferred a randomly chosen female (non-
sibling and non-familiar to the males) into
the female observer compartment, visually
separated from the male compartments
using a white partition. After an acclimation
period of 15 min, a mirror (25 x 50 cm) was
introduced into each male compartment

compartments (Figure 1a) and the partition
visually separating the female compartment
from male compartments was removed.
Hidden behind a one-way mirror (Figure 1a),
the female could observe the two males
interacting with their mirrors for 12 min
without being seen by males.

Immediately after the observation,
the two males and the female observer were
transferred to a mate choice chamber
(Figure 1b). The two males were randomly
assigned to two male compartments and
the female was introduced to a female
compartment. After an acclimation of 10
min without visual contact, white partitions
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separating the compartments were gently
removed and the first mate choice test
period of 12 min started. To take account
for a potential side-bias, the trial was
repeated immediately after with the males
being switched between the male
compartments. All fish were again allowed
to acclimate for 10 min (under Vvisual
separation) before the second test period of
12 min started. During experiments, no
observer was present to avoid disturbances.
Both test periods were video-recorded from
above.

We assessed the association time
(female time spent in a male's preference
zone (Figure 1b), sum of both test periods,
sec) for each male from the videos using
Ethovision XT 11 (Noldus, Wageningen, The
Netherlands). Videos were analysed for 10
min, starting 2 min after the beginning of a
video. Female mating preference was then
quantified from both test periods as the
strength of preference for each male: the
association time for one male was divided
by the association for both males (e.g.
Dugatkin  1996; Makowicz et al. 2010;
Scherer et al. 2017). Further, we calculated
female side bias as the time a female spent
in one preference zone relative to the
amount of time spent in both preference
zones (sum of both test periods). A female
was considered side-biased when she spent
more than 80% of the test time in just one
preference zone (Poschadel et al. 2009;
Scherer et al. 2017; Schliter et al. 1998). We
decided a priori to exclude side-biased
preference data from the analysis (N = 1
mate choice trial) (e.g. Scherer et al. 2017;
Schlupp et al. 1999). Another three mate
choice trials were excluded because of
damaged video files, resulting in final N =
35 trials used for preference analyses
(including N = 18 male dyads).

Statistical analysis

All statistical analyses were performed in R
version 3.40 (R Core Team 2017).
Repeatability of aggressive behaviour was
calculated for males and females separately
using linear mixed effects models (LMMs)
implemented in the rptR-package (Stoffel et
al. 2017). Repeatability calculations were
performed with 1000 bootstrapping runs
and 1000
repeatability was given when the 95%

permutations.  Significant
confidence interval (Cl) did not include O.
Further, we tested for a sex difference in the
mean level and inconsistency of male and
female aggression (Nl = 79, consisting of
Nmales = 40 and Niemaes = 39) fitting two
linear models (LMs): one model was fit on
the level of aggression and the other model
was fit on the behavioural inconsistency,
both models contained the sex as predictor
variable.

We tested for a general preference
for high- over low-aggression males using
an LMM (Ime4-package, Bates et al. 2014)
with female preference for high-aggression
males (including both consistent and
inconsistent high-aggression males; Nyials =
35) as response variable. We included male
dyad ID as random effect but otherwise did
not include any fixed effects (aka null
model). Deviation from random choice
would be revealed if the 95 % CI of the
mean does not include 0.5. Further, we
tested for a preference for consistent over
inconsistent males (including both low- and
high-aggression; Nuis = 35) using the same
approach: we ran a null model with female
preference for consistent males as response
and included male dyad ID as random
effect.

In order to test the possibility that
female preference for the consistency and
the level of male aggression are
interdependent  we  further  assessed
deviation from random choice of female



preference for consistent high-aggression
(Ntials = 17) and consistent low-aggression
(Niiats = 18) using the above method. To
avoid redundancy, we did not analyse the
combination

remaining behavioural

(inconsistent high-aggression and
inconsistent low-aggression) in the same
way. Due to our experimental design,
female preference for consistent high-
aggression males were directly inverse to
female preference for inconsistent low-
aggression  males.  Likewise, female
preference for inconsistent high-aggression
males and for consistent low-aggression
males were directly inverse.

Also, we tested for a difference in
female preference between consistent high-
and consistent low-aggression males. We fit
an LMM on female preference for consistent
males  (Ngais = 35) including male
behavioural type combination (consistent
high-aggression and  consistent low-
aggression) as fixed effect and male dyad ID
as random effect. Similarly, we tested for a
difference in female preference between
consistent and inconsistent high-aggression
males (Nyias = 35) fitting an LMM on female
preference for high-aggression males,
again, including male behavioural type
combination (consistent high-aggression
and inconsistent high-aggression) as fixed
effect and male dyad ID as random effect.
For all models, we calculated effect sizes
(partial R?) for fixed effects following
Nakagawa and Schielzeth (2013) using the
r2glmm-package (Jaeger 2016). For non-
significant fixed effects we report the partial
R? deriving from the model before the term
was dropped. Model assumptions were
visually assured using model diagnosis
plots. For all analyses, female strength of
preference  was  arcsine-square  root-
transformed for normality of the residuals.

The prediction that females might
show a preference for behavioural (dis-)

similarity in aggression is based on the
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assumption that females show personality
variation for aggressiveness. However,
overall female aggression was not
repeatable (please see 'Results’). Therefore,
we cannot present a reliable measure of
female aggressive behaviour. Thus, we only
present an analysis of female preference for
(dis-)  similarity in  the supplement
(Supplemental Material 1).

We provide our raw data including
behavioural ~ data  of  mirror  test
(Supplemental Material 2) and behavioural
data obtained during mate choice trials
(Supplemental Material 3). Also, we supply
our R code used for preference analyses
(Supplemental Material 4).

RESULTS

Male aggressive behaviour (mean + SE =
166 =+ 15 aggressive behaviours) was
significantly repeatable (R + SE = 0.660 =
0.092, CI = [0.452, 0.807]; Nirais = 80, Nmales
= 40). In contrast, female aggressive
behaviour (mean = SE = 196 =+ 17
aggressive behaviours) was not repeatable
(R+SE =0.176 = 0.135, Cl = [0.000, 0.460];
Niials = 78, Niemales = 39). Males (mean = SE
= 170 = 22 aggressive behaviours) tended
to be less aggressive than females (mean =
SE = 219 + 17 aggressive behaviours) (LM;
estimate = SE = -62 = 35, F177 = 3.110, P =
0.082; R? = 0.039, CI = [0.160, 0.100];
Nmales+females = 79 males and females; Figure
2a). Further, females (mean = SE = 0.252 +
0.032) were less consistent than males
(mean = SE = 0.143 = 0.024) (LM; estimate
+ SE = 80 = 26, F177 = 9.581, P = 0.003; R?
= 0.111, Cl = [0.016, 0.263]; Nmales+females =
79, Figure 2b).

Females did not show a general
preference for high- over low-aggression
males (including consistent and inconsistent
males; mean preference = 0.492; Cl =
[0.416, 0.567]; N = 35). In contrast, females
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Figure 2. Comparison of male and female (a)
level and (b) inconsistency of aggression. Level
(number of aggressive behaviours) and
inconsistency (absolute difference in the number
of aggressive behaviours) of male and female
aggressive behaviour. Boxplots present original
data with mean (¢), mean (-) and 1.5 interquartile
ranges, significance indicated (significant: *;
non-significant: n.s.).

generally  preferred  consistent  over
inconsistent males (including high- and low-
aggression males; mean preference =
0.577; Cl = [0.511, 0.641]; N = 35). Female
preference for consistent males was mainly
driven by a significant above average
preference for consistent high-aggression
males (mean preference = 0.571; Cl =

[0.508, 0.633]; Figure 3) whereas female

preference for consistent low-aggression
males did not deviate from random choice
(mean preference = 0.584; CI = [0.459,
0.704]; Figure 3). However, preference
scores for consistent-high and consistent
low-aggression males did not statistically
differ from each other (LMM; estimate + SE
=0.014 £ 0.064, > = 0.054, P = 0.816; R? =
0.002, Cl = [0.000, 0.148]; N = 35; Figure 3).
Female preference for consistent high-
aggression males was significantly higher
than female preference for inconsistent
high-aggression males (LMM; estimate + SE
=-0.154 = 0.064, y* = 5.057, P = 0.025; R? =
0.191, Cl = [0.022, 0.441]; N = 35; Figure 3).
Inconsistent low-aggression males were the
least preferred (Figure 3).

DISCUSSION

We found that only male but not female P.
pulcher showed personality variation in
aggressiveness. Males and females did not
differ in their level of aggression but males
showed significantly higher behavioural
consistency. Further, females did not show a
general preference for high- over low-
aggression males. Instead,  female
preference for the level of male aggression
was dependent on the consistency in which
male aggression was expressed; that means
consistent high-aggression males received
significant above average preference scores
but inconsistent high-aggression males did
not. Finally, females generally preferred
consistent over inconsistent males no matter
whether these males were classified as high-
or low-aggression.

The sex difference in the consistency
of aggression might indicate there are
different selective regimes acting on male
and female behavioural consistency.
Although both rainbow krib parents engage
in offspring and territory defence a typical
division of labour can be observed with



males usually doing a greater proportion of
territory defence and females providing
more direct offspring care. Such a division
of labour with specific sex roles during
parental care can be commonly observed in
cichlid fish species (e.g. ltzkowitz 1984;
Lavery and Reebs 1994; McKaye and Murry
2008). Due to this parental role allocation,
the selective pressure on consistent
aggression might be higher for male than
for female P. pulcher. In other words, while
females may benefit from choosing
consistent high-aggression males in terms of
better offspring and territory defence, there
may not be such benefits for consistent
female aggression. Instead, selection may
actively  favour flexibility of female
aggression due to possibly high costs of
consistent aggression in close proximity to
the offspring (Nandy et al. 2016; Smith and
Harper 1988); i.e. during direct offspring
care female aggression could easily be
misdirected  towards  offspring  when
expressed consistently. In a closely related
sister  species, the convict cichlid,
Amatitlania siquia, behavioural flexibility
increased  reproductive  success  of
behaviourally mismatched breeding pairs
through behavioural convergence (Laubu et
al. 2016). In the present study, female
inconsistency might potentially allow them
to flexibly adjust their behaviour to the
needs of that very moment.

Because both sexes in the rainbow
kribo provide parental care, we expected
mate choice for behavioural compatibility to
be likely. But females did not prefer
behaviourally (dis-) similar males (see
Supplemental Material 1), which may be
attributed to the fact that we did not find
personality variation for female aggression.
Instead, females showed a preference for
consistent high-aggression males
suggesting mate choice for (parental)
quality. A high level of aggression could

ensure a male's ability to defend offspring
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Figure 3. Female preference. Deviation from
random choice (female preference = 0.50;
dashed line) for high- and low-aggression
males, split into consistent (white filling) and
inconsistent (grey filling). Boxplots present
original data with median () and 1.5
interquartile ranges, significance indicated
(significant: *; non-significant: n.s.). Please
note, female preference for consistent high-
aggression and inconsistent low-aggression
males are directly inverse, as well as
inconsistent high-aggression and consistent-
low preference scores.

and territory, while behavioural consistency
could signal a female how reliable the
information is.  High  consistency in
aggressiveness could allow a female to
predict ~male future parental care
performance (in defence behaviour) from
male  aggression  shown  prior to
reproduction (Dall et al. 2004; Royle et al.
2010; Schuett et al. 2010). Also, females
could benefit from choosing consistent
high-aggression males if these males
provide genetic benefits for the offspring.
For instance, aggressiveness has been
shown to correlate with food intake and
growth (reviewed in Biro and Stamps 2008),
reproductive success (reviewed in Schuett
and Dall 2010) and fat storage (in zebra
finches, Schuett and Dall 2010). Notably, we
did not set up a choice condition testing
female preference for consistent high-
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aggression vs. consistent low-aggression.
Hence, we cannot conclusively prove a
directional female preference for the level of
male aggression.

We found male behavioural
consistency to affect female mate choice
although females were allowed to observe
male aggressive behaviour only once.
Possibly, the behavioural consistency within
one trial correlates with the behavioural
consistency between repeated behavioural
measurements. That is, an individual that
behaves homogenously at one time (e.g.
number of aggressive behaviours evenly
distributed throughout the observation)
might possibly also behave homogenously
throughout time (thus showing a similar
number of aggressive behaviours anytime
later). On the contrary, an individual that
behaves very heterogeneously within one
observation (e.g. high fluctuation in the
frequency of performing  aggressive
behaviours) might show higher
heterogeneity between observations. Such
a transition from within- to between-
observational consistency would allow a
female to predict future (parental) behaviour
from just one observation. Due to our
correlative experimental design, female
preference could also be related to
consistency in a different behaviour (e.g.
general swimming behaviour, activity), or
even to a non-behavioural trait (e.g.
colouration) that might be correlated to
behavioural consistency in aggressiveness.
Further examinations using experimental
manipulations of the natural behaviour are
inevitable to disentangle the behaviour from
other, possibly correlated traits.

The strength of our study lies within
the consideration of both personality
compounds: level and consistency of
aggression. In animal personality research,
large attempts have been made to
understand the evolution of individual
differences in the level of behaviour.

However, the effects of individual
differences in the behavioural consistency
have mostly been unattended (but see:
loannou and Dall 2016; Scherer et al. 2017;
Schuett et al. 2011a). Our study shows the
effects of the behavioural level can be
tightly linked to the consistency in which the
behaviour is expressed. We highlight the
importance of considering both aspects of a
personality trait (the level and the
consistency) and encourage future research
to use a more holistic experimental design
in studies on animal personality. Clearly, the
power of our experimental design is limited
by a lack of male behavioural data from the
observation phase of mate choice trials.
Although  males  were  behaviourally
consistent on population level, individuals
differed in their degree of consistency.
While the behaviour of ‘consistent’ males
should confidently match their classification
we cannot be conclusively sure that the
behavioural level shown by ‘inconsistent’
males during the observation matched their
classification. The uncertainty in
‘inconsistent’ male aggression might have
interfered with our testing of female
preference for male aggression level and
could have weakened the signal. However,
the classification ‘inconsistent’ does not
necessarily mean a male shows high
behavioural instability. Instead, it solely
means  that individual's  behavioural
consistency is lower compared to the
consistency of the other male within one
male dyad. Generally, the behavioural
consistency of all  males, including
‘consistent’ and ‘inconsistent’ was relatively

high.

CONCLUSION

In summary, we found males and females to
be equally aggressive but females were less
consistent in their aggressiveness, which



might be attributed to the parental roles
during offspring care leading to sexual
selection  favouring  consistent  male
aggression (advantage in offspring and
territory  defence) and  disfavouring
consistent female aggression (dangerous for
offspring). Female preference for consistent
high-aggression males might indicate
female choice for parental care quality or
male genetic quality. However, in order to
determine, which of these two non-exclusive
evolutionary mechanisms (mate choice for
parental care or mate choice for intrinsic
quality) is relevant follow-up breeding
experiments disentangling direct
behavioural from genetic benefits are
necessary. Females generally preferred high
consistency though a high level of
aggression was only preferred in
combination with high consistency. This
might indicate that the behavioural
consistency (indicating the quality of the
signal) is more important than the
behavioural level. However, the adaptive
benefit  of

(independent of the behavioural level)

behavioural  consistency
remains to be tested in our target species.
This would be especially worthwhile with
regard to parental performance as
behavioural consistency is expected to
provide reproductive benefits associated
with  the predictability of behaviour:
facilitation of parental role specialisation
and/or eased negotiation over amount of
offspring care (Royle et al. 2010; Schuett et
al.  2010). Our results highlight that
behavioural consistency is an essential
component of personality traits that should
not be overlooked in the behavioural

sciences.
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CHAPTER 2 - SUPPLEMENTAL MATERIAL 1

Analysis of female preference for behavioural (dis-) similarity

Statistical analysis

Data analysis was performed in R version 3.4.0 (R Core Team 2017). To test for an effect of male-
female behavioural (dis-) similarity on female preference (please see main text for the
assessment of female preference) we fit an LMM (linear mixed-effects model) on female
preference for high-aggression males (consistent and inconsistent) (N = 35). The model included
relative similarity in the behavioural level and relative similarity in the behavioural consistency as
fixed effects; male ID was included as random effect. Relative similarity (for level and
consistency, respectively) was calculated as the female's similarity with the low-
aggression/inconsistent male (absolute value of the difference) minus the female's similarity with
the high aggression/consistent male (absolute value of the difference) (Scherer et al. 2017). Thus,
positive values indicate the female is behaviourally more similar to the high
aggression/consistent male than to the low-aggression/inconsistent male and vice versa. Before
analysis, predictor variables were z-transformed for standardization using the GenABEL-package
(GenABEL project developers 2013). For modeling, we used the Ime4-package (Bates et al.
2015). The minimum adequate model was fit using a backward model selection approach. Effect
sizes (partial R?) with Cls were calculated for fixed effects following Nakagawa and Schielzeth
(2013) using the r2glmm-package (Jaeger 2016). For insignificant fixed effects, R? and Cls of the
model before the term was dropped were reported. Raw data used for this analysis are provided
in Supplemental Material 3. Our R script for running the preference analysis is presented in
Supplemental Material 4.

Results

Female preference for high aggression males was neither affected by relative similarity in the
behavioural level (LMM; standardized estimate = SE = -0.011 = 0.027, y*1 = 0.142, P = 0.707; R?
= 0.004, CI = [0.000, 0.153]; N = 35) nor was it affected by relative similarity in consistency
(LMM; standardized estimate = SE = -0.031 = 0.030, x*1 = 0.954, P = 0.329; R? = 0.028, Cl =
[0.000, 0.222]; N = 35).
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ABSTRACT

Although the existence of consistent between-individual differences in behaviour
(‘personality differences’) has been well documented during the last decade, the adaptive
value of such behavioural limitations remains an open field for researchers of animal
behaviour. Personalities clearly restrict individuals in their ability to adjust their behaviour to
different conditions. However, sheer costs of flexibility cannot explain the polymorphism
created by personality variation. In a correlative approach, we here tested whether mate
choice might act as a major driving force maintaining personality variation in the
monogamous, bi-parental rainbow krib, Pelvicachromis pulcher. We personality-typed all
males and females for their boldness (activity under simulated predation risk) and allowed
females to choose between two males that differed in their boldness (behavioural level and
consistency). Prior to the choice, females were allowed to observe both males, expressing
their natural boldness towards a video-animated natural predator. Both sexes showed
personality differences in boldness over the short and long term. Furthermore, when
removing side-biased females, we found a dis-assortative mating preference for the
behavioural level and an assortative preference for behavioural consistency in boldness.
These preference patterns might facilitate effective parental role allocation during offspring
care and/or provide genetic benefits. Our results suggest that sexual selection plays an
important role in the evolution of personality differences.
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INTRODUCTION

Individuals must cope with a wide array of

environmental challenges. Therefore,
flexibility in the expression of behavioural
responses towards different and changing
conditions should be favoured by selection
(Sih et al. 2004). Yet, individuals often show
considerable consistent between-individual
differences in behaviour over time and/or
contexts (Boissy 1995). Such personality
differences are common throughout the
animal kingdom (reviewed in Gosling 2001;
Kralj-Fiser and Schuett 2014) and have been
shown for various behavioural traits, such as
activity pattern, aggressiveness, exploratory
tendencies, boldness and fearfulness
(reviewed in Dall et al. 2004; Gosling 2001;
Sih et al. 2004). Personality traits are
moderately heritable (Ariyomo et al. 2013;
Patrick et al. 2013; Reif and Lesch 2003; van
Oers et al. 2005 and have fitness
consequences (e.g. Ariyomo and Watt 2012;
Dingemanse and Reale 2005; Smith and
Blumstein 2008), suggesting they are not
merely non-adaptive noise that surrounds
an adaptive optimum (Wilson 1998).
Nevertheless, underlying mechanisms that
generate and  maintain  behavioural
polymorphisms are largely unclear and
many aspects of the growing body of
theoretical frameworks have yet to be
empirically tested (reviewed in e.g. Schuett
et al. 2010; Wolf and Weissing 2010).
Recently, Schuett et al. (2010)
pointed out that sexual selection may be
important in generating and maintaining
personality variation although this possibility
has rarely been tested (but see e.g.
Montiglio et al. 2016; Schuett et al. 2011a;
Schuett et al. 2011b). According to the
proposed framework (Schuett et al. 2010),
personalities are expected to play an
important role in mate choice when a
potential mate's behavioural phenotype is
either associated with good/compatible

genes that increase offspring fitness
(Dingemanse et al. 2004; Ihle et al. 2015;
Mays and Hill 2004) or provides non-genetic
benefits increasing the reproductive success
through parental ability and/or behavioural
compatibility between mates. While mate
choice for genetic quality and parental
ability  should  favour inter-individual
agreement in the preference for a
behavioural trait, mate choice for genetic or
behavioural compatibility should depend on
an interaction between male and female
genotypes or phenotypes (Schuett et al.
2010). Thus, mate choice for compatibility
would lead to inter-individual differences in
mating preferences, creating either an
assortative or dis-assortative mating pattern
(Schuett et al. 2010).

Few studies have investigated the
effect of personality traits on mate choice
(reviewed in Schuett et al. 2010) and some
have only assessed the behaviour of the
chosen but not the choosing sex (Godin and
Dugatkin 1996; Ophir and Galef 2003). The
few studies considering a potential interplay
between male and female personality
during mate choice have often found
assortative mate choice for various
behavioural traits, in correlative (Gonzaga et
al. 2010; Kralj-Fiser et al. 2013; Mascie-
Taylor and Vandenberg 1988; Montiglio et
al. 2016) or experimental settings (Schuett
et al. 2011b), and an increased reproductive
success of assortative pairs (e.g. Ariyomo
and Watt 2013; Schuett et al. 2011a).
However, in studies that found increased
success of assortative pairs, personality data
were often obtained after pairing (Both et
al. 2005; Harris and Siefferman 2014; Laubu
et al. 2016), which did not allow the authors
to determine whether mate choice was
affected by individual personalities or
whether behavioural similarity was achieved
after pairing in highly successful pairs (Laubu
et al. 2016). Indirect evidence that dis-
assortment for personality can sometimes



be beneficial is provided by van Oers et al.
(2008), who found that assortative pairs of
great tits, Parus major, had higher rates of
extra-pair paternity. Generally, positive
assortment for genotypic or phenotypic
traits is far more prominent in the animal
kingdom than evidence for dis-assortment
(reviewed in Jiang et al. 2013).

Personality traits consist of two
measures: the behavioural level and the
degree  of  behavioural  consistency.
Although there is considerable variation in
within-individual behavioural consistency
(Dingemanse et al. 2010) the effect of such
individual differences in consistency on
mate choice has rarely been considered
(Schuett et al. 2011a). Behavioural
consistency might be sexually selected for if
it reflects individual quality (i.e. consistency
is costly under changing conditions) or if
choosing a predictable (i.e. consistent) mate
provides reliable information about future
parental care behaviour prior to mating (Dall
et al. 2004; Royle et al. 2010; Schuett et al.
2010). For example, a female might be able
to predict a male's ability to protect
prospective offspring from the consistency
in boldness expressed prior to mate choice.

In the present study, we investigated
the influence of male and female boldness
(propensity to engage into risky behaviour;
Wilson et al. 1994) on female mate
preference in a socially monogamous, bi-
parental cichlid from West Africa, the
rainbow krib, Pelvicachromis pulcher. In this
species, pairs are highly territorial: they
defend territories and offspring aggressively
against conspecifics and heterospecifics.
Therefore, we assumed individual boldness
to be a trait that these fish are likely to
consider during mate choice. Furthermore,
boldness has been shown to affect foraging
success (Dyer et al. 2008), egg fertilization
rates (Ariyomo and Watt 2012), dominance
(Dahlbom et al. 2011), survivorship (Smith
and Blumstein 2010) and parental care effort
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(Budaev et al. 1999) in other fish species.
We measured male and female boldness
(activity under simulated predation risk)
repeatedly to test for personality
differences. During mate choice
experiments, females were first allowed to
observe a bolder and a shyer male
expressing their natural boldness towards a
predator animation. Subsequent female
mating preference for the two males was
assessed in a standard mate choice
scenario. We considered both aspects of
male and female personality:  the
behavioural  level and  behavioural
consistency of each individual.

We expected female preferences to
depend on both the behavioural level and
behavioural consistency, with our
predictions being guided by Schuett et al.
(2010). For the behavioural level, we
expected that if mate choice is based on
male (parental or genetic) quality, females
should show a general preference for either
bold or shy males (e.g. Godin and Dugatkin
1996; Kortet et al. 2012). Alternatively, if
mate compatibility is more important during
mate choice, females should not show an
overall agreement but also consider their
own personality during their choice.
Because both rainbow krib parents provide
offspring care we considered the second
possibility, i.e. mate compatibility, to be
more important for mate choice based on
boldness. In species with bi-parental care,
an assortative mating preference for certain
behavioural traits could reduce sexual
conflict over parental investment (Royle et
al. 2010) and facilitate offspring care
coordination by better synchronization of
parental activities (Schuett et al. 2011a).
Depending on the environmental conditions
or the biology of the species, dis-assortative
mating might also sometimes have
advantages (Schuett et al. 2010). For
instance, species that perform several
parental activities might also benefit from
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expressing a  dis-assortative  mating
preference, facilitating role allocation and
specialization during offspring care. Often, a
sexual dimorphism in role specialization can
be observed with the female providing
more direct offspring care and the male
defending the territory (e.g. Guerra and
Drummond 1995; Itzkowitz 1984; Neil 1984;
Richter et al. 2010; Solomon 1993).
Nevertheless, in many species both partners
can or do perform the same behaviours (see
Royle et al. 2014 for a review on the
flexibility of parental care behaviour), and at
least partly compensate for their mate's
tasks if needed (ltzkowitz 1984, Lavery and
Reebs 1994; Sasvari 1986; Storey et al.
1994) indicating that sex roles might be less
fixed. For the behavioural consistency, we
followed up two possible mate choice
scenarios: a general preference for
consistent over inconsistent males, which
might indicate predictability of later
parental performance, and/or individual
quality (Royle et al. 2010; Schuett et al.
2010) or mate choice for compatibility
leading to a positive assortative preference
(Schuett et al. 2011b; Schuett et al. 2010).

METHODS

Ethical note

In consideration of animal welfare, we
followed the ‘3R’ framework (Russell and
Burch 1959). To decrease the number of
study animals needed we used predator
animations instead of live predators and test
males for mate choice trials were used
twice. During experiments, no animals were
harmed or exposed to actual predation risk.
Prey fish and predators were kept separately
and did not have visual contact during fish
maintenance. Permits were provided by the

German 'Behdérde fir Gesundheit und
Verbraucherschutz Hamburg'.

Study animals and holding
conditions

Study individuals were obtained from a
captive breeding stock at the University of
Hamburg and local suppliers. Males and
females were 1-2 years old and sexually
inexperienced. Individuals were maintained
in  same-sex sibling groups  under
standardized holding conditions (tanks
measuring 100 x 50 cm and 25 cm high and
100 x 50 cm and 50 cm high, 26 + 1°C
water temperature, aerated and filtered
water, weekly water changes, 12:12 h
light:dark) and were fed once a day on 5
days a week with Artmia. On
experimentation days, fish were fed after
observations. One day before the first
personality test, the standard length of
individuals was measured (males: 3.8-6.2
cm, females: 3.5-5.1 cm) using Imagel
(Schneider et al. 2012) and all individuals
were transferred into individual tanks (25 x
25 c¢cm and 50 cm high) for the duration of
experimental trials (5 days per individual).
Tanks contained sand, half aclay pot as
shelter and an internal filter. For
identification, all individuals were marked
with visible implant elastomers (Northwest
Marine Technology, Shaw Island, WA,
U.S.A.). These artificial colour marks have no
influence on mate choice in our population
(Schuett et al. 2017).

Experimental outline

During personality testing and mate choice
trials boldness was measured as activity
under simulated predation risk using
computer animations of a sympatric
predator, the African obscure snakehead,
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Figure 1. Experimental set-up for the boldness test. Two same-sex focal individuals (visually separated)
were exposed to a video animation of a predator. Test individuals were observed by a fish of the other
sex but could not see the observer: the observer compartment had a one-way mirror aligned at an

angle of 45° towards the test compartments providing a visual cover for the observer. Fish not to scale.

Parachanna obscura. All males (N = 48) and
females (N = 45) used during mate choice
experiments were tested for their boldness
three times (day O, day 4, day 33) to assess
the behavioural level and consistency for all
individuals and short- and long-term
repeatability in the population. The first and
second test series of male boldness tests
were integrated into mate choice trials (N =
45), allowing females to observe two males
expressing their natural boldness. After the
observation, females were allowed to
choose between the two males they had
just observed in a standard mate choice test
(see 'Mate choice trials’). For the remaining
boldness trials (third series of male boldness
tests and all female boldness tests) the test
procedure was identical to those integrated
into mate choice trials to ensure equal test
conditions throughout.

Boldness test

Boldness tests were conducted in a test tank
(water level 10 cm, water temperature 26 +
1°C; Figure 1), which was divided into three
compartments: two parallel test
compartments in which two individuals
could be tested for their boldness at the
same time and an adjacent observer
compartment. A one-way mirror between
the observer and the test compartments
allowed the observer to see the test
individuals ~ but  prevented the test
individuals from seeing the observer. On the
other short side, test compartments faced a
computer monitor (Dell, UltraSharp U2412M
61 cm, 24") for the presentation of predator
animations. Removable opaque dividers
between the test and the observer
compartments as well as between the test
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compartments and the monitor allowed
visual separation during acclimation before
trials.

Prior to a boldness test, we put two
same-sex individuals (for details see also
‘Mate choice trials’) into two clear cylinders
(diameter = 11 cm), one per test
compartment (test compartments were
permanently visually separated from each
other). An observer of the opposite sex was
put into the observer compartment and
allowed to freely swim around. An observer
was always introduced (even in male and
female personality tests that were not
integrated into mate choice trials) because
chemical cues could be transmitted from the
observer to the test compartments despite
physical separation. After 15 min of
acclimation, the opaque dividers were
removed allowing free view of the animation
(test individuals and observer) and test
individuals (observer). After another 1 min,
the cylinders were removed and the test
period of 11 min started. Trials were video-
recorded from above with no human
present during trials and the test tank was
surrounded with white Plexiglas to avoid
disturbances. Individuals were always
boldness-typed at the same time of day *
30 min to account for potential effects of
time of day and hunger level on individual
activity pattern (Ariyomo and Watt 2015;
MacPhail et al. 2009). In each boldness test,
individuals were exposed to a randomly
chosen animation showing a predator
specimen they had not seen before.

Predator animations (N = 4, each
using another specimen) were prepared
using PowerPoint following Fischer et al.
(2014).  Animations displayed a still
photograph of the predator swimming back
and forth in front of a white background. We
have validated this method: P. Pulcher
decreased their activity in response to
predator animations compared to a control
while no difference in response towards a

live predator and the animation was found
(Scherer et al. 2017).

Boldness was measured as individual
activity (total distance moved; cm) from the
video recordings using the tracking software
Ethovision XT 11 (Noldus, Wageningen, The
Netherlands). The activity was assessed for a
test period of 10 min, beginning 1 min after
the start of the video. For all individuals, the
behavioural level was defined as the mean
activity of the first and second test series.
Behavioural consistency was calculated
following loannou and Dall (2016) as the
absolute value of the difference in activity
between the first and second boldness test.
We further divided the measure of loannou
and Dall (2016) by the total variation in the
population (range of activity within first and
second boldness test). As suggested by
Dingemanse et al. (2010), this index
provides a measure that is standardized in
relation to the population. We calculated
behavioural consistency for males and
females separately. Values for consistency
can range from O (high consistency) to 1
(low consistency).

Mate choice trials

Mate choice trials consisted of two parts:
the observation described above and a
subsequent choice. During observation, the
female could observe two males showing
their natural boldness (see '‘Boldness test').
Subsequent mate choice was conducted
immediately after the observation in a
standard dichotomous choice test, suitable
for predicting mate preference in cichlids
from the amount of time spent with a male
(Dechaume-Moncharmont et al. 2011;
Thinken et al. 2007). The choice chamber
(100 x 35 cm and 25 cm high, water level =
10 cm) was separated into three
compartments with the female
compartment in the middle (60 x 35 cm and



25 cm high) and a male compartment at
each side (20 x 35 cm and 25 cm high).

To begin the choice test, we
transferred the female and the two males
she had just observed from the boldness
test tank to the choice chamber. Males were
randomly assigned to the two male
compartments. All individuals were allowed
to acclimate for 10 min while visually
separated from each other. Then, the
opaque dividers were removed and the first
test period of 12 min began. Thereafter, the
procedure was repeated with the males
switching sides to take account of a
potential side bias (again 10 min acclimation
followed by a 12 min test period). To avoid
disturbance, the choice chamber was
surrounded with white Plexiglas and no
human was present during trials. Trials were
video-recorded from above.

Each female was used once during
mate choice trials. The two males used in a
mate choice trial were matched for size
(standard length difference <5%, i.e. <3
mm) and family but otherwise randomly
chosen. The female observer originated
from a different family than the males.

The association time for the two
males was determined from both test
periods (i.e. 20 min) using Ethovision XT 11.
Test periods were analysed for 10 min,
starting 2 min after the start of the video.
The association time was defined as the
time the female spent within 5 cm of each
male compartment (which corresponds to
ca. one fish length; hereafter ‘preference
zone'). Female strength of preference was
then quantified as the relative amount of
time she spent in the preference zone of the
bold male (association time for the bold
male was divided by the association time for
both males; e.g. Dugatkin 1996; Makowicz
et al. 2010). For each mate choice test, the
bold male was defined as the male that was
more active during the boldness test and
the shy male was the less active male (mean
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+ SE for absolute similarity between shy and

I+

bold males: behavioural level = 975.95
147.81; behavioural consistency = 0.11 =
0.02; see 'Statistical analyses’ for calculation
of similarity indices). Also, we calculated the
side bias for all females and considered a
female as side biased when she spent more
than 80% of the total time spent in
preference zones (both test periods) in just
one zone, regardless of which male was
there (Poschadel et al. 2009; Schliter et al.
1998).

Statistical analyses

All data analyses were conducted in R 3.2.3
(R Core Team 2015). To test for personality
differences, repeatability of our measure for
boldness (activity under simulated predation
risk) was assessed with linear mixed-effect
models (LMMs) using the rptR-package
(Schielzeth and Nakagawa 2013). We
assessed short-term repeatability (boldness
test: day O, day 4) as well as long-term
repeatability (boldness test: day 4, day 33)
for  sexes  separately  with 1000
bootstrapping runs and 1000 permutations.
Significance was inferred when the 95%
confidence interval, Cl, did not include zero.
Activity was square root-transformed for
normality and models were fitted for
Gaussian error structure.

To test for a general preference for
bold or shy males, we ran an LMM with
female strength of preference for bold
males as the response and male ID as a
random effect. We did not include any fixed
effects. To check for a deviation from
random choice (i.e. strength of preference =
50%) we obtained the 95% Cl of the
estimated mean. A preference for either
bold or shy males would be indicated if the
Cl does not include 0.50. Similarly, we
tested for a general preference for
behavioural consistency by running a null
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model with female strength of preference
for the male showing the higher consistency
during the observation as the response and
male ID as a random effect. A preference for
either consistency or inconsistency would be
revealed if the 95% CI of the mean did not
include 0.50.

To test for (dis-) assortative female
mate choice we fitted an LMM with female
strength of preference for bold males as the
response variable and male ID as random
term. As fixed effects, we included relative
similarity for the behavioural level and
relative similarity for the behavioural
consistency between the female and the
males she saw during the observation phase
and mate choice test. To calculate relative
similarity (for level and consistency,
respectively), we first computed the
difference score-based similarity between
the female and each of the two males (bold
and shy) as the absolute value of the
difference in the respective behaviour
(Gaunt 2006; Luo and Klohnen 2005;
Montiglio et al. 2016) between the female
and the bold male, and the female and the
shy male. Thus, similarity (in level and
consistency, respectively) was highest at
zero and dis-similarity increased with
increasing values. Relative similarity was
then calculated following Gasparini et al.
(2015): the similarity between the female
and the bold male was subtracted from the
similarity between the female and the shy
male. Positive values for relative similarity (in
level and consistency, respectively) indicate
higher similarity between the female and
the bold male while negative values indicate
the shy male is more similar to the female
than the bold male. Prior to the analysis, we
z-transformed both relative similarity for the
behavioural level and for the behavioural
consistency for standardization.

We used the Ime4 package (Bates et
al. 2015) for LMMs. We used stepwise
backward model simplification to fit the

minimum adequate model. Partial R? with
confidence level, CL, were calculated for
explanatory variables using the approach
suggested by Nakagawa and Schielzeth
(2013), implemented in the r2glmm package
(Jaeger 2016). For
explanatory variables we report regression

non-significant

estimates and partial R? of the model before
the term was dropped. Model assumptions
were visually ensured through model
diagnosis plots. For all analyses, female
strength of preference was arcsine-square
root transformed for normality. We had a
priori decided to exclude side-biased
females (N = 6) from preference analyses
(Dosen and Montgomerie 2004; Hoysak and
Godin 2007; Kniel et al. 2015; Schlupp et al.
1999; Schliter et al. 1998; Williams and
Mendelson 2010). By definition, a side-
biased female showed contradictory
preferences during the two test periods of a
choice test. The removal of such
inconsistent behaviour that appears random
with respect to the presented males is
crucial in order to remove females that
express a preference not for the presented
males but rather for (or against) a specific
side of the choice chamber (e.g. because of
a lack of motivation). Leaving such biased
preference data in the data set would
artificially increase the sample size and
distort the actual preference pattern. On the
other hand, removing side-biased females
from the data set can lower the behavioural
range represented in this study. As there are
different approaches but no common
agreement in how to handle side biases in
mate choice trials, we performed all
preference analyses twice, once with and
once without removing side-biased females
(N = 45). Although here we consider both
approaches, we advocate the removal of
clearly biased preference data from analyses
and will therefore mainly focus on the
presentation  of  preference  analyses
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Figure 2. Female strength of preference for the bold male in relation to relative similarity in (a) the level
and (b) the consistency of boldness. Positive similarity values indicate the bold male was more similar to
the female than the shy male, negative values indicate higher similarity between the female and the shy
male. Data visualization was done on the original data; strength of preference was arcsine-square root

transformed for analyses.

performed without obvious side biases in
the data.

RESULTS

Males and females were significantly
repeatable in their boldness over the short
term (LMM males: R = 0.507, SE = 0.110, ClI
=[0.246, 0.686], N = 48; LMM females: R =
0.604, SE = 0.097, Cl = [0.380, 0.763], N =
45) and long term (LMM males: R = 0.463,
SE = 0.113, CI = [0.233, 0.657], N = 48;
LMM females: R = 0.557, SE = 0.111, CI =
[0.311,0.732], N = 42).

We found no general preference for
either bold or shy males (mean preference
for bold males: 46.5%, Cl = [40.8, 52.1%]).
Also, we did

preference for male consistency (mean

not detect a general
preference for consistent males: 53.5%, Cl =
[47.8, 58.9%]).

Female strength of preference for
the bold male decreased significantly with
increasing  relative  similarity in  the
behavioural level (LMM: y% = 10.572, N =

39, P = 0.001, coefficient = SE

(standardized) = —0.091 = 0.026; R? = 0.242,
CL = [0.056, 0.475]; Figure 2a). Further,
female strength of preference increased
with
behavioural consistency (LMM: y? = 4.528,
N = 39, P = 0.033, coefficient + SE
(standardized) = 0.058 = 0.026; R2 = 0.114,
CL = [0.003, 0.341]; Figure 2b).

When
analysis without the removal of side-biased

increasing relative  similarity in

performing preference
females, we obtained similar results for
female strength of preference for bold
males (mean preference: 46.5%; 95% Cl =
[41.5, 51.6%]) and for consistent males
(mean preference: 53.9%; 95% Cl = 49.1,
59.1%]) with no deviation from

choice. However, in contrast to the analysis

random

with removed side biases, relative similarity
in  the tended
to negatively influence female preference
for bold males (LMM: y?; = 2.885, N = 45, P
= 0.089, coefficient = SE (standardized) =
-0.043 + 0.034; R? = 0.066, CL = [0.001,
0.258]) and relative similarity in behavioural

behavioural level

consistency did not affect female preference
(LMM: »% = 2279, N = 45, P = 0.131,
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coefficient = SE (standardized) = 0.040 +
0.025; R?2 = 0.052, CL = [0.000, 0.235]).

DISCUSSION

Both sexes of P. Pulcher showed consistent
short- and long-term personality differences
for boldness. We did not detect an overall
agreement in female mating preference for
either male level or consistency of boldness.
However, we found dis-assortative female
choice for the level of boldness. Also,
female preference increased with similarity
in  behavioural consistency, suggesting
assortative choice for consistency in
boldness (when side-biased females were
removed).

The dis-assortative preference for
the behavioural level is contradictory to the
results of most other mate choice studies
testing for behavioural (dis-) assortment,
which have mainly reported assortative
mating preferences (e.g. Montiglio et al.
2016; Schuett et al. 2011b). At this point, we
can only speculate about possible adaptive
benefits of a dis-assortative preference.
Behavioural dis-similarity could possibly
increase  within-pair behavioural and/or
genetic compatibility (Schuett et al. 2010).
Behavioural compatibility has primarily been
discussed for bi-parental species when both
parents perform similar parental activity, for
instance offspring provisioning in some
birds (Royle et al. 2010). In zebra finches,
Taeniopygia guttata, for instance, similarity
in the behavioural level has been shown to
increase pair compatibility (e.g. Schuett et
al. 2011a). However, when species perform
various parental activities they might
sometimes benefit from expressing a dis-
assortative mating preference, facilitating
role allocation during offspring care. In P.
pulcher, parents typically divide the labour
with one individual staying more with the
offspring and the other defending the

territory. Although sexual dimorphism in
role specialization has been described for
many cichlids (McKaye and Murry 2008; Neil
1984; Richter et al. 2010), sex roles might
not be entirely strict in the species and may
rather depend on the interplay between
male and female personality. ltzkowitz et al.
(2005) have shown that male and female
parent convict cichlids, Archocentrus
nigrofasciatum, changed their defence
behaviour in response to the mate's body
size, regardless of the sex. This result
indicates that, in some species, parental role
allocation may depend on the mate's
behaviour and physiology rather than on the
sex itself. Behavioural dis-similarity in
boldness may facilitate labour division with
the bolder individual defending the territory
and the shyer individual staying with the
young. Hence, dis-assortative mating for
personality could sometimes lead to
inverted parental care roles although this
has not yet been investigated. Also, an
increased genetic compatibility through dis-
similarity could be possible if dis-assortative
mating leads to heterozygote offspring that
are more viable (Charlesworth and
Charlesworth  1987; Dingemanse et al.
2004). For example, Marshall et al. (2003)
showed a strong correlation between
individual  genetic  diversity and a
behavioural trait, song complexity, in sedge
warblers,  Acrocephalus schoenobaenus.
Females chose to mate with males that
increased  offspring  genetic  diversity
(Marshall et al. 2003). Seddon et al. (2004)
found male heterozygosity to be correlated
with territory size and song structure in male
(but not female) sub-desert mesite, Monias
benschi.

Further, we found assortative mate
choice for the consistency of boldness. The
few studies that have assessed the link
between behavioural consistency and sexual
selection found a positive relationship
between consistency and reproductive



success (Botero et al. 2009; Byers 2006) and
a higher reproductive success of pairs
matched for behavioural consistency
(Schuett et al. 2011a). Schuett et al. (2011a)
have shown that pairs matched for
consistency raised foster fledglings in better
body condition, indicating the possible
mechanism driving assortment  for
behavioural consistency might be a higher
efficiency in the provision of parental care.
Clearly, our study is limited by the
correlative design, and does not allow us to
specifically address the causality underlying
the preference pattern. Further
examinations using behavioural
manipulations are now needed to decouple
boldness from potentially correlated traits
that might influence mate choice, to ensure
the preference pattern we found is
unequivocally  related  to  individual
behaviour. Moreover, it should be
mentioned that our measure for behavioural
consistency was derived from only two
measurements. Here, we face a critical
trade-off. While multiple measurements can
lead to a change in behaviour caused by the
number of times tested, e.g. through
habituation or sensitization (Bell et al. 2009;
Stamps et al. 2012), the measurement error
is higher when only two tests are done. In
this study, we tested individual responses
towards unfamiliar predator animations,
presented in a novel situation. Our
measurement for boldness would probably
have been affected by prior experience and
familiarity with test conditions, making it
difficult to obtain the same boldness
measure in multiple tests. However, the
strength of our study is that females could
observe male boldness directly before mate
choice trials while they were hidden behind
one-way glass and partitions. This way,
males could express their natural behaviour
without being affected by the female's
presence. A decoupling of observation and
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choice ensured female preference was not
confounded by the presence of a predator.

Conclusions

In summary, we provide suggestive
evidence that sexual selection may play a
key role in the evolution of personality
differences. Females showed a dis-
assortative mating preference for the level
of boldness and an assortative preference
for the degree of behavioural consistency.
Our results indicate mate choice for
behavioural and/or genetic compatibility
although only assessed in a correlative
approach. Such a mating preference might
improve parental care efficiency through
facilitation of parental role allocation and/or
might increase offspring fitness through
genetic benefits. Noticeably, the handling
of side biases significantly affected our
results. While we found an effect of
behavioural  similarity in  level and
consistency when removing side biases, we
could not detect these effects without
removing side-biased females from the
data. This discrepancy in results underlines
the importance of taking the approach used
into consideration when comparing the
results of different mate choice studies. The
handling of side biases in mate choice
studies is not trivial and can largely affect
experimental outcomes.
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CHAPTER 4

Do female rainbow Kkribs choose males on the basis of their
apparent aggression and boldness? A non-correlational
mate choice study

Ulrike Scherer, Jean-Guy J. Godin, and Wiebke Schuett

(Submitted manuscript)

ABSTRACT

Consistent between-individual differences in behaviour, known as personality differences,
are heritable and have consequences for individual survival and reproductive success.
Therefore, it is likely that personality differences are not just under natural but also under
sexual selection. Indeed, the recently developed idea that individuals choose their mate
based on its personality finds empirical support. However, most studies on mate choice
based on personality traits are correlative pioneering work and there is a paucity of
experimental studies that test for causality by disentangling personality measures from
other, potentially correlated traits that may be important during mate choice. Here, we
tested female preference for the apparent level and consistency of either male aggression
(measured as mean distance of approach towards an animated opponent, manipulated by
locating males at a fixed distance) or male boldness (measured as activity under a simulated
predation threat, manipulated using a gradient in ambient water temperature) in a bi-
parental West African cichlid, Pelvicachromis pulcher. Females could observe the apparent
behaviour of paired stimulus males and were allowed to choose between the two stimulus
males in a subsequent dichotomous choice test. Using behavioural manipulations, we
expected to confirm the results of our previous, correlative mate choice studies, where we
found links between aggression/boldness and female preference. In the current study, we
found no direct effect of male apparent behaviour on female choice, but an indirect effect
such that female preference for the apparently bold male increased with increasing within-
male pair contrast in their apparent level of boldness.
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SIGNIFICANCE STATEMENT

Ever since Darwin introduced the conceptual framework of sexual selection, female mate choice

has been studied extensively. However, the hypothesis that consistent differences in individual

behaviours (known as personality differences) affect mate choice is relatively new. Correlative

studies support this idea but provide only suggestive evidence. Here, we used behavioural

manipulations to test for a causal link between female choice and personality differences in male

aggression and boldness (both in level and consistency of behaviour) in a bi-parental cichlid fish,

Pelvicachromis pulcher. Females could choose between two paired stimulus males, which were

manipulated to differ in their level or consistency of aggression/boldness. Contrary to

expectation, we found no overall female preference for male apparent behaviour, but female

preference for the bold-appearing male increased the larger the differences between males in

their apparent boldness.

INTRODUCTION

Consistent  differences  in  individual
behaviour, also known as personality
differences, temperaments or coping styles
(Gosling 2001; Reale et al. 2007), are
moderately heritable (Ariyomo et al. 2013;
Patrick et al. 2013) and have diverse fitness
consequences (Ariyomo and Watt 2012;
Dingemanse and Reale 2005; Smith and
Blumstein 2008), including various effects
on reproductive success (e.g. Cain and
Ketterson 2013; Laubu et al. 2016; Schuett
et al. 2011a; Spoon et al. 2006). Therefore,
it seems likely that sexual selection may play
a key role in shaping stable personality
variation within populations (Schuett et al.
2010). Indeed, previous studies showed that
personality traits, such as boldness (Godin
and Dugatkin 1996; Scherer et al. 2017b),
aggression (Kralj-Fiser et al. 2013; Ophir
and Galef 2003), and exploratory behaviour
(Pogény et al. 2018; Schuett et al. 2011b),
affect mate choice in several species.
However, our understanding of how
sexual  selection  shapes  personality
differences remains very incomplete. The
empirical data collected so far are
somewhat contradictory, in that they differ

regarding the direction of effect found. For

example, previous experimental studies
have revealed either positive (Bierbach et al.
2013; Herb et al. 2003), negative (Ophir and
Galef 2003), assortative (Kralj-Fiser et al.
2013) or no effects (Laubu et al. 2017) of
male aggression on female mating
preferences. The adaptive benefit of a given
personality trait may not only vary between,
but also within, species depending on
prevailing environmental conditions (Cain
and Ketterson 2013; Teyssier et al. 2014).
Moreover, existing studies have often
focused on potential effects of the level of
expression of a given personality trait on
female mating preferences while neglecting
the importance of individual differences in
the consistency of its expression (but see
Scherer et al. 2018). Additionally, most
previous studies on the potential role of
individual personality on mate choice are
correlative in nature (e.g. Laubu et al. 2017,
Scherer et al. 2017b; Schuett et al. 2011b).
To test for causality, we need behavioural
manipulations that allow us to decouple the
personality trait of interest from other,
correlated traits that may influence mate
choice.

In the current study, we therefore
experimentally manipulated both the level
and consistency of two personality traits,
aggression (experiment 1) and boldness
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(experiment 2), in male rainbow kribs
(Pelvicachromis pulcher) and tested for an
effect of these apparent traits on female
mating preferences. In the first experiment,
we manipulated the level and consistency of
apparent male aggression (measured as
average distance of approach towards an
opponent) by placing a male in a clear
Plexiglas cylinder located at a fixed distance
from an animated same-sex conspecific
opponent presented on a nearby computer
screen. The average distance from such an
animated opponent is a good proxy for
aggressiveness in  our model species
(Scherer et al. 2017a). In the second
experiment, we manipulated the level and
consistency of apparent boldness (measured
as activity under a simulated predation
threat) using a gradient in ambient water
temperature to manipulate the activity level
of the focal male. In fishes, locomotor
activity correlates positively with ambient
water temperature (Castonguay and Cyr
1998; Forsatkar et al. 2016). In both
experiments, females were allowed to
choose between two stimulus males that
were manipulated to differ in their apparent
level or consistency of male behaviour after
prior observation of the apparent behaviour.
In two pioneering personality-mate choice
studies using the rainbow krib, we tested
female preferences for the level/consistency
of aggression (Scherer et al. 2018) and
boldness (Scherer et al. 2017b) of potential
male mating partners in a correlative
context. We found both these male
personality traits to be linked with female
choice. Regarding female choice for male
aggression, females preferred consistent
over inconsistent males, but the level of
male aggression did not affect female
preferences (Scherer et al. 2018). Further,
females showed a dis-assortative preference
for the level of male boldness and an
assortative preference for the consistency of
this behavioural trait (Scherer et al. 2017b).

In the current study, we aimed to test for a
potential  causal link between the
aforementioned two male personality traits
and the previously observed female mating
preference patterns (Scherer et al. 2017b;
Scherer et al. 2018). However, the
preliminary results from our latter two
correlative studies provide only suggestive
evidence for the direction of selection. We
therefore  considered here alternative
selection trajectories, that is, in both mate
choice experiments we tested for a
directional selection for or against the level
and consistency of male behaviour
(apparent aggression, apparent boldness) as
well as for an effect of behavioural (dis-)
similarity.

EXPERIMENTAL
PROCEDURES

Test fish and holding conditions

Test fish were sourced from the University of
Hamburg and local suppliers. All individuals
were held in family groups under
standardised holding conditions (100 - 200 |
tanks, 25 + 1°C, aerated and filtered water,
weekly water changes). Fish were fed with
Artemia spp. once daily on five days per
week in their holding tanks. During
experimentation, individuals were kept
individually in separate, smaller tanks (25 x
50 x 25 cm) and fed daily to maintain
constant conditions between trials. The
latter tanks were equipped with an
immersion heater, an internal filter and half
a clay pot (4 x 8 x 8 cm) as shelter. Fish were
uniquely marked on their dorsal side with
Visible Implant Elastomers (VIEs, VIE-
Northwest Marine Technology, Shaw Island,
WA, USA) of different colours for individual
identification. VIEs do not affect mate
choice in our study species (Schuett et al.
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2017). Before experiments, all individuals
were measured for their standard length
using ImageJ (Schneider et al. 2012) (mean
+ SE standard lengths in experiment 1:
males = 4.69 = 0.02 cm, females = 3.98 =
0.08 cm; experiment 2: males = 5.38 = 0.04
cm, females = 4.30 = 0.03 cm). For all
experimental trials, the water in test tanks
was changed after every trial;, water level
was 10 cm. Unless otherwise stated, the
water temperature in experimental tanks
was maintained at 25 = 1°C. During
experimental trials, no humans were present
in the experimental room to avoid
disturbances and trials were video-recorded
using an overhead video camera (Sony
HDR-CX405). In both experiments, males
were habituated to being in a clear Plexiglas
cylinder (diameter = 8.0 cm) twice for 10
min, once on two consecutive days before
the mate choice trials. Individuals became
readily accustomed to these cylinders and
did not show any behavioural signs of
distress whilst in the cylinders. Whenever
possible, blinded methods were used.

Experiment 1: Female choice for
male apparent aggression

In experiment 1 (February - May 2017), we
assessed female mating preference for the
apparent level (N = 48 preference
assessments) and apparent consistency (N =
48 preference assessments) of male
aggression (see '‘Mate choice trials' below).
Before the mate choice trials, all males (N =
96) and females (N = 48) were tested for
their natural aggressive behaviour twice with
48 h (£ 15 min) between the two tests to
determine  the average level and
consistency of behaviour (see 'Aggression
test below’). We tested for repeatability of
aggression and for sex differences in the
level and consistency of behaviour. Two
days elapsed between the last aggression

tests and the beginning of mate choice
trials.

Aggression test

Male and female aggression was quantified
separately and indirectly as the mean
distance of approach (cm) towards a
computer-animated, same-sex conspecific
opponent, as outlined in Scherer et al.
(2017a). Briefly, we introduced two focal
individuals, matched for sex and body
length, each into one of the two adjacent
test tanks (visually isolated from each other)
that were aligned to face a computer
monitor on their shorter axis (Figure 1a, left
panel, set-up with a grey background). After
a 10-min  acclimation period, focal
individuals were exposed to a computer-
animated and unfamiliar same-sex, same-
size opponent (Nmales = 9, Ntemales = 7; size
difference between the opponent and focal
individuals < 3 mm) for a test period of 11
min. The simulated opponent was animated
to swim back and forth horizontally along
the width of a white computer screen (see
Scherer et al. 2017a for details).

For all trials, the mean distance to
the animated opponent was assessed for 10
min (we did not track the first minute of a
video) using the tracking software
Ethovision XT 11 (Noldus, Wageningen, The
Netherlands). For each individual, we
averaged the two mean distances to the
opponent as a proxy measure of each fish’s
individual level of aggressiveness. Further,
we assessed the behavioural consistency of
each individual as inconsistency, that is, as
the absolute value of the difference
between its mean distance of approach
towards the animated opponent in the
repeated aggression tests (Scherer et al.
2018; Scherer and Schuett 2018).
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Figure 1. Top-view schematic of the experimental set-up for the (a-b) observation and subsequent (c)
choice phase of mate choice trials. (a) The grey underlay (left panel) indicates the set-up for the
aggression test. During two periods of the observation phase, we manipulated either (a) the level or (b)
the consistency of male apparent aggression (mean distance towards an animated opponent). Throughout
the observation and choice phase of mate choice trials, the paired males and the female observer
(cylinder diameter 20 c¢cm, placed in the centre of her tank) were placed in clear Plexiglas cylinders (not
shown) so that their locations could be manipulated (as shown in panels a, b, c), with the exception that
the female could freely swim within the test arena during the choice phase (c). During the aggression test,
individuals were not fixed in their position. Arrows indicate (a-b) the direction of manipulation between
the first and second observation periods within a mate choice trial or (c) individual males that were
switched in their position between recording periods. Grey tank background indicates black tank
surrounding (including a black lid). (a-b) During acclimatisation periods, removable separators visually
separated the female observer tank, the stimulus males' tanks, and the computer monitor from each
other. (c) During recordings, the compartments of the mate choice arena were physically separated (clear
Plexiglas), during the acclimatisation they were additionally visually separated.

Mate choice trials apparent level of aggression (high vs. low)

with consistency held constant (both fish
A mate choice trial consisted of an initial consistent; Figure 1a) or differing in their
observation phase, followed immediately by apparent  consistency of  aggression
a choice phase (Figurel). During the (consistent vs. inconsistent; Figure 1b) with
observation phase, a female was allowed to level of aggression held constant
observe two stimulus males concurrently, (intermediate aggression level for both

with the males either dlffermg in their ma|es). Males were made to appear h|gh|y
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or less aggressive (or alternatively consistent
or inconsistent) by manipulating their
distance to an animated opponent moving
on a computer monitor screen (Scherer et
al. 2017a). The spatial position of each
stimulus  male was standardised by
introducing them into separate clear
Plexiglas cylinders (diameter = 8.0 cm) that
were placed on the bottom of their test
tanks either close to (4 cm), intermediate to
(24 cm) or far from (44 cm) the animated
opponent so as to simulate high,
intermediate or low aggression level in the
stimulus male, respectively. Consistency was
manipulated by changing (inconsistent
aggression) or maintaining (consistent
aggression) the distance to the animated
opponent between two periods of the
observation phase as follows.

Following 10 min of acclimatisation
to the experimental tanks (Figure 1a, b), we
started the observation phase (22 min),
which consisted of two consecutive 11-min
periods. After the first observation period,
we either changed or maintained the
positions of the paired stimulus males
according to their respective manipulation
and allowed the fish to acclimatize for
another 5 min. When testing female
preference for the apparent level of male
aggression, both males differed in their
apparent level of aggression but showed
the same apparent behavioural consistency.
During both observation periods, one of the
paired stimulus males was placed in close
proximity to the virtual opponent (apparent
high-aggression male) and the other one in
further away from the opponent (the
apparent low-aggression male) (Figure 1a).
Conversely, when testing female preference
for consistency, we altered the position of
one of the two stimulus males relative to the
animated opponent between the two
observation  periods  (thus  simulating
inconsistency in his aggression level), while
keeping the position of the other male (we

sham-changed the position; thus simulating
consistency in his aggression level) (Figure
1b). We placed the apparently inconsistent
male close to the opponent during one
observation period and far from the
opponent during the other observation
period (in randomised order). The
apparently consistent male was placed at an
intermediate distance from the opponent
during both observation periods (Figure 1b).
Thus, both stimulus males showed on
average the same apparent level of
aggression, but differed in their apparent
behavioural consistency.

We also carried out control mate
choice trials (for both level and consistency
of male aggression, respectively) in a similar
manner to that described above, except
that the computer screen monitor did not
display a virtual conspecific opponent but
only a static white background during the
observation phase (Figure 1a, b). The
control trials were used to discount the
possibility ~ that  differences in  the
manipulated  distances  between  the
observer female and the stimulus males per
se could account for any subsequent female
preference for either stimulus male. Hence,
there were four different treatments for the
observation phase: level, level control,
consistency, and consistency control. Each
female was tested for her mating preference
four times, once in each treatment (resulting
in N = 192 mate choice trials), with 48 h
between consecutive mate choice trials and
test order randomised. A difference in
female preference between trials with the
presence of a virtual opponent (level and
consistency treatment) vs. absence of such
opponent (level control and consistency
control treatment) would validate that
female preference is related to a male's
distance to an opponent (i.e. apparent
aggression) and not simply to male spatial
position per se. However, such an effect was
expected only if there was an effect of male
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apparent aggression on female mating
preference in trials with a virtual opponent
present during the observation phase. As
this was not the case (see 'Results’), an
analysis of the control trials would be
redundant and not informative. For
completeness, we nonetheless present an
analysis of the results for control trials in the
Supplemental Material 1.

Immediately following the
observation phase, the paired stimulus
males (in their respective cylinders) and the
observer female were transferred to a
dichotomous mate-choice arena with the
female in a central compartment (Figure 1c)
to test for the female’s mating preference
(e.g. Dechaume-Moncharmont et al. 2011;
Thinken et al. 2007). After a 10-min
acclimatisation period, the free-swimming
female was allowed to choose between the
two stimulus males (constrained in cylinders)
during a 22-min mate choice phase that was
divided into two recording periods of 11
min each. In-between these two recording
periods, we switched the two stimulus males
in their position (followed by another 5 min
of acclimatisation) to control for any
potential female side bias (Poschadel et al.
2009; Scherer et al. 2017b).

Using Ethovision XT 11, we
quantified female association time (time
spent within 10 cm of either male
compartment, hereafter preference zone;
Figure 1c) for the two males over both
recording periods (videos were analysed for
10 min, no tracking of the first minute) as a
proxy for her mating preference (Jeswiet
and Godin 2011). Female preference for a
particular male was calculated as her total
association time with that male divided by
her total association time spent with both
males (e.g. Poschadel et al. 2009; Schlupp
et al. 1999; Schliter et al. 1998). Females
that showed an obvious side bias (i.e. spent
> 80% of total association time in a

particular preference zone over both
recording periods) were excluded from
statistical  analyses (e.g. Dosen and
Montgomerie 2004; Hoysak and Godin
2007; Kniel et al. 2015; Poschadel et al.
2009; Schlupp et al. 1999; Schliter et al.
1998; Williams and Mendelson 2010). The
numbers of females exhibiting such side
bias were 15 (level), 5 (consistency), 8 (level
control), and 8 (consistency control) for each
treatment, respectively.

For each mate choice trial, the focal
female was unfamiliar with the stimulus
males (i.e. she had not seen them before).
Stimulus males were not used more than
once per day. We matched paired stimulus
males for family, body size (standard length
difference < 5%; mean = SE = 0.216 =
0.011 cm), natural aggression level (male
difference in their distance to virtual
opponent; mean + SE = 142 = 0.12 cm)
and natural consistency of aggression (male
difference in their consistency in distance to
virtual opponent; mean + SE = 1.559 +
0.138 cm).

Experiment 2: Female choice for
male apparent boldness

In experiment 2 (February - April 2018), we
tested for an effect of the apparent level (N
= 60 preference assessments) and apparent
consistency (N = 60  preference
assessments) of male boldness on female
preference. Before mate choice trials, we
tested all males (N = 71) and females (N =
60) for their boldness level twice, with 48 h
(= 15 min) elapsed between tests (see
‘Boldness test’ below). We tested for
repeatability of boldness and for a sex
difference in the level and consistency of
behaviour. We started mate choice trials
three days after the boldness typing was
completed.
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Figure 2. Top-view schematic of the experimental set-up for (a, b) the observation and subsequent (c)
choice phase of mate choice trials in experiment 2. (a, b): The observation phase set-up was also used
for boldness tests. The level and consistency of male boldness was manipulated using low (- -), medium
(blank tank background) or high (+ +) water temperature. Arrows indicate that females were switched in
their position between the first and second observation periods within a mate choice trial. Grey tank
background indicates black tank surrounding (including a black lid). (a, b) During acclimatisation
periods, the female observer tanks, the stimulus male tanks, and the computer monitor were visually
separated from each other using removable separators. During the two observation periods, these
separators were removed to allow full vision. (c) During the two test periods, males were kept in clear
Plexiglas cylinders (diameter = 8 cm), positioned in the centre of their respective tanks, ensuring they
remained visible to both females throughout the test phase. (c) During recordings, the tanks of the
mate choice arena were physically separated (clear Plexiglas), during the acclimatisation they were
additionally visually separated.

Boldness test

Male and female boldness was assessed as
activity under simulated predation risk (total
distance moved in cm, hereafter: APR) using
animated individuals of Parachanna obscura
(N =4, mean + SE standard length = 19.3 =
0.3 cm), a naturally occurring sympatric fish
predator of P. pulcher (Scherer et al. 2017a;
Scherer et al. 2017b). Boldness tests and the

subsequent calculation of the average level

and inconsistency of behaviour were

performed as described in the above
Aggression test in 'Experiment 1: Female
choice for male apparent aggression’. Here,
we used a 6 min test period and tracked
individuals for 5 min (no tracking of the first
minute). For all individuals, the boldness
tests were carried out using a virtual

predator specimen that focal fish had not
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seen before. Different to the above
protocol, individuals were transferred to the
test tanks without their housing pot. Further,
we here aligned two observer tanks behind
the test tanks (Figure 2a, b). We included
observer tanks in order to perform the
boldness tests and the observation phase of
mate choice trials under the exact same
conditions, minimizing effects that may
interfere  with the prediction of male
behaviour exhibited during the observation
phase of mate choice trials. During mate
choice trials, observer tanks allowed the test
females to view the apparent boldness of
the stimulus males (see 'Mate choice trials'
below). During the boldness test, we
introduced dummy observers (i.e. opposite-
sex individuals, which were not further used
in this experiment) into the observer tanks.
Observer conspicuousness was reduced
using reflecting lighting (LED lights; I-SY-
TL5PO01) and black plastic surrounding of the
observer tanks (see Figure 2a, b).

Mate choice trials

Similar to the above experiment 1, females
could choose between two paired stimulus
males after prior observation of apparent
male behaviour (Figure 2). During the
observation, paired stimulus males were
manipulated to appear either shy or bold to
an observer female by placing them in tanks
of different ambient water temperatures,
whilst viewing a virtual fish predator moving
on a nearby computer screen (Figure 2a, b).
We used three different temperature
treatments: low (21 = 1°C), medium (25 =*
1°C) and high (29 = 1°C). We created an
apparent difference in male level of APR by
keeping one of the paired stimulus males in
medium  water temperature (apparent
moderate APR) and the other one in either
low water temperature (apparent low APR)
(Figure 2a) or high water temperature

(apparent high APR) (Figure 2b). To test
female preference for apparent consistency
of male boldness, we performed a second
mate choice trial using the same pair of
males (48 h = 15 min between repeated
tests). During second mate choice trials, the
apparent low-level (or high-level) male was
now kept in high (or low) water temperature
(apparent high APR) making it appear
inconsistent, while the male being
previously kept in  medium  water
temperature  was again  concurrently
presented in  the same (medium)
temperature treatment making it appear
consistent. Testing female preference for
male apparent inconsistency relies on the
assumption that fish can remember
individual conspecifics and their behaviour
for at least two days. Fishes can identify and
recognize con- and hetero-specifics for
several weeks (reviewed in Bshary et al.
2001). Further, fishes remember social
information and subsequently use this
information to make reproductive decisions
(Doutrelant and McGregor 2000; Ophir and
Galef 2003; Schlupp et al. 1994; Witte and
Godin 2010).

For efficiency of time, we tested two
females simultaneously for their mating
preferences  (Figure 2). During the
observation, each of the two females could
only view one male at a time, we therefore
divided the observation phase into two
periods (6 min each) with the female
observer tanks being switched in their
position in between observation periods
(Figure 2a, b) (10 min of acclimatisation
before the first observation period, another
2 min of acclimatisation after female tanks
were switched). Different to the above
experiment 1, we did not change male
treatments in between the two observation
periods of a single mate choice trial (Figure
2a, b) (behavioural consistency was
manipulated by performing a second mate
choice trial, see above).
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Similar to the mating preference test
in experiment 1, the dichotomous choice
test (Figure 2c) was performed with two test
periods of 11 min, with the males being
switched in their position between test
periods; initial acclimatisation was 10 min,
and acclimatisation before the second test
period was 5 min. We assessed female
preference and female side bias from the
association time spent with the two males,
as described for experiment 1. Side-biased
females were excluded from preference
analyses (excluded trials: N = 3,
Neonsistency= 4; resulting in Nievel = 17 and
Nconsistency= 34 remaining trials).

Male treatment temperatures were
induced in their individual housing tank 2
days prior to a mate choice trial (using
submerged heaters), ensuring sufficient
acclimation time (0.17°C change/hour) to
the new temperature regime. Males did not
show any signs of distress in response to
temperature changes induced. To ensure
that temperatures remained constant
throughout  experimental  trials,  all
experimental tanks were covered externally
with polystyrene (apart from tank sides
needed to see through; see Figure 1). The
room temperature was set to 20.0 °C using
air conditioning. The water temperature in
the female tanks (housing and experimental
tanks) was maintained at 25 *= 1°C
(equivalent to male medium temperature
treatment). Male pairs were matched as
closely as possible for natural inconsistency
(mean = SE; inconsistency = 193.28 + 18.25
cm, within-pair difference in inconsistency =
107.44 = 15.99 cm) and natural level (mean
+ SE; average APR for all males = 684.21 =
41.67 cm, within-pair difference of APR
112.27 = 18.93 cm moved) in APR. For male
pair formation, we did not use the males

showing the highest inconsistency values
during boldness tests (N = 11) in order to
efficiently manipulate male behaviour.
Therefore, the number of males tested for

boldness (Nmaes = 71) was higher than the
number of males used to form male pairs
(Npairs = 30, Nmaies = 60). Males were further
matched for size as closely as possible
(mean + SE difference in standard length =
0.11 = 0.02 cm) and for family.

Our  manipulations  during  the
observation phase were effective in
manipulating behavioural inconsistency: the
inconsistent male showed significantly
higher inconsistency than the consistent
male in a pair (see Supplemental Material 2
and Supplemental Material 3 for method
validation). Further, apparently consistent
and inconsistent males did not differ in their
apparent level of APR (see Supplemental
Material 2 and Supplemental Material 3).
For our manipulation of the behavioural
level, we could confirm that males in the
high temperature treatment showed higher
APR compared to males in the medium
temperature treatment. However, the low
and medium temperature treatment males
did not differ in their level of apparent APR.
Therefore, we restricted the analysis of
female preference for the apparent level to
mate choice trials where males in the high
vs. medium temperature treatment were
presented (during the first mate choice trial);
that is, all first trials containing low vs.
medium temperature treatments were
excluded (N = 30 preference assessments
were excluded; resulting in N = 30
remaining preference assessments). Further,
we removed all mate choice trials from the
data set where the behavioural manipulation
via ambient water temperature was not
successful; i.e. in some mate choice trials,
the apparently bold male showed a higher
level of APR than the apparently shy male
(excluded trials: N = 10 out of 30 trials; N =
20 remaining trials) or the apparently
consistent male showed higher
inconsistency ~ than  the  apparently
inconsistent male (excluded trials: N = 22
out of 60 trials; N = 38 remaining trials).
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The apparent level of male APR
(assessed as outlined in Boldness Test)
exhibited during the first test period of the
observation phase highly correlated with
their apparent level during the second test
period of the observation phase (linear
mixed-effect model with male APR of the
first test period as dependent variable, male
APR of the second test period as fixed
effect, and male ID as well as mate choice
trial number (first or second) as random
terms; x4 = 56.918, P < 0.0001, intercept *
SE = 333.278 cm, coefficient £ SE = 0.720 =
0.083 cm; N = 120 test periods of 60 mate
choice trials). However, males were
significantly more active (exhibited higher
APR values) during the first test period of
the observation phase compared to the
second test period (linear mixed-effect
model with male APR as dependent
variable, test period (first or second) as fixed
effect, and male ID and mate choice trial
number (first or second) as random terms;
x?1 = 7.086, P = 0.0008, intercept + SE =
1051.01 cm, coefficient + SE = -87.66 =
32.61 cm; N = 240 test periods of 60 mate
choice trials). Due to this behavioural
difference, we did not use the average male
APR over both test periods, but kept these
two scores of an observation phase
separately for analyses.

We calculated male apparent
inconsistency  (absolute  difference in
apparent APR between first and second
mate choice trial) from the female's
perspective. That is, we calculated two
different  scores of male apparent
inconsistency, one score for each female of
a particular mate choice trial. Each score
was based on the very behaviour the female
could observe (a female could only observe
one male during the first test period and the
other one during the second test period).
For each male, we thus calculated one score
of apparent inconsistency based on the two
first observation phase test periods of each

mate choice trial and the other score based
on the two second observation phase test
periods (the order in which a female could
observe a male was consistent between the
two mate choice trials).

DATA ANALYSES

General details

We performed all data analyses using R
version 3.4.1 (R Core Team 2017). If not
stated otherwise, LMMs (linear mixed-
effects models) were fitted using the Ime4
package (Bates et al. 2014). Models were
step-wise simplified using backward model
selection starting with the least significant
terms. Model assumptions were tested
visually using residual and normal g-q plots.
For fixed effects, we calculated partial R?
with CL (confidence level) using the r2gimm
package (Jaeger 2016). For insignificant
fixed effects, R? was based on the model
before the term was dropped. For all
preference  analyses, female  mating
preference  was  arcsine  square-root
transformed  for  normality.  Predictor
variables were z-transformed for
standardisation using the GenABEL package
(GenABEL project developers 2013). We
checked for collinearity between predictors
using Spearman rank correlations (Dormann

et al. 2013).

Personality assessments in
experiments 1 and 2

To test for consistent personality differences
among individuals,  repeatability  of
aggression and boldness was estimated for
males (aggression: N = 96; boldness: N =
71) and females (aggression: N = 48;

boldness: N = 60) separately by fitting
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LMMs with ID as random term using the
rotR  package  (Stoffel et al. 2017)
(bootstrapping runs = 1000; permutations =
1000). We further tested for a sex difference
in the level of natural aggression and
boldness by fitting one LMM to each of the
two behaviours (aggression: N = 288 of 144
N = 262
measurements of 131 individuals; two

individuals; boldness:
measurements per individual). We included
sex as fixed term and ID as random term in
the model. To test for a sex difference in
inconsistency, we fitted an LM (linear model)
per behaviour to male and female
inconsistency (one inconsistency measure
per individual: aggression: N = 144;
boldness: N = 131) with sex as predictor
variable.

Experiment 1: Female choice for
male apparent aggression

We tested for a directional female
preference for either apparent high-
aggression or apparently consistent males
by testing for a deviation from random
choice (female preference = 0.50) using a
null model approach. For each of the two
opponent treatments (the level and
consistency treatment) separately, we ran a
null model with female preference for either
the apparent high-aggression male (N = 33
mate choice trials) or the apparently
consistent male (N = 43 mate choice trials)
as the response variable. As random terms,
we included male mate choice trial number
and female mate choice trial number. A
directional preference would be indicated if
the observed mean with 95% ClI (confidence
interval) does not include 0.50.

To test whether male-female
behavioural (dis-) similarity had an effect on
female preference, we first calculated
relative  similarity in the level and
consistency of aggression between the

female and the two paired stimulus males
(Scherer et al. 2017b; Scherer and Schuett
2018). More specifically, we subtracted the
similarity (absolute value of the difference in
average level or consistency, respectively)
between the female and the respective
high-aggression/consistent male of a pair
from the similarity between the female and
the low-aggression/inconsistent male. Thus,
for positive values of relative similarity, the
female's  similarity = with  the  high-
aggression/consistent male was higher than
the female's similarity with the low-
aggression/inconsistent male and vice versa.
We calculated relative similarity (for level
and consistency, respectively) for both male
natural behaviour and male apparent
behaviour, resulting in four measures of
male-female behavioural similarity; namely,
relative similarity in the apparent level of
aggression, relative similarity in  the
apparent consistency of aggression, relative
similarity in the natural level of aggression,
and relative similarity in the natural
consistency of aggression.

For the level treatment, we fitted an
LMM on female preference for the apparent
high-aggression male (N = 33), with relative
similarity in apparent level of aggression as
fixed effect. We further included natural
level of aggression and relative similarity in
natural consistency as covariates. We did
not include relative similarity in apparent
consistency because this would be the same
value for all individuals. As random terms,
we included male and female mate choice
trial number. For the consistency treatment,
we fitted an LMM with female preference for
apparently consistent males (N = 43) as the
response variable and included relative
similarity in apparent consistency as fixed
effect and relative similarity in natural
consistency and relative similarity in the
natural aggression level as covariates.
Again, we used the same random terms as
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above (male and female mate choice trial
number).

Experiment 2: Female choice for
male apparent boldness

We assessed female preference for the level
of apparent male boldness using the
respective first mate choice trial only. The
second mate choice trial was not used to
test female preference for the apparent
level of behaviour to avoid an interference
with previously received information gained
during the first mate choice trial. Female
preference assessed during the second
mate choice test was used to test for an
effect of male apparent inconsistency
(difference in apparent APR between the
first and second mate choice trial) on female
mate choice.

We tested for a directional female
preference for the apparently bold or
apparently consistent male by fitting a null
model (please see 'Experiment 1: Female
choice for male apparent aggression’) to the
data for each of these two target groups. As
random term, we included male pair ID
(each pair was used to simultaneously test
two females).

To test whether female preference
was affected by (dis-) similarity in the
apparent level of behaviour, we fitted an
LMM on female preference for the
apparently bold male. As fixed effects, we
included in the model relative similarity in
the apparent and in the natural level of
boldness and the relative similarity in the
natural consistency of boldness. Also, we
included the difference in the apparent level
of aggression between the paired stimulus
males as fixed effect to control for the
behavioural contrast. We did not include
relative similarity in apparent consistency
because female preference for the apparent
level was assessed prior to the consistency

manipulation. As random term, we included
male pair ID. For details on the calculation
of relative similarities, see 'Experiment 1:
Female  choice for male apparent
aggression’. To test for an effect of (dis-)
similarity in apparent consistency on female
preference, we fitted a similar LMM. The
dependent variable was female preference
for the apparently consistent male and, as
fixed effects, we included relative similarity
in the apparent consistency, relative
similarity in the natural consistency, relative
similarity in the apparent level (average over
the first and second mate choice trial),
relative similarity in the natural level of
boldness, and male difference in apparent
consistency. Again, we included male pair
ID as random term.

RESULTS

Experiment 1: Female choice for
male apparent aggression

The natural levels of male and female
aggressive behaviour  were highly
repeatable (males: R = SE = 0.710 = 0.050,
Cl [0.598, 0.795], N = 96 males; females: R
+ SE = 0.684 = 0.078, CI[0.511, 0.808], N =
48; Table 1). Further, males and females
were equally aggressive, but males tended
to be more consistent in their level of
aggression compared to females (Table 1).
We found no deviation from random female
preference for either the level or consistency
of male apparent aggression (Figure 3a; for
statistics see Supplemental Material 4).
Similarly, we found no effect of relative
similarity in the level and consistency of
apparent or natural aggression on female
preference (Figure 3b, c; for statistics see
Supplemental Material 5). However, there
was a strong trend of female preference
decreasing with increasing relative similarity
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Table 1. Results for sex differences in the level (LMMs) and inconsistency (LMs) of aggression (mean
distance to an animated same-sex and same-size opponent) and boldness (activity under simulated
predation risk) in experiment 1 and 2. Significant effects highlighted in bold.

2
,N Estimate £ SE (cm) Test df P-value R
(trials)

Experiment Trait
P statistic [CL]

Males: 13.49 + 1.36

0.014
Level 288 y' =2.415 1 0.120
Females: 15.61 = 1.11 [0.000, 0.053]
1 Aggression
Inconsistency 144 Moles: 4.63:%072 F=3.313 1 0.071 0.023
Females: 5.94 + 0.59 [0.000, 0.094]
Males: 682.73 + 56.32 0.129
Level 262 Y'=2129 1 < 0.0001 ) 2
Females: 411.88 + 41.47 [0.064, 0.210]
2 Boldness
Males: 426.39 + 62.52 0.014
Inconsistency 131 F=1.877 1 0.173 0 OOd 0.081
Females: 227.55 + 33.75 000, 0.081]
in natural consistency of aggression (for relative  similarity in  apparent/natural

statistics see Supplemental Material 5).

Experiment 2: Female choice for
male apparent boldness

Male and female APR levels were highly
repeatable (males: R £ SE = 0.637 = 0.071,
Cl [0.470,0.752], N = 71; females: R + SE =
0.743 + 0.060, CI [0.605, 0.840], N = 60;
Table 1). Males were more active than
females when the animated predator was
present, though the sexes did not differ in
behavioural consistency (Table 1). Females
did not show an overall directional
preference for the apparent level or
consistency of male boldness (Figure 4a;
Supplemental Material  4). Female
preference for the apparently bold male
significantly increased with within-male pair
difference in the apparent level, such that
the larger the difference in male apparent
boldness, the greater was the female
preference for the bold-appearing male
(Figure 5; Supplemental Material 6). The
difference in male apparent consistency did
not affect female preference (Supplemental
Material 6) and there was no effect of

boldness (level and consistency) on female
preference (Figure 4b-c; Supplemental
Material 6).

DISCUSSION

In the present study, we found no effect of
apparent male aggression on female choice.
Similarly, apparent male boldness did not
affect female choice, though female
preference for the apparent bold male
increased the larger the difference in the
apparent boldness level between paired
stimulus males. Further, there was no effect
of natural male aggression/boldness on
female choice in the two experiments. In
experiment 1, female preference tended to
decrease with increasing relative similarity in
natural consistency of aggression. Males
and females showed stable personality
variation in both natural aggression and
boldness. The sexes were equally
aggressive, but males tended to be more
consistent in their level of aggression
compared to females. Also, males were
more active than females, in the presence of
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Figure 3. No female preference for apparent high-aggression or apparently consistent males (a) in
experiment 1. Further, female preference was not affected by relative similarity in the apparent level (b) or

consistency (c) of aggression. (a-c) Dotted line indicates random female choice. (a) Boxplot with 1.5

interquartile ranges, medians (-) and means (0).

the animated predator, but the sexes did
not differ in their consistency of boldness.
The absence of a direct effect of
apparent behaviour in both experiments
may be explained by at least two possible
reasons. First, there may not be a causal
relationship between the two behavioural
traits and female choice. This further implies
that the previously found association of
natural male aggression (Scherer et al. 2018)
and boldness (Scherer et al. 2017b) with
female mating preference in the rainbow
krib were caused by a correlation of the
behavioural traits with other traits that are
important during mate choice, such as
colouration (Godin and Dugatkin 1996;
Mafli et al. 2011). However, rainbow kribs
provide extensive parental care and both
aggression and boldness generally affect
the style and amount of care given by
parents in many species (reviewed in Chira

2014). In the rainbow krib, territorial
breeding pairs guard their fry (direct care)
and protect them from con- and
heterospecific intruders (parental defence)
for several weeks. Considering that such
parental activities are crucial to the
reproductive success of (bi-) parental
species (e.g. Clutton-Brock 1991), it seems
unlikely that there is no causal link between
either of the two behavioural traits and mate
choice in our model species.

Second, there may be a causal link
between the two behavioural traits and
female choice but our behavioural
manipulations were not effective in
revealing it. That is, in each of the two
experiments presented here, we aimed to
manipulate apparent male behaviour by
addressing a single variable. In experiment
1, apparent male aggression was

manipulated by fixing a male's average
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Figure 4. No female preference for apparently bold or consistent males (a) in experiment 2. Further,
female preference was not affected by relative similarity in the apparent level (b) or consistency (c) of
boldness. (a-c) Dotted line indicates random female choice. (a) Boxplot with 1.5 interquartile ranges,

medians (-) and means (0).

distance to an opponent. In experiment 2,
apparent male boldness was manipulated
using a gradient in ambient water
temperature. Natural male aggression and
boldness could still be expressed via fin
postures or body colouration. Fish widely
use their fins as a communication channel:
aggressiveness is mediated using fin
displays (e.g. Riebli et al. 2011) while

clamped fins signal anxiety or discomfort (U.

Scherer, personal observation). Rainbow
kribs can quickly change their body
colouration (U. Scherer, personal

observation). The expression of aggression
is usually associated with a strong boost in
colourful body pigmentation, but when
encountering a potential threat the fish can
become very pale or dark in their overall
colour appearance (U. Scherer, personal
observation). However, the paired stimulus

males used for a mate choice trial were

always matched for natural behaviour (and
family) as closely as possible. Hence, we
would not expect much difference in fin
postures or colouration between the two
paired stimulus males, which in turn does
not leave much room for mate choice based
on natural male behaviour. In addition, a
discrepancy in apparent and natural male
behaviour may provide the female with
conflicting information that counterbalance
each other, resolving into random choice
with regard to male behaviour.

In experiment 2, we found an effect
of within-male pair contrast in the apparent
level of boldness on female preference (the
larger the difference the higher female
preference for the apparently bold male),
supporting the possibility that there is a
causal link between boldness and female
choice. The direction of effect indicates a
general female preference for bolder males,
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Figure 5. Effect of the within-male pair difference
in the apparent APR level on female preference.

which  may have several adaptive
advantages. A higher level of boldness is
associated with increased reproductive
success (in the zebrafish, Danio rerio, and in
the  largemouth  bass,  Micropterus
salmoides; Ariyomo and Watt 2012; Ballew
et al. 2017), faster decision making (in three-
spined sticklebacks, Gasterosteus aculeatus;
Mamuneas et al. 2015), higher foraging
success (in guppies, Poecilia reticulata; Dyer
et al. 2008), larger body size (Brachyrhaphis
episcopi; Brown et al. 2007), and a higher
amount of parental provisioning in terms of
fin  digging (in the convict cichlid,
Archocentrus nigrofasciatus; Zworykin and
Budaev 2000). However, a directional
preference seemingly conflicts with the
result of our correlative mate choice study
(Scherer et al. 2017b) where we found a dis-
assortative female preference for male
boldness (i.e. females preferred males of a
dis-similar level of boldness). This
discrepancy in the direction of effect found
may be attributed to the fact that, in the
present study, males were generally bolder
compared to females. Thus, females were
often more similar to the apparently shy
male than to the apparently bold male
(indicated by negative relative similarity
values). In a mate choice trial with such a

similarity distribution, a female would be
expected to prefer the bold male
irrespectively of whether the underlying
preference pattern is of dis-assortative and
directional nature. Thus, female preference
for bolder males in the present study does
not exclude dis-assortment. Possibly, there
was not enough variation in relative
behavioural  similarity to detect dis-
assortment (we often obtained negative
values for relative similarity in the apparent
behavioural level). Our result also indicates
that the apparent behavioural contrast
created between the paired stimulus males
was not large enough to provoke a
response in female preference (at least for
part of the paired stimulus males). As
mentioned above, possibly conflicting
information between apparent and natural
male boldness may necessitate a larger
difference in the apparent behaviour in
order to overpower other signals.

Notably, natural male
aggression/boldness also did not affect
female preference, though both traits have
been shown to be important in mate choice
of female rainbow kribs (Scherer et al.
2017b; Scherer et al. 2018). This is not
surprising since we matched paired stimulus
males for their natural level and consistency
of behaviour (see above). The difference in
their natural behaviour was rather low and
should not further affect female preference
here. However, in experiment 1, male-
female similarity in natural consistency
tended to affect female preference, which
indicates that natural male behaviour could
at least party be sensed by females (e.g.
through body colouration or fin postures,
see above).

Male and female natural
aggressiveness did not differ from each
other, which is consistent with the species'
biology: both sexes are territorial. However,
males tended to show higher behavioural
consistency. Typically, in cichlids, it can be
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observed that males do a greater
proportion of parental defence behaviours
than females (which in turn provide more
direct care) (ltzkowitz 1984; Lavery and
Reebs 1994; McKaye and Murry 2008).
Thus, male aggressiveness might be better
conserved than female aggressiveness due
to its higher relevance during parental care
(reviewed in Schuett et al. 2010). Further,
males showed higher activity levels when
being exposed to an animated predator
compared to females. This behavioural
difference  may be caused by a
morphological difference between the
sexes: male rainbow kribs are generally
larger than females and activity was
positively correlated with body size (U.
Scherer, J.-G. J. Godin and W. Schuett,
unpublished data).

Taken together, we did not find a
direct effect of apparent male behaviour on
female choice, but our data suggest that the
contrast in apparent male behaviour either
was not large enough or was not sufficiently
distinct from natural male behaviour (at least
in experiment 2) to reveal such an effect if
one exists. Future studies may follow up on
our behavioural manipulation via
temperature gradient using a more refined
methodology. This would be very
interesting as we did not exploit the full
range of our species' temperature tolerance,
especially for mate choice trials testing for
an effect of the apparent behavioural level
wherein we only used a relatively low
between-treatment contrast (which allowed
us to manipulate behavioural consistency in
subsequent mate choice trials).
Furthermore, future directions may involve
digital methods that provide a powerful tool
to specifically manipulate behaviour. For
example, Gierszewski et al. (2018) provide a
software to create 3D fish animations where,
among others, the swimming pattern of
individual fish can be customized. Finally,
we want to emphasize that the usage of

behavioural manipulations is essential to
answering current hypotheses regarding the
evolution of stable personality variation.
Although the precise manipulation of
specific behavioural traits is not trivial, there
are several promising options that are worth
exploring.
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CHAPTER 4 - SUPPLEMENTAL MATERIAL 1

Validation of behavioural manipulations in experiment 1: Comparison of
female preference in the treatment vs. control condition

A difference in female preference between opponent (level and consistency treatment) and
respective no-opponent control trials (level control and consistency control treatment) would
validate that female preference depended on a male's apparent distance towards the opponent
and not on male position independent of an opponent's presence. We tested for a difference in
female preference in the level and level control treatment by fitting an LMM to female
preference for the apparent high-aggression male as the response variable (N = 73) with
treatment (level and level control) as fixed effect. We further included female ID, male ID, male
mate choice trial number, and female mate choice trial number as random effects. However, a
significant difference would only be expected for a directional female preference for/against
male apparent aggression. If female preference depends on behavioural (dis-) similarity, we
would expect the treatment effect to depend on female behaviour. Therefore, we further
included an interaction between the treatment and female aggression level into the above
model. Please note, we were only interested in the interaction term (and the main effect
‘treatment’) and thus did not test for an effect of female aggression level alone. For the
manipulation of behavioural consistency, we fitted an LMM to female preference for the
apparent consistent male as the response variable (N = 83). Similarly to the above model, we
included the treatment (consistency and consistency control) and female inconsistency in
interaction with the treatment as fixed effects. We used the same random effects as above.
There was no difference in female preference for male apparent aggression between opponent
and respective no-opponent control trials (Table 1).

Table 1. Results of LMMs testing for an effect of relative similarities (rS) on female preference for male
apparent aggression in experiment 1. Female preference was arcsine square-root transformed for
analysis, intercepts and estimates are not back-transformed.

. N . P- R2
+ + 2
Response Fixed effect (trials) Intercept = SE Estimate = SE Y value (CL]
Level control: 0.802 + 0.030
Preference 0.006
apparent Treatment 0470 1 0.493 0 00(') 0.092]
high 73 Level: 0.777 + 0.040 '
aggression
male Treatment : 0.005
0.801 + 0.030 -0.022 £ 0.037 0.342 1 0.559
female level [0.000, 0.087]

Consistency control: 0.792 + 0.033

0.000
Preference Treatment 0.009 1 0923 (0.000, 0.060]
apparent 83 Consistency: 0.795 + 0.037
consistent
male Treatment : 0.004
female 0.795 +£ 0.036 0.021 £ 0.033 0.438 1 0.508 0.000, 0.076]

consistency
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CHAPTER 4 - SUPPLEMENTAL MATERIAL 2

Validation of behavioural manipulations in experiment 2: Effect of the
ambient water temperature on individual activity under simulated
predation risk

In order to verify our behavioural manipulations via ambient water temperature, we tested for an
effect of treatment temperatures on male apparent boldness (measured as activity under
simulated predation risk, hereafter APR). We expected (a) male apparent level of behaviour to
increase with increasing water temperature and (b) male apparent inconsistency of be higher for
males that were exposed to different treatment temperatures (inconsistency treatment)
compared to males that were kept in the same temperature regime throughout (consistency
treatment). Further, (c) we expected the average behavioural level between males in the
consistency vs. inconsistency treatment not to differ from each other.

(a) Validation for the manipulation of male apparent level of boldness

To test for an effect of the treatment temperature on male apparent level of boldness, we fitted
an LMM to male APR shown during the observation phases of mate choice trials (N = 120
observation phase video recordings, obtained from 60 paired stimulus males in 30 mate choice
trials). Please note that we obtained two measures of male APR per mate choice trial, one for
each of the two recording periods (please see main text). We only included data obtained
during the first mate choice trial because behavioural data obtained during the second mate
choice test were not part of the assessment of female preference for male behavioural level. We
included the treatment (low, medium or high water temperature; N = 30, 60, and 30 male
videos, respectively) as fixed effect and the observation phase recording period (first or second)
and male ID as a random effect in the model. For pairwise post-hoc group comparisons (P-value
correction using the false discovery rate after Benjamin and Hochberg (1995)), we used the
"multcomp" package (Hothorn et al. 2008). We found the level of male APR to be significantly
affected by the test condition (LMM; 2 = 11.954, P = 0.003; N = 120) (Table 1; Supplemental
material 3): male APR in the high-temperature treatment was significantly higher compared to
the low- and medium-temperature treatments, which were not significantly different from each
other.

(b) Validation for the manipulation of male behavioural inconsistency

To test the manipulation of male apparent inconsistency, we fitted an LMM to male
inconsistency assessed during the observation phases of mate choice trials (N = 120
inconsistency measurements obtained from 60 males during the observation phases of 30 mate
choice trials). We calculated two inconsistencies per male, each one based on either the two first
or the two second recording periods of mate choice trials. These two values for male apparent
inconsistency are meaningful because they reflect the female's perspective (a female could
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Table 1. Results for post-hoc pairwise group comparisons of male level and inconsistency of APR shown
in the different temperature treatments. Estimates represent the difference between the two treatments
being compared.

Personality o . N Estimate = SE P-
Pairwise comparison ) z-Value
component (videos) (cm) value
Low - medium temperature 121.70 = 82.88 1.468 0.142
Behavioural Low - high temperature 120 -341.21 + 95.70 -3.565  0.001
level
Medium - high temperature -219.52 =+ 82.88 -2.649 0.012
Behavioural ) ) )
Consistency - inconsistency treatment 120 144.09 £ 57.39 2.511 0.012

inconsistency

observe a particular male either during the two first or during the two second observation phase
recording periods). We included the treatment (inconsistency treatment: N = 60, consistency
treatment: N = 60) as fixed effect and male ID as random effect in the model. We found male
inconsistency to be significantly affected by the treatment (LMM; 32 = 5.994, P = 0.014; N = 120)
(Table 1; Supplemental Material 3). Males of the inconsistency treatment were significantly more
inconsistent compared to males of the consistency treatment.

(c) Difference in the behavioural level between consistent and inconsistent males

We further tested for a difference in the apparent APR level between apparent consistent and
inconsistent males. To do this, we fitted an LMM to the apparent APR level of both consistent
and inconsistent males (Nconsistent = 30 males, Ninconsistent = 30 males, Nital = 240 measurements,
each male was scored four times: two mate choice trials, each one including a first and second
observation phase recording period). We included male consistency treatment (consistent or
inconsistent) as a fixed effect and male ID, observation phase recording period (first or second)
and trial number (first or second mate choice trial) as random effects in the model. Apparent
consistent and inconsistent males did not differ in their apparent APR (LMM; consistency
treatment estimate £ SE = 893.21 = 39.16 cm, inconsistency treatment estimate = SE = 945.81
* 95.38 cm, x? = 0.895, P = 0.344; N = 240).

References

Benjamin Y, Hochberg Y (1995) Controlling the false discovery rate: A practical and powerful approach to
multiple testing. Journal of the Royal Statistical Society: Series B (Methodological) banner 57:289-300.

Hothorn T, Bretz F, Westfall P (2008) Simultaneous inference in general parametric models. Biometrical Journal
50:346-363.



80 § CHAPTER 4

CHAPTER 4 - SUPPLEMENTAL MATERIAL 3

Validation of behavioural manipulations in experiment 1: Comparison of
female preference in the treatment vs. control condition
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Supplemental Material 3. Graphical illustration for the method validation in experiment 2 (see
Supplemental Material 2 for the statistical analysis). Effect of the temperature treatments on the (a) level
and (b) inconsistency of male APR. Significances for pairwise comparisons: "n.s." (not significant), "*" (P <
0.05), "**" (P < 0.01). Boxes with median (-) and mean (9), whiskers represent 1.5 interquartile ranges.
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Supplemental Material 4. Results for LMMs to test for a deviation from female random choice for the
level and consistency of male apparent aggression (mean distance to an animated same-sex and same-
size opponent) and boldness (activity under simulated predation risk) in experiment 1 and 2.

Female preference arcsine-

Female preference back-

N square root transformed transformed
Experiment Response .
(trials) Intercept
. SE 95 % Cl Intercept 95 % Cl
Preference apparent 53 7754 0,031  [0.711,0.865] 0.487 = 0.001 [0.415, 0.579]
high-aggression male
1
Preference apparently
consistent male 43 0.789 £ 0.027 [0.721,0.859] 0.503 +0.001 [0.435, 0.573]
(aggression)
Pref tl
relerence apPAreiY 47 0771:0027 [0.715,0.826] 0.485=0.485 [0.430, 0.541]
bold male
2
Preference apparently
consistent male 34 0.784 £0.022 [0.741,0.827] 0.498 + 0.001 [0.455, 0.542]

(boldness)
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Supplemental Material 5. Results of LMMs testing for an effect of relative similarities (rS) on female
preference for male apparent aggression in experiment 1. Female preference data were arcsine square-

root transformed for analysis; intercepts and estimates are not back-transformed.

P-
Response Fixed effect ) Intercept = SE  Estimate = SE 2 R? [CL]
(trials) value
rS apparent level 0.777 = 0.035 0.017 £ 0.031 0.288 0.591 0.036
PP SOEEE HHEE : ' [0.000, 0.246]
Preference
apparent high S natural level 33 07770035  -0.006+0.033 0.028 0.867 0-000
aggression [0.001, 0.151]
male
rS natural consistenc 0.776 = 0.034 0.034 = 0.030 1.053 0.305 0.036
y SIe= P = : ' [0.000, 0.246]
rS apparent consistenc 0.788 = 0.024 -0.004 £ 0.024 0.031 0.861 0.001
PP Y o= R : ' [0.000, 0.117]
Preference
apparent 0.084
consistent rS natural consistency 43 0.788 £ 0.025 -0.047 £ 0.023  3.763 0.052 (0.001, 0.289]
male
(aggression)
0.057
rS natural level 0.788 = 0.024 0.037 = 0.023 2.358 0.125

[0.000, 0.248]
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CHAPTER 4 - SUPPLEMENTAL MATERIAL 6

Supplemental Material 6. Results of LMMs testing for an effect of relative similarities (rS) and male
behavioural difference on female preferences for male apparent boldness in experiment 2. Female
preference was arcsine square-root transformed for analysis, intercepts and estimates are not back-
transformed. Significant effects highlighted in bold.

N Intercept Estimate ) P-

: 2
Response Fixed effect (trials) + SE + SE x df value R? [CL]
rS apparent level 0.771 £ 0.022 0.009 = 0.029 0.101 1 0.751 0.006
[0.000, 0.296]
rS natural level 0.771 £0.022 -0.001 £0.024  0.000 1 0.981 0.000
Preference ’ - ’ - ' ' [0.000, 0.277]
apparent 17
bold male . 0.295
Difference apparent level 0.771 = 0.023 0.061 + 0.023 5.638 1 0.018 [0.025, 0.638]
rS natural consistenc 0.771 £0.023 0.014 = 0.023 0.337 1 0.562 0.021
y SOER ARaRe ' ' [0.000, 0.333]
rS apparent consistency 0.784 = 0.021 0.025 + 0.022 1.288 1 0.256 0.038
0.000, 0.246]
. 0.000
rS natural consistency 0.784 +£0.021  -0.009 £0.023  0.153 1 0.696
Preference [0.000, 0.161]
apparent .
consistent  DiTterence apparent 34 07840021 -0.042+0034 1481 1 0224 0.044
consistency [0.000, 0.256]
male
(boldness) 0.016
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0.000
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ABSTRACT

Background. In many species, males have a lower reproductive investment than females
and are therefore assumed to increase their fitness with a high number of matings rather
than by being choosy. However, in bi-parental species, also males heavily invest into
reproduction. Here, reproductive success largely depends on costly parental care; with style
and amount of parental effort in several cases being associated with personality differences
(i.e., consistent between-individual differences in behaviour). Nonetheless, very little is
known about the effect of personality differences on (male) mate choice in bi-parental
species.

Methods. In the present study, we tested male mate choice for the level and consistency of
female boldness in the rainbow krib, Pelviachromis pulcher, a bi-parental and territorial West
African cichlid. Individual boldness was assumed to indicate parental quality because it
affects parental defence behaviour. For all males and females, boldness was assessed twice
as the activity under simulated predation risk. Mate choice trials were conducted in two
steps. First, we let a male observe two females expressing their boldness. Then, the male
could choose between these two females in a standard mate choice test.

Results. We tested for a male preference for behavioural (dis-) similarity vs. a directional
preference for boldness but our data support the absence of effects of male and/or female
boldness (level and consistency) on male mating preference.

Discussion. Our results suggest female personality differences in boldness may not be
selected for via male mate choice.



INTRODUCTION

Ever since Darwin, female mate choice has
received extensive attention in sexual
selection studies though male mate choice
has long been overlooked (Arnaud and
Haubruge 1998; Herdman et al. 2004).
Males were assumed not to be choosy
because of their low reproductive
investment: the production of tiny sperm is
less costly than the production of large
oocytes allowing males to increase their
fitness through a high number of matings
rather than through choosiness (Bateman
1948; Kokko and Jennions 2003; Trivers
1972). However, male investment into
reproduction is not as low as previously
presumed; the production of sperm,
especially when produced in a large
amount, can actually be quite costly
(Caballero-Mendieta and Cordero 2013;
Olsson et al. 1997; Wedell et al. 2002).
Furthermore, characteristics of the mating
system can lead to an equal or even heavily
male-biased reproductive investment, such
as in bi-parental and sex-role reversed
species (Cantoni and Brown 1997; Gross
and Sargent 1985; Svensson 1988). In bi-
parental species, both the male and the
female parent provide intensive offspring
care, which can be extremely costly
(Marconato et al. 1993; Royle et al. 2012;
Steinhart 2004). Under such increased costs
of reproduction (e.g., time, energy and
resources) not only females but also males
are expected to be choosy (Bonduriansky
2001; Wong and Jennions 2003).

Male mating preferences have
largely been tested for female traits that
indicate fecundity (Bonduriansky 2001;
Edward and Chapman 2011; Wang et al.
2017b); for instance body size (Olsson
1993), weight (Welke et al. 2012), fatness
(Bonduriansky and  Brooks 1998) or
colouration (Amundsen and Forsgren 2001).
Little is known about male mating
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preference for consistent differences in
behavioural  traits  (e.g., aggression,
boldness and explorative tendency), also
referred to as personality differences,
coping styles or temperaments (Schuett et
al. 2010). To the best of our knowledge, the
relatively few studies examining mate choice
for personalities mainly consider female but
not male mate choice (Kralj-Fiser et al. 2013;
Montiglio et al. 2016; Scherer et al. 2017b;
Schuett et al. 2011b; Teyssier et al. 2014;
but see: Laubu et al. 2017). Male mate
choice for personality traits is especially
interesting in bi-parental species because (|)
female behaviour can directly affect
reproductive success through amount and
style of parental care (reviewed in Chira
2014). For example, female exploratory
behaviour increased the number of
fledglings in blue tits, Cyanistes caeruleus
(Mutzel et al. 2013) and aggressive Ural owl
females, Strix uralensis, raised more
offspring (Kontiainen et al. 2009). Further,
(1) due to the mutual provision of care also
the interplay between male and female
personality has the potential to affect
reproductive success (David et al. 2015;
Laubu et al. 2016; Schuett et al. 2011a).
Behavioural similarity in the level and
consistency of exploratory  behaviour
positively affected fledgling condition of
breeding pairs in the zebra
finch, Taeniopygia guttata (Schuett et al.
2011a). In the convict cichlid, Amatitlania
siquia, pairs that achieved post-pairing
similarity =~ on  the  proactive-reactive
continuum could increase the number of
their offspring (Laubu et al. 2016).

In the present study, we tested male
mating preference for female boldness
(probability to engage into risky behaviour;
Wilson et al. 1994) in a territorial and bi-
parental West African cichlid species, the
rainbow krib, Pelvicachromis pulcher. Bi-
parental cichlids commonly show a division
of labour with specific sex roles during
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offspring care (e.g. ltzkowitz 1984; Lavery
and Reebs 1994; McKaye and Murry 2008):
typically, males do a greater proportion of
the territory defence (vigilance behaviours,
attacking intruders) females provide more
direct offspring care (egg oxygenation,
keeping the brood together, guidance to
feeding grounds). Accordingly, one could
hypothesize females to show a directional
preference for male boldness (indicating
high parental quality). In contrast, males
could be expected to show no preference
for female boldness because the benefit of
a high behavioural level in female boldness
during direct offspring care might be rather
low. However, we previously tested female
preference for male boldness in this species
(Scherer et al. 2017b) and found a dis-
assortative preference for the behavioural
level and an assortative preference for the
consistency of male boldness. Most
importantly, (dis-) assortment indicates
mutual mate choice because it results from
a joint assessment process (Johnstone
1997). Thus, not only females but also males
might choose their mate on the basis of its
boldness in the rainbow krib. Such a
preference pattern may ease parental care
coordination through a facilitation of labour
division with the bold parent performing
territory defence and the shy parent
providing direct offspring care. That is, roles
might be based on individual behavioural
predisposition rather than on the sex
(Scherer et al. 2017b). Here, we used an
experimental design similar to our female
choice study testing for the male
perspective: males were allowed to choose
between two females that differed in their
level and consistency of boldness (activity
under simulated predation risk). Prior to
mate choice, males were allowed to
eavesdrop on female boldness. We
measured individual boldness twice to
determine behavioural consistency at the
individual and population level. We

hypothesized to find the same pattern as in
our female choice study (Scherer et al.
2017b): consistent personality differences in
both sexes and a mating preference for a
dis-similar level and similar consistency of
boldness (ll). Alternatively, we considered
female behaviour itself to be important (I):
we tested for a general male preference for
a high level and high consistency of female
boldness. A high level of boldness could
indicate  high  parental effort, while
behavioural consistency could indicate the
reliability of the trait and, therefore, the
quality of the signal (Royle et al. 2010).

MATERIAL & METHODS

Study animals and holding
conditions

All fish were kept at the Universitat
Hamburg (100 x 50 x 25 cm tanks, 26 + 1°C
water temperature, aerated and filtered
water, weekly water changes, 12:12 h
light:dark). Male P. Pulcher originated from
the university breeding stock but due to a
heavily skewed sex ratio females were
largely bought as juveniles from external
suppliers. Fish were held in shoals of
approx. Forty individuals matched for sex
and origin (university stock: matched for
family; external suppliers: matched for
supplier and batch). Fish were fed 5 days a
week with live Artemia spp.

For the duration of experimental
trials fish were transferred to individual
housing tanks (25 x 50 x 25 cm; same
holding conditions as above) and were fed 7
days a week ensuring equal conditions
between successive trials. On
experimentation days, fish were fed after
the observations. All fish were measured for
their standard length (males: mean * SE =
5.03 = 0.08 cm; females: mean = SE = 3.97



= 0.04 cm) using ImageJ (Schneider et al.
2012) 5 days before experimental trials and
were marked for individual identification
using VIE tags (visible implant elastomers;
VIE-Northwest Marine Technology, Shaw
Island, WA, USA) four days before
experimental trials. Such VIEs do not affect
mate choic e in P. Pulcher (Schuett et al.
2017). After VIE tagging, all individuals
resumed to normal behaviour without any
signs of distress within less than 24 h.

General outline

Experimental trials were conducted during
July and August 2017. Our work was
approved by the German ’‘Behdrde fiir
Gesundheit und
Hamburg’ (permission number 52/16). We

Verbraucherschutz

used a similar experimental set up and
procedure as described in Scherer et al.
(2017b). In order to assess the level and
consistency of boldness, all males (N = 44)
and females (N = 44) were tested for their
boldness twice (please see ‘Boldness test)
with 3 days in between; successive trials
were performed on the same time of day
(15 min). We always boldness typed two
same-sex individuals simultaneously (with no
visual contact between test fish). During
female boldness tests, males were allowed
to observe female behaviour. Male mating
preference for the two females was tested
directly after the female boldness test in a
standard binary choice test (please see
‘Mate choice trials’). Such binary choice
tests are a standard procedure being
appropriate to predict mating preferences
in cichlid fishes from the time spent near
potential mates (Dechaume-Moncharmont
et al. 2011; Scherer et al. 2017b; Thinken et
al. 2007). Importantly, male choice was
assessed after and not during predator
exposure reducing potential effects of male
anti-predator behaviour on male mate
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choice. Empirical studies have shown that
fish observe (and remember) conspecific
behaviour, and that they later use such
information  during  their own social
interactions with the previously observed
individual (Bierbach et al. 2013; Doutrelant
and McGregor 2000; Scherer et al. 2017b;
Schlupp et al. 1994; Witte and Godin 2010).
Male preference was assessed for each male
once (N = 44). Each female dyad (N = 22)
was used for two mate choice trials, once
after each boldness test. We performed a
complete water change in all experimental
tanks before each boldness test/mate
choice trial.

Boldness test

Boldness was measured as the individual
activity under simulated predation risk
(hereafter APR; Scherer et al. 2017a; Scherer
et al. 2017b) via exposing individuals to a
video animated photograph of a naturally
occurring predator, the African obscure
snakehead, Parachanna obscura (N = 4,
mean * SE standard length = 16.11 + 0.38
cm). Predator specimen were animated to
swim back and forth in front of a white
background using PowerPoint (1 cm/sec)
(Scherer et al. 2017a; Scherer et al. 2017b).
Rainbow kribs decrease their activity in the
presence of such animated predators
compared to predator free control trials
(Scherer et al. 2017a). Further, this response
is comparable to the individual response
towards a live P. obscura specimen (Scherer
et al. 2017a).

To begin a boldness test, we
introduced two same sex individuals into
two neighbouring test tanks without visual
contact (Figure 1a). For boldness tests of
males, simultaneously tested males were
randomly chosen but for boldness tests of
females, simultaneously tested females were
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Figure 1. Experimental set-up for behavioural tests. Set-up for (A) the boldness test and for female
boldness tests (B) the subsequent mate choice test. Water level for all tanks was 10 cm. Fish are not to

scale.

matched for origin and standard length (size
difference <5%; mean = SE = 0.03 = 0.01
cm). After an acclimation of 10 min, both
test fish were allowed visual access to a
computer monitor (UltraSharp U2412M 61
cm (24"); Dell, Round Rock, TX, USA) on one
end of the two tanks through removal of a
white separator. During this test period
(duration = 11 min), we presented a
randomly chosen animation of an unfamiliar
predator specimen to both test fish. Also,
we removed another white separator at the
back of the two tanks for the duration of the
test period allowing an observer fish
(acclimated for 10 min) full view to both test
fish and the predator animation (Figure 1a).
For female boldness tests, we randomly
chose a male observer not being related
(non-sibling and non-familiar) to the females
for further assessment of male mating
preference (please see ‘Mate choice trials’).

For male boldness tests, we introduced a
randomly chosen dummy female that was
not part of this study. The observer fish was
hidden in a cylinder (diameter = 20 cm),
which was coated with one-way mirror foil.
The usage of the cylinder ensured that both
test fish were visible to the observer during
the test period while the one-way foil
reduced visibility of the observer to test fish
(avoiding an impact of the observer on test
fish behaviour). Observers did not show
signs of distress when being kept in the
cylinder. The observer tank was covered
with black plastic plates, including a black
plate covering the top to further decrease
visibility of the observer to test fish. The
sides of boldness test tanks were covered
with  white plastic plates to avoid
disturbances and visual contact between
test fish. Test periods were video-recorded
from an above camera. After male boldness



tests, test fish were returned to their
individual housing tank. After female
boldness tests, female test fish and the male
observer were directly transferred to a mate
choice chamber for assessing male mating
preference (please see ‘Mate choice trials’).

Individual APR was assessed from
the videos for all males and females as the
total distance moved (cm) during 10 min
(starting 1 min after the video start) using
the animal tracking software Ethovision XT
11 (Noldus, Wageningen, The Netherlands).
For all preference analyses, we used female
APR of the boldness test that was observed
by the respective observing male. For
males, the individual behavioural level was
assessed as the average APR of both
boldness tests. Behavioural consistency was
measured as inconsistency: the absolute
value of the difference in the APR between
the two boldness tests (Scherer et al.
2017b). Due to an error in three male
boldness tests (each trial including two
simultaneously tested males) we had to
remove six males from the data set. The two
females of each boldness test were
classified into bold (mean = SE APR =
1,037.27 = 113.24 cm moved) and shy
(mean = SE APR = 577.18 + 79.26 cm
moved), depending on their level of
boldness relative to each other; and into
consistent (mean *+ SE inconsistency = 268.5
+ 40.5 cm) and inconsistent (mean + SE
inconsistency = 5650 = 60.2 cm),
depending on their inconsistency relative to
each other. Bold and shy females
significantly differed in their level of
behaviour (mean = SE  within-dyad
difference in APR = 196.2 + 34.0 cm moved;
average over both female boldness tests
used) (linear mixed-effect model with female
behavioural level (APR in cm) as dependent
variable, female level classification as fixed
effect, and female ID as well as female dyad
ID as random effects; y* =20.670, P <
0.0001, coefficient £ SE = 450.6 + 85.9 cm
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moved; N = 88 measures of 44 females in
22 dyads, each female tested twice).
Likewise, consistent and inconsistent
females significantly differed in their
behavioural consistency (mean = SE within-
dyad difference in inconsistency = 296.6 +
42.9 cm) (linear mixed-effect model with
female inconsistency as dependent variable,
female  consistency  classification  as
predictor variable, and female dyad ID as
random effect; %1 =16.434, P < 0.0001,
coefficient = SE = 296.6 £+ 60.0 cm; N = 22
female dyads). Importantly, the behavioural
classification into bold and shy (or consistent
and inconsistent) was based on the
behavioural contrast between the two
females of a dyad and does not represent a
global classification.

Mate choice trials

To begin a choice test, we transferred the
two females and the observer male from the
female boldness test tanks to the mate
choice chamber (Figure 1b): the male was
transferred to the male compartment in the
middle and the two females were randomly
assigned to the two female compartments
of the choice chamber. All fish were allowed
to acclimate for 10 min without visual
contact (removable white separators)
followed by a 12 min test period with full
visual  contact between the three
compartments (separators removed).
Thereafter, we repeated this test period
with the females being switched between
the two female compartments controlling
for a potential male side bias. All fish were
allowed to acclimate without visual contact
for 5 min before starting the second test
period (duration = 12 min) with full vision.
During the whole duration of mate choice
trials, females were kept in Plexiglas
cylinders (inner diameter = 7.4 cm) to
control for general female locomotor
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activity. Prior to mate choice trials, we
habituated females to the cylinders: we kept
them in the cylinder for 45 min per day, on
three consecutive days (starting 5 days
before experimental trials, no cylinder
training during the two days before the start
of experimental trials). The mate choice
chamber was surrounded with white plastic
plates. Both test periods were video-
recorded from above.

Male preference was assessed from
the videos using Ethovision XT 11. We
tracked the association time (sec); i.e., the
amount of time spent near the two female
compartments (within a zone-width of 10
cm, hereafter preference zone; Figure 1b)
during both test periods. Male preference
for each female was then calculated over
both test periods setting the total
association time for one female into relation
to the total association time for both
females. This results into a preference score
ranging from O (no time spent with a female)
to 1 (100% of the total time spent with a
female). Further, we calculated male side
bias over the two test periods as the total
amount of time spent in the left preference
zone set into relation to the total amount of
time spent in both preference zones
(Scherer et al. 2017b). We a priori decided a
male to be side-biased, when it spent more
than 80% of the total association time in just
one preference zone, regardless which
female was there. Side-biased preference
data were excluded from the analyses (e.g.
Scherer et al. 2017b; Schlupp et al. 1999),
(N = 3 excluded mate choice trials).

Data analyses

Data were analysed in R version 3.4.0 (R
Core Team 2017). All data used for analyses
are provided as supplemental information
(Supplemental Material 1 and Supplemental
Material 2) To assess behavioural

consistency on population level, we
calculated normal and adjusted (corrected
for trial number) repeatabilities for male (N
= 76 trials of 38 males) and female (N = 88
trials of 44 females) APR with 1,000
bootstrapping runs and 1,000 permutations
using the rptR-package (Stoffel et al. 2017).
Adjusted repeatabilities were calculated
taking account for potential effects of
habituation to the stimulus by adding the
test trial number as fixed term (Bell et al.
2009; Nakagawa and Schielzeth 2010). Also,
we tested for an effect of the boldness test
trial number on APR in both sexes using
paired t-tests.

In the present study, we tested for a
linear function describing the relationship
between male preference and female
quality. Visual data inspection did not
suggest a non-linear relationship. However,
preference functions can also be shaped
non-linearly (Reinhold and Schielzeth 2015;
Wiegmann et al. 2013). We tested for a
directional male preference for a high level
or high consistency of female boldness by
running two linear mixed-effects models
(LMMs) on male mating preference. As
response variable, we used either male
preference for bold females (N = 35) or for
consistent females (N = 35), respectively.
Female ID and female dyad ID were
included as random effects but no fixed
effects were included (aka null model).
Deviation from random choice would be
revealed when the 95% confidence interval
(Cl) of the intercept does not include 50%
(Scherer et al. 2017b). In a different mate
choice study, we found female rainbow kribs
to prefer males that show a combination of
high behavioural consistency and high level
of aggression (Scherer et al. 2018).
Therefore, we also tested males for a
mating preference for females showing both
high level and high consistency of boldness
(N = 18) through running a third null model,



again, only including female ID and female
dyad ID as random effects.

We tested for a male preference for
behavioural (dis-) similarity by fitting an
LMM on male preference for bold females
(N = 35). We included relative similarity in
the behavioural level and relative similarity
in the behavioural consistency as fixed
effects and female ID as well as female dyad
ID as random effects. Following Scherer et
al. (2017b), we calculated relative similarity
as the male’s similarity with the shy female
minus the male’s similarity with the bold
female (for the level and consistency of
behaviour, respectively). Similarity in the
level and consistency of APR was calculated
as the absolute value of the difference
between the male and each of the two
females, respectively. Relative similarity for
the behavioural level was assessed using
female behaviour shown during the
respective male observation and average
male behaviour shown over both boldness
tests. Positive values of relative similarity
indicate the male’s similarity with the bold
female is higher than its similarity with the
shy female, vice versa, negative values show
the male’s similarity with the shy female is
higher. Because male APR was strongly
affected by the boldness test trial number
(please see 'Results’) we calculated two
additional versions of relative similarity for
the behavioural level; one version using
male APR measured during the first
boldness test, and another version using
male APR measured during the second
boldness test (again, we used female APR
that was observed by the respective male,
not the average female APR). We performed
the above described model three times; all
models were identical but contained
different versions of relative similarity for the
behavioural level (calculated using male
APR assessed either during the first-, the
second- or both boldness tests). Prior to

analyses, male preference score was
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arcsine-square root-transformed for
normality of residuals and predictor
variables  (relative  similarity in  the
behavioural level and in behavioural
consistency) were  z-transformed  for
standardisation. We report partial R? with
95% confidence levels (CL), calculated using
the r2glmm-package (Jaeger 2016), and
estimates for all predictor variables. For
insignificant predictors we report test
statistics derived from the latest model
incorporating the term (backward model
selection). Model assumptions were visually
checked. For an example code of our
preference analyses please see (Scherer et
al. 2018).

Differences in the behavioural
contrast between the two females of a dyad
(that is how much the females differed in
their level and consistency of behaviour,
respectively) are  inherent in  our
experimental design because female dyads
were only matched for size but formed
randomly in regard to their behaviour. We
tested for an effect of female behavioural
contrast on male mate choice by fitting an
LMM on male choosiness (absolute value of
the difference in male strength of
preference for the two females of a dyad) (N
= 35). We included female within-dyad
contrast in the behavioural level as well as
female within-dyad contrast in behavioural
consistency as fixed effects and female dyad
ID as random effect. Female within-dyad
contrast in the behavioural level did not
affect male choosiness (LMM: ¥?1=1.059, P =
0.303, coefficient £ SE (standardised) =
—-0.051 * 0.048; R? = 0.032, 95% CL [0.000~
0.229]; N = 35). However, male choosiness
increased with increasing female within-
dyad contrast in behavioural consistency
(LMM: 9?1=5.703, P = 0.017, coefficient +SE
(standardised) = 0.137 = 0.054; R? = 0.202,
95% CL [0.027-0.451]; N = 35). Also, we
tested whether male choosiness (N = 35)
was affected by the relative similarity in the
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level (male average APR wused for
calculation) and consistency of boldness by
fitting another LMM on male choosiness,
including  relative  similarity in  the
behavioural level (absolute value) as well as
relative  similarity in the behavioural
consistency (absolute value) as fixed effects
and female dyad ID as random effect. We
did not detect any effects of relative
similarity in the level (LMM:
¥?1=1.4419%=1.441, P = 0.230, coefficient
SE (standardised) = -0.063 * 0.047; R? =
0.042, 95% CL [0.000-0.250]; N = 35) or
consistency (LMM: y%=2.114, P 0.146,
coefficient = SE (standardised) = 0.078 =+
0.051; R? = 0.067, 95% CL [0.000-0.291]; N
= 35) of boldness on male choosiness.

I+

Even though there was not much
suggestive evidence for the behavioural
contrast within dyads affecting male
choosiness, we performed all preference
analyses (testing for a directional preference
and testing for male choice based on (dis-)
similarity) with the full data set and with a
smaller data set where the trials with low
behavioural contrast were removed. For the
directional = preference  analyses, we
removed all preference data derived from
mate choice trials where female within-dyad
behavioural contrast in the level (N = 15
trials removed) or consistency (N = 17 trials
removed) was less than 200 cm moved.
When testing for male preference for high
level and high consistency females we used
the sum of the behavioural contrast in level
and consistency as threshold (again 200 cm
moved; N = 24 trials removed). Similarly, for
our preference analysis regarding mate
choice for (dis-) similarity, we removed all
mate choice trials with relative similarity in
level and consistency (absolute values
added up; N = 11 trials removed) being less
than 200 cm moved. The threshold of 200
cm was chosen to ensure a minimum
behavioural contrast without decreasing N
(and the statistical power) too much (please

note, we obtained qualitatively the same
results when other thresholds were chosen).

RESULTS

We found female (LMM: R = 0.673, SE =
0.090, 95% CI [0.448-0.808], N = 44) but
not male APR (LMM: R = 0.000, SE = 0.088,
95% CI [0.000-0.273], N = 38) to be
repeatable over the two boldness tests.
However, when controlling for the trial
number, both females (LMM: R = 0.707, SE
= 0.082, 95% CI [0.515-0.837], N = 44) and
males (LMM: R = 0.338, SE = 0.137, Cl =
[0.086-0.590], N = 38) were significantly
repeatable in their boldness. Male boldness
significantly increased from the first (mean =
SE APR = 498.2 + 57.8 cm moved) to the
second (mean = SE APR = 1265.8 = 89.4 cm
moved) boldness test (paired t-test: t3; =
-8.861, P < 0.0001, N = 38; Figure 2a).
Although less pronounced, also female
boldness increased from the first (mean =
SE APR = 703 + 86.8 cm moved) to the
second (mean = SE APR = 911.4 = 116.3
cm) boldness test (paired t-test: tiz =
—2.650, P=0.011, N = 44; Figure 2b).

Male preference for bold females
did not show a deviation from random
choice (mean preference: 0.497; 95% ClI
[0.432-0.562], N = 35) (Figure 3a). Although
male choosiness increased with increasing
behavioural contrast in female consistency
(please see ‘Data  analyses’), male
preference for consistent females did not
deviate from random choice (mean
preference: 0.519; 95% CI [0.446-0.593], N
= 35) (Figure 3b). Likewise, male preference
for females that were both bold and
consistent did not deviate from random
choice (mean preference: 0.478; 95% ClI
[0.409-0.548], N = 35). Furthermore, we did
not detect any effects of relative similarity in
the level or consistency of APR on male
mating preference for bold females (Table
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Figure 2. (A) Male and (B) female APR (activity under simulated predation risk) over two boldness tests.

1, Figure 4). Also, when performing our
preference analyses considering the effect
of the boldness test trial number on male
APR, and using a smaller data set where
mate choice trials with a low behavioural
contrast in absolute or relative female
behaviour were removed, we did not detect
significant effects of female boldness on
male mate choice (Table 1).
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DISCUSSION

In the present study, we did not detect any
effects of the level or consistency of female
boldness on male mating preference.

Females showed stable

personality
differences in our measure of boldness (with
and without controlling for the trial number).

Male boldness was only repeatable when
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Figure 3. Male preference for the (A) level and (B) consistency of female boldness. Boldness was
measured as APR (activity under simulated predation risk; in cm). Boxplots with 1.5 interquartile ranges,
mean (0) and medians (-); n.s. D non-significant. No deviation from random choice (male strength of

preference = 0.50, dashed line) detected
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Figure 4. Male preference for the relative similarity in the (A) level and (B) consistency of female
boldness. Boldness was measured as APR (activity under simulated predation risk; in cm). Relative
similarity in average male APR and female APR observed directly before mate choice. Positive values of
relative similarity indicate the male's similarity with the respective bold female of a female dyad was higher
than its similarity with the respective shy female. Vice versa: negative values indicate the male was more
similar to the shy female than to the bold female. No significant effects detected (n.s., non-significant).

controlling for the trial number. In both
sexes, the level of boldness increased with
the number of times being tested.

To the best of our knowledge, this is the
first study testing for male mate choice in P.
pulcher. Therefore, there is no empirical
evidence for the existence of male mate
choice in our target species. We had
expected male mate choice in P
pulcher because there is strong empirical
evidence for male choice in a closely related
sister species with very similar breeding
ecology, P. taeniatus. Male P. Taeniatus
choose their mate based on relatedness
(Thanken et al. 2011), colouration (Baldauf
et al. 2011) and ornamentation (Baldauf et
al. 2010). Other recent studies found no
support for male mate choice in bi-parental
cichlid,
Amatitlania siquia (Laubu et al. 2017) and

species, namely the convict
the zebra finch, Taeniopygia guttata (Wang
et al. 2017a; Wang et al. 2017b).

In our study, a biological explanation for the
lack of male choice could be the existence
of typical sex roles during parental care with

the male engaging into parental defence

behaviours and the female providing direct
care. Under this constellation, the effect of
female boldness on the performance of
maternal care duties may be rather low and
might therefore not be very important
during mate choice. But, in thr