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The Effects of Novel Mates and Competitors on the Courtship and Aggression Behaviour of

Japanese Medaka (Oryzias latipes)

by Maggie Kelly
Abstract

Mating with novel individuals is a beneficial strategy to cope with environmental instability and
increases the probability of offspring fitness. Additionally, for males to mate successfully, they
must appropriately allocate their limited mating energy towards courtship (intersexual) and
aggression (intrasexual) behaviour. In male Japanese medaka (Oryzias latipes), previous
research has shown that sex ratio influences both male and female behaviour. However, there
remains a research gap in investigating how the identity, or the novelty, of the surrounding
individuals affects this balance. The goal of this study is to measure the effects of mate and
competitor novelty on the ratio of inter- and intrasexual behaviour of male Japanese medaka, as
well as the effects of mate novelty on female reproductive output. Male behaviour, both
aggression (chasing and hitting) and courtship (following and circling), was quantified by
observing each male on two different days for two minutes each and the frequency of inter- and
intrasexual behaviour was recorded. For males, these observations were collected for all four sex
ratios in three scenarios: familiar mates and familiar competitors, novel mates and familiar
competitors, and novel mates and novel competitors. | found that in response to both novel
mates, and novel mates and competitors, males prioritized intersexual interactions by increasing
their allocation to courtship and following behaviour. I suggest that males use mate novelty as
bet hedging strategy to increase offspring fitness in an unstable environment. In addition, female
reproductive output, measured by the presence of eggs, was recorded daily in the first two
scenarios (first with familiar and then with novel mates). | found that females decrease
reproductive output in response to novel mates. | suggest that females are more receptive to
familiar males because they take less risk relative to males with their limited gametes, and
instead bet hedge with post-fertilization mechanisms.
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1 Introduction

1.1 Sexual selection

Sexual selection is defined as mode of natural selection whereby an individual’s fitness
is determined by their ability to compete for and secure mates (Andersson, 1994) . This ability is
determined by traits associated with both inter- and intrasexual interactions (Fitze et al., 2008).
Intersexual interactions are primarily courtship behaviours between members of the opposite
sex, and intrasexual interactions are primarily aggression behaviours between members of the
same sex (Fitze et al., 2008). Males are typically the more competitive sex, as male fertility is
primarily influenced by their number of partners (Bateman, 1948). However, males have limited
energy that they can spend on mating, and therefore must appropriately allocate their energy

towards inter- and intrasexual behaviour (Fitze et al., 2008).

1.2 Effects of sex ratio and mate novelty on mating behaviour

Various extrinsic factors have been shown to influence how males prioritize their
behaviour. One of these factors is sex ratio, where when the number of available mates is
limited, members of the unlimited sex will modify their behaviour to be competitive and
increase mating opportunities (Emlen & Oring, 1977). For example, in Japanese medaka, males in
male-biased sex ratios will allocate more effort toward intrasexual aggression, and as a trade-
off, less effort for intersexual courtship (Grant et al., 2010). The opposite is true as sex ratio

becomes more female-biased, and available mates outnumber competitors (Grant et al., 2010).



In addition to sex ratio, mate identity can influence the intensity of behaviour associated
with competing for and obtaining mates. The effects of mate novelty, or the Coolidge effect
(Beach & Jordan, 1956), on mating behaviour has also been studied in a variety of species. This
phenomenon was first observed in rats refers to a male’s heightened sexual interest in a novel
female compared to a familiar female, in tandem with a declining interest in a familiar female

with each repeated mating (Steiger et al., 2008).

The Coolidge effect may be a strategy to maximize reproductive investment (Kelley et
al., 1999). Reproduction is an inherently costly process, where the investment in reproduction
is associated with trade-offs such as engaging in mating activities that could expose individuals
to increased risk of predation (Hoffman et al., 2008). Mating with a variety of partners can be
beneficial for multiple reasons. Increased mate novelty can increase genetic variation among
offspring and can increase fitness in variable environments (Steiger et al., 2008). Mate novelty
allows for bet hedging, which is a reproductive strategy that evolves when offspring
environmental conditions cannot be predicted (Shama, 2015). Bet hedging individuals will
mate with a diverse range of phenotypes to produce a variety of different offspring (Lips, 2001).
Under these conditions, increasing the genetic variance among offspring may increase the
probability that a portion of offspring will inherit a suitable phenotype for the prevailing

environment (Lips, 2001; Shama, 2015).

In addition to maximizing reproductive investment, female mate choice is an important
factor in reproductive success. In general, females are more discriminating than males when
choosing a mate (Janetos, 1980). This is attributed to the high costs of egg production relative

to sperm, the female’s limited capacity for breeding frequency and the responsibility of



parental care which usually falls on the female (Janetos, 1980). Despite this, most research on
the Coolidge effect only focuses on the male mate choice with little research exploring how
mate novelty influences female sexual interest. Lisk & Baron (1982) observed that female golden
hamsters decreased their courtship with each repeated exposure to a familiar male. Since then,
attempts to replicate this type of study have been scarce and there remains a gap in the

literature for research that thoroughly investigates the effect of mate novelty on female choice.

1.3 Japanese medaka (Oryzias latipes) as a study species

Japanese medaka (Oryzias latipes) are a small freshwater fish native to Japan. Their
natural habitat includes streams, marshes, and rice paddies (Hiramatsu & Shikasho, 2004). These
habitats are shallow, close to land, and influenced by river discharge, meaning they are highly
variable and subjected to rapid changes in temperature, oxygen level and pH (Franz et al.,
2019). Medaka are polygamous and do not provide parental care to their offspring (Leaf et al.,
2011). Males exhibit distinct and observable mating behaviours which include aggression
towards competing males by chasing or hitting, and courtship towards available females by
following and performing courtship circles in front of the female (Ono & Uematsu, 1957)Female
reproductive output is also easily observed as their eggs are fertilized externally (Iwamatsu,
2004). These characteristics make Japanese medaka a good candidate to study the influence of

mate novelty on of male-or female-directed mating behaviour and female reproductive success.



1.4 Research goals

The main goal of this project is to investigate the effects of novel mates and competitors
on the courtship and aggression behaviour of Japanese medaka. First, | investigate how the
introduction of novel mates affects the courtship and aggression behaviour of male medakas.
Next, to address the research gap in the effects of novel mates on female behaviour, |
investigate how the introduction of novel mates affects the mating behaviour of female
medaka. Finally, | investigate how the introduction of novel competitors influences the
aggression behaviour of male medakas. We predict that both male and female medaka will
exhibit the Coolidge effect, indicated by changes in mating behaviour by males, and egg

production by females.



2 Methods

2.1 Experimental Animals
This experiment used 288 lab-bred Adult Japanese medaka (Oryzias latipes) raised for

six generations in the aquarium facility at Saint Mary’s University, Halifax, Nova Scotia. The fish
were originally obtained from Aquatic Research Organisms (New Hampshire, USA). Individual
fish were assigned a number and tagged with Visual Implant Elastomer tags (NorthWest Marine
Technology, Washington, USA) in two out of four possible locations on the dorsal side of the
fish (left front, left back, right front, right back) in one or two of eight colour options (black,
blue, brown, green, orange, pink, red, or yellow). To identify individuals during the experiment,
tags were inserted while the fish were anesthetized using 0.15g/L MS-222 (Tricaine methane

sulfonate) buffered with 0.3 g/L sodium bicarbonate (NaHCO3).

The Japanese medaka were housed in 10-gallon tanks (20 in x 10 in x 12 in) equipped
with a water aeration device, water heater and under gravel filter. Tanks contained fresh water
between 23-28 degrees Celsius (verified with daily temperature tests) and pH levels of 7.4-8.4.
pH and other water quality parameters such as nitrite, nitrate and ammonia levels were tested
weekly. Partial water changes (25% volume) were also performed weekly on all tanks after
water quality testing using water from a drum that contained 55 gallons of RODI (reverse
osmosis deionized) water, 88mL of red sea salt (to maintain water conductivity between 800-
1600 mS/cm), 8mL of alkaline buffer (to maintain pH between 7 and 8), and 27.5mL of stress
coat. All tanks experienced a 14:10 hour light: dark photoperiod starting at 0700h to mimic the

light cycle of their natural habitat.
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All fish were fed twice daily, once in the morning (before 1000h) and once in the
afternoon (after 1400h). In the morning, they were fed 15g of frozen adult brine shrimp (Hikari
Bio-Pure) and flake food (TetraMin Tropical Flakes). In the afternoon, they were fed live 1.5g

Artemia nauplii (brine shrimp larvae hatched from rehydrated cysts in the lab).

2.2 Experimental design

2.2.1 Tank set up

Twenty-four experimental tanks were used for observations. Each tank contained 12 fish
in one of four male: female sex ratios (0.5, 1, 2 and 5). Sex ratio (SR) 0.5 contained 4 males and
8 females, SR 1 contained 6 males and 6 females, SR 2 contained 8 males and 4 females, and SR
5 contained 10 males and 2 females. Each of the four sex ratios had 6 replicates. Tanks were
located on 6 different shelves in the aquarium facility, each shelf housing one tank of each SR.
To minimize bias based on shelf location and varying proximity from the entryway, the order of
SRs on each shelf was randomized. All males from the 24 tanks were observed under three

experimental conditions (familiar mates, novel mates, and novel competitors).

2.2.2 Familiar mate phase

To familiarize the males with their mates and competitors, the Japanese medaka lived in
their original tanks for one month before observation. After one month, | began the first two
rounds of observations. | observed 6-8 tanks a day, such that one round of observations on all
males took one week. Each male was observed for 2 minutes each round, and all observations
took place between 0800h and 1200h. To avoid sampling bias, males were observed in the

same random order for each round.
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During each observation, | recorded instances of aggression, courtship and following by
the focal male. Aggression is defined as a chase, where a male quickly charges at another male,
causing the other to be hit or flee from the charging fish (Grant et al., 1995). Courtship is
defined as a quick circle performed by a male around a female, where the male swims in a fast
arc in front of the female (Grant et al., 1995). Following occurs when a male follows closely

behind a female. (Ono & Uematsu, 1957).

Each female was also checked daily for the presence of eggs as a measure of their

reproductive output. The eggs are located on the ventral surface, anterior to the anal fin.

2.2.3 Novel mate phase

In this phase, males from each tank were moved as a group to a novel tank of the same
SR as their original tank (Figure 1). To ensure that behavioural observations could occur within
the same timeframe as the familiar phase, | randomly paired replicate SR tanks and swapped
their males. One pair of replicates were swapped each day, meaning that it took three days to
move all males to their new replicate tank. Observations of the male behaviour from each
replicate pair occurred one day and one week after their switch occurred. Individual males
were observed for two minutes and instances of aggression, following and courtship were
recorded. Females were checked daily for eggs as was done previously in the familiar phase.

After observations were completed, the fish were moved back into their original tanks.

2.2.4 Novel mate and novel competitor phase

In this phase, males from each tank were moved individually to a novel tank of the same
SR as their original tank (Figure 2) meaning males were exposed to as few familiar competitors

12



as possible, while experiencing the same sex ratio. To ensure that the behavioural observations
could occur within the same timeframe as the familiar phase, | mixed males together from one
sex ratio per day. Moving all males to their novel competitor tanks took four days. Observations
of the six sex ratio replicate tanks occurred one day and one week after their switch. Individual
males were observed for two minutes and instances of aggression, following and courtship

were recorded. Females were not checked for eggs during this phase.
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Baseline Novel mate phase

D> Male individual

\;%i;:ﬁ) | Tank females

Figure 1. Visual representation of the novel mate phase showing how fish are switched among
the six sex ratio 0.5 tanks. The fish symbols represent individual males, and the female symbol
represents the females of the tank. Males from each SR tank are moved as a group to a novel
tank of the same sex ratio. This exposes the males to novel mates with familiar male
competitors.

Baseline Novel mate and competitor phase

| P ity

Figure 2. Visual representation of the novel mate and novel competitor phase showing how fish
are switched among the six sex ratio 0.5 tanks. The fish symbols represent individual males, and
the female symbol represents the females of the tank. Males from each sex ratio0.5 tank are
moved as individuals to a novel tank of the same sex ratio. This exposes the males to novel
mates and novel competitors.
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2.3 Statistical analysis

All analysis were performed using R version 4.3.0 (R Core Team, 2023). Relationships
between behaviour, novelty and sex ratio were determined using generalized linear models
(GLMs). The data collected on individuals was used to calculate mean behaviour for each

individual tank. “Tank” was used as an experimental replicate in these models.

Linear mixed-effects models using “Ime4” package for mixed model analysis (Bates et
al., 2015) to compare the interactive effects of sex ratio, mate novelty, individual behaviour,
and tank. Individual behaviour and tank are included as random effects in this model to account
for difference among tanks and individual behaviour. Behavioural observations were averaged
both by tank and individual fish. All models used Akaike Information Criterion (AlCc) criteria for
model selection. | selected the model with the lowest AlCc value as the best fit for the data;
models that were lower than all others by an AlCc value of 2 or greater were considered the

sole ‘best’ model.

Post-hoc analyses comparing differences between different combinations of sex ratio
and novelty treatment were performed with estimated marginal means (EMMEANS) using the
“emmeans” package (Length, 2023). EMMEANS values were used to assign compact letter
displays (CLD) to each pair-wise comparison using the “multcomp” package (Hothorn et al.,

2008).
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3 Results

3.1 Total behaviour frequency

| compared the total frequency of male behaviours (aggression, following, and
courtship) between males with familiar mates and males with novel mates, and novel mates
and competitors. In both novelty treatment, total behaviour tended to decrease compared the
familiar treatment (Figure 3). The model that best explained total behaviour frequency in both
novelty treatments includes the interactive effects of sex ratio and novelty treatment (Table 1;
Figure 3). In the novel mate treatment, the interaction was primarily driven by a distinct
difference between familiar and novel treatments in sex ratio 5, whereas the differences in
frequency between treatments among all other sex ratios were similar (Figure 3). In the novel
mate and novel competitor treatment, the interaction was primarily driven by the distinct
differences in frequency between familiar and novel treatments in sex ratio 0.5 and 5, whereas
the differences in frequency between treatments among all other sex ratios were similar
(Figure 3). To account for possible changes in activity level due to time passing between
experiments, | used the proportion of total behaviour to standardize all treatments for further

comparison.
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Figure 3. The relationship between sex ratio and frequency of total inter- and intrasexual
behaviour of males exposed to base familiar mates (white boxes) and novel mates (A) (grey
boxes), or males exposed to novel mates and competitors (B) (black boxes). Large dots
represent tank average for each sex ratio replicate, small dots represent averages of individual
males. Compact letter displays (CDLs) above each box denote pairwise comparisons between
treatments, where sharing common letters represents similarity, and sharing no common
letters represents difference. Boxes represent 257" and 75" quartiles, whiskers represent 1.5 x
the interquartile range and horizontal bars indicate the median. Means are denoted by
diamonds and statistical analyses are summarized in Table 1.
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Table 1. Generalized linear models demonstrating the effects of familiar and novel mate
treatments and sex ratio (SR) on the frequency of total inter- and intrasexual behaviours of
male medaka. Individual males and tank are included as a random effect. Included are degrees
of freedom (df), Akaike Information Criterion (AIC.), the difference between the model with the
lowest AIC. and all other models (AAICc ), and the model weight (waicc ). Model selection is

based on Akaike Information Criterion criteria and the best fit models are highlighted in bold.

Model df A|Cc AA|CC WaAICc
Novel mates
Sex ratio x novelty 11 3222.3 0.00 0.617
Sex ratio + novelty 8 3224.0 1.70 0.264
Novelty 5 3225.6 3.29 0.119
Sex ratio 7 3249.6 27.29 0.000
(Intercept only) 4 3251.4 29.03 0.000
Novel mates and competitors
Sex ratio x novelty 11 3230.2 0.00 0.637
Sex ratio + novelty 8 3232.5 0.58 0.192
Novelty 5 3232.8 5.35 0.170
Sex ratio 7 3268.6 13.59 0.000
(Intercept only) 4 3269.1 13.76 0.000
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3.2 Novel mate phase

3.2.1 Proportion of male inter- and intrasexual behaviour

| compared the proportion of intrasexual and intersexual behaviour between males
exposed to familiar mates and males exposed to novel mates. The model that best explained
the change in behaviour includes effects of mate novelty, as well as the additive effects of
treatment and sex ratio (Table 2). When exposed to novel mates, males tended to spend more
of their total behaviour on intersexual interactions (courtship and following) than intrasexual
interactions (aggression) (Figure 4). Additionally, the proportion of aggression increases as sex
ratio became more male biased, and courtship increases as sex ratio becomes more female

biased (Figure 4).

Following contributed the most to the additive effects of sex ratio and novelty
treatment in intersexual behaviour, where the best models to explain following proportion
included novelty treatment, or the additive effects of sex ratio and novelty treatment (Table 2;
Figure 2). Following increases in response to mate novelty and increases as sex ratio becomes
more female biased (Figure 4). Changes in courtship are best explained by the model that
included the novelty treatment and tends to increase in response to mate novelty but does not

change significantly between sex ratios (Table 2; Figure 4).
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Figure 4. The relationship between sex ratio and proportion of inter- (A) and intrasexual (B)
behaviour of males exposed to baseline familiar mates (white boxes) and to novel mates (grey
boxes). The proportion of intrasexual behaviour is influenced only by aggression behaviour, the

proportion of intersexual behaviour are composed of both following (C) and courtship (D)

behaviours. Large dots represent tank average for each sex ratio replicate, small dots represent
averages of individual females. Boxes represent 25™ and 75™ quartiles, whiskers represent 1.5 x

the interquartile range and horizontal bars indicate the median. Means are denoted by

diamonds and statistical analyses are summarized in table 2.
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Table 2. Generalized linear models demonstrating the effects of baseline familiar and novel
mate treatments and sex ratio (SR) on the proportion of male inter- and intrasexual behaviour.
Individual males and tank are included as a random effect. Included are degrees of freedom
(df), Akaike Information Criterion (AIC.), the difference between the model with the lowest AIC.
and all other models (AAICc ), and the model weight (waicc ). Model selection is based on Akaike
Information Criterion criteria and the best fit models are highlighted in bold.

Model df AlCc AAICc Walcc
Intrasexual behaviour
Novelty 5 365.1 0.00 0.549
Sex ratio + novelty 8 365.7 0.58 0.411
Sex ratio x novelty +11 370.5 5.35 0.038
Sex ratio 7 378.7 13.59 0.001
(Intercept only) 4 378.9 13.76 0.001
Intersexual behaviour
Novelty 5 365.1 0.00 0.549
Sex ratio + novelty 8 365.7 0.58 0411
Sex ratio x novelty +11 370.5 5.35 0.038
Sex ratio 7 378.7 13.59 0.001
(Intercept only) 4 378.9 13.76 0.001
Following
Novelty 5 289.5 0.00 0.568
Sex ratio + novelty 8 290.2 0.73 0.395
Sex ratio x novelty +11 296.2 6.75 0.019
(Intercept only) 4 297.9 8.39 0.009
Sex ratio 7 297.9 8.43 0.008
Courtship
Novelty 5 -159.2 0.00 0.677
(intercept only) 4 -156.6 2.54 0.190
Sex ratio + novelty 8 -154.8 4.40 0.075
Sex ratio x novelty +11 153.2 5.95 0.035
Sex ratio 7 152.4 6.77 0.023
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3.2.2 Female reproductive output

| compared the effect of mate novelty on female reproductive output between four sex
ratios. Overall, females tended to have eggs less frequently when exposed to novel mates than
when exposed to familiar mates (Figure 5). The model that best explained the variation in egg
presence include the interactive effects of the novelty treatment and sex ratio (Table 3; Figure
5). This interaction was primarily driven by the distinct difference in egg presence between
familiar and novel treatments in sex ratio 0.5, whereas the differences between treatments

among all other sex ratios were similar (Figure 5).
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Figure 5. The relationship between sex ratio and egg presence of females exposed to familiar
(white boxes) and novel mates (grey boxes). Females were observed daily for the presence of
eggs posterior to the anal fin and were scored 1 for egg presence and O for egg absence. Large
dots represent tank average for each sex ratio replicate, small dots represent averages of
individual females. Compact letter displays (CDLs) above each box denote pairwise comparisons
between treatments, where sharing common letters represents similarity, and sharing no
common letters represents difference. Boxes represent 25" and 75 quartiles, whiskers
represent 1.5 x the interquartile range and horizontal bars indicate the median. Means are
denoted by diamonds and statistical analyses are summarized in table 3.
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Table 3. Generalized linear models with a binomial distribution demonstrating the effects of
familiar and novel mate treatments and sex ratio (SR) on the proportion of female reproductive

output. Individual females and tank are included as a random effect. Included are degrees of
freedom (df), Akaike Information Criterion (AIC.), the difference between the model with the

lowest AIC. and all other models (AAICc ), and the model weight (waicc ). Model selection is

based on Akaike Information Criterion criteria and the best fit models are highlighted in bold.

Model df AlCc AAICc Walcc
Female reproductive output
Sex ratio x novelty +11 2391.3 0.00 0.669
Novelty 5 2393.6 2.29 0.213
Sex ratio + novelty 8 2394.6 3.52 0.115
(Intercept only) 4 2403.7 12.41 0.001
Sex ratio 7 2404.9 13.59 0.001
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3.3 Novel mates and competitor phase

3.3.1 Proportion of male inter- and intrasexual behaviour

| examined the effects of novel mates and competitors, and sex ratio on the proportion
of male inter- and intrasexual behaviour. The models that best explained these changes
included effects from sex ratio, and the additive effects of sex ratio and novelty treatment
(Table 4). Overall, males did not significantly increase their proportion of intersexual behaviour
when exposed to both novel mates and competitors (Table 4; Figure 6). However, they did

increase intersexual behaviour in response to female-biased sex ratio (Table 4; Figure 6).

Following contributed the most the effects of sex ratio on the proportion of intersexual
behaviour, where the proportion of following increased in response to female-biased sex ratio
but is not significantly affected by novelty treatment (Table 4; Figure 6). The proportion of

courtship was not significantly influenced by novelty or sex ratio (Table 4; Figure 6).
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Figure 6. The relationship between sex ratio and proportion of inter- (A) and intrasexual (B)
behaviour between males exposed to familiar (white boxes) and novel mate + competitors
(black boxes). The proportion of intrasexual behaviour is influenced only by aggression
behaviour, the proportion of intersexual behaviour are influenced both following (C) and
courtship behaviours (D). Large dots represent tank average for each sex ratio replicate, small
dots represent averages of individual females. Boxes represent 25" and 75" quartiles, whiskers
represent 1.5 x the interquartile range and horizontal bars indicate the median. Means are

denoted by diamonds and statistical analyses are summarized in Table 4.

26



Table 4. Generalized linear models demonstrating the effects of baseline and novel mate +

competitor novelty, and sex ratio on the proportion of male inter- and intrasexual behaviour.

Individual males and tank are included as a random effect. Included are degrees of freedom
(df), Akaike Information Criterion (AIC.), the difference between the model with the lowest AIC.
and all other models (AAICc ), and the model weight (waicc ). Model selection is based on Akaike
Information Criterion criteria and the best fit models are highlighted in bold.

Model df A|Cc AA|CC WaAlICc
Intrasexual behaviour
Sex ratio 7 365.2 0.00 0.395
Sex ratio + novelty 8 365.7 0.49 0.309
(Intercept only) 4 367.5 2.22 0.130
Novelty 5 367.7 2.43 0.117
Sex ratio x novelty +11 369.4 4.20 0.048
Intersexual behaviour
Sex ratio 7 365.2 0.00 0.395
Sex ratio + novelty 8 365.7 0.49 0.309
(Intercept only) 4 367.5 2.22 0.130
Novelty 5 367.7 2.43 0.117
Sex ratio x novelty +11 369.4 4.20 0.048
Following
Sex ratio 7 286.3 0.00 0.396
(Intercept only) 4 287.1 0.84 0.260
Sex ratio + novelty 5 287.7 1.47 0.190
Novelty 7 288.3 2.06 0.141
Sex ratio x novelty +11 293.2 6.95 0.012
Courtship
(Intercept only) 4 -122.1 0.00 0.466
Novelty 5 -121.6 0.52 0.360
Sex ratio 7 -118.8 3.33 0.088
Sex ratio + novelty 8 -118.2 3.93 0.065
Sex ratio x novelty +11 -115.8 6.30 0.020
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3.4 Comparing novelty phases

| compared the behavioural difference between the two novelty phases (novel mates,
and novel mates and competitors). The model that best explained this difference in both
intersexual (following and courtship) and intrasexual behaviour did not include novelty or sex
ratio (Table 5). There was no difference between the change in behaviour caused by both
novelty phases and by sex ratio (Figure 7; Table 5). Additionally, there was no difference in
following between novelty phase or sex ratio, or in courtship between novelty phase or sex

ratio (Figure 7; Table 5).
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Figure 7. The relationship between difference in inter- and intrasexual behaviour from baseline
behaviour between novel mate (grey boxes), and novel mate and competitor phases (black
boxes) and sex ratio. Horizontal line represents baseline behaviour from observation of all
males before novelty was introduced. Boxes represent 25" and 75" quartiles, whiskers
represent 1.5 x the interquartile range and horizontal bars indicate the median. Means are
denoted by diamonds and statistical analyses are summarized in table 5.
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Table 5. Generalized linear models demonstrating the effects of baseline and novel mate +
competitor treatments, and sex ratio on the proportion of male inter- and intrasexual
behaviour. Individual males and tank are included as a random effect. Included are degrees of
freedom (df), Akaike Information Criterion (AIC.), the difference between the model with the
lowest AIC. and all other models (AAICc ), and the model weight (waicc ). Model selection is
based on Akaike Information Criterion criteria and the best fit models are highlighted in bold.

Model df A|Cc AA|CC WaAlICc
Intrasexual difference
(Intercept only) 3 12.7 0.00 0.708
Novelty 4 14.9 2.12 0.245
Sex ratio 6 18.6 5.91 0.037
Sex ratio + novelty 7 21.1 8.40 0.011
Sex ratio x novelty +10 30.1 17.32 0.000
Intersexual difference
(intercept only) 3 12.7 0.00 0.708
Novelty 4 14.9 2.12 0.245
Sex ratio 6 18.6 5.91 0.037
Sex ratio + novelty 7 21.1 8.40 0.011
Sex ratio x novelty +10 30.1 17.32 0.000
Following difference
(Intercept only) 3 9.5 0.00 0.724
Novelty 4 11.7 2.11 0.252
Sex Ratio 6 16.9 7.34 0.018
Sex Ratio + novelty 7 19.4 9.82 0.005
Sex Ratio x novelty +10 28.2 18.65 0.000
Courtship difference
(Intercept only) 3 -67.6 0.00 0.516
Novelty 4 -66.2 1.37 0.260
Sex ratio 6 -65.2 2.38 0.157
Sex ratio + novelty 7 -63.5 4.12 0.066

Sex ratio x novelty +10 -55.0 12.59 0.001




4 Discussion

The objective of this study was to measure the effects of mate and competitor novelty
on the courtship and aggression behaviour of Japanese medaka. To do this, | posed three main
guestions: 1) how does male courtship and aggression behaviour change in response to novel
mates, 2) how does female reproductive output change in response to novel mates, and 3) how
does male courtship and aggression behaviour change in response to novel mates and

competitors?

4.1 Novel mate phase

4.1.1 Effects on male behaviour

In this experiment, | predicted that exposure to novel females would increase male
courtship behaviour, that males in female biased sex ratios would allocate more energy to
intersexual courtship than intrasexual aggression behaviour, and that the change in behaviour
would be greater in male biased sex ratios. This is because | anticipated that males in female
biased sex ratios will be less familiar with the individual females in their tank. | predicted that

this would illicit a greater change in their behaviour relative to males in males biased tanks.

In response to novel mates, males allocated more of their energy towards intersexual
courtship behaviour. As a trade-off, less energy was allocated towards intrasexual aggression
behaviour. Additionally, sex ratio influenced behavioural allocation, where males in male biased
sex ratios prioritized intrasexual aggression behaviour, and as sex ratio becomes more female
biased, intersexual behaviour was increasingly prioritized. Finally, there was no difference in

behavioural change between male and female biased sex ratio.
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The behavioural change in response to sex ratio variation is consistent with the
expected dynamic of sex ratio and mate competition intensity, where mate competition
increases as sex ratio becomes increasingly male biased (Kvarnemo & Ahnesjo, 1996). This mate
competition increase results in increased intrasexual interactions, and as a trade-off, decreased

intersexual interactions in male biased sex ratios (Kvarnemo & Ahnesjo, 1996).

The increase in courtship behaviour in response to novel mates supports the hypothesis
that male medaka experience the Coolidge effect. | propose that this is the result of a male bet
hedging strategy. It is well established that male fertility increases with mate frequency
(Bateman, 1948). However, securing mates is a costly investment associated with trade-offs
such as engaging in mating activities that could expose an individual to predation or that could
take away from other survival efforts (Hoffman et al., 2008). Therefore, to maximize this
investment in a variable environment, males will employ a bet hedging strategy, where
individuals will mate with a diverse range of phenotypes to produce a variety of offspring, with
the intent of siring a portion of offspring that inherit a suitable phenotype for the prevailing
environment (Steiger et al., 2008). Males investing more time in courting unfamiliar females is
consistent with this strategy, as mating with new females increases phenotypic variety in

mates.

This phenomenon has been observed in other species of fish such as the Poecilia
reticulata, the wild guppy (Kelley et al., 1999). They found that wild guppies housed temporarily
in aquaria spent more time courting unfamiliar females; however, males in their wild
environment did not discriminate between familiar and unfamiliar females (Kelley et al., 1999).

This is explained by wild males maximizing their mating opportunity by moving amongst schools
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of females, and therefore do not need to discriminate between familiar and unfamiliar females
(Kelley et al., 1999). For males in aquaria, where there is no flux of new individuals, identifying
unfamiliar females proves as an advantage reproductive strategy (Kelley et al., 1999). This is
because the chance of encountering a novel female is lower when new individuals are not able

to enter or exit the tank (Kelley et al., 1999).

However, not every species can exhibit the Coolidge effect. For example, invertebrate
hermaphrodite species such as the freshwater snail Biomphalaria globrata are not influenced
by mate novelty (Haderer et al., 2009). This is because the cost of male mating is not high
enough for strategic mating the be worth the energetic cost, due to the high rate of seminal
fluid restoration in this species (Haderer et al., 2009). This reduces the benefits of prudent mate
discrimination (Haderer et al., 2009). Additionally, in order for an organism to exhibit the
Coolidge effect, it must have the physical ability to distinguish between individuals. It is
hypothesized that B. glabrata are incapable of discriminating between novel and familiar mates
because they lack the ability to remember visual and chemical familiarity cues (Haderer et al.,

2009).

Conversely, it has been demonstrated that medaka are able to distinguish between one
another by both visual and olfactory cues (Wang & Takeuchi, 2017). This is consistent with the
idea that to exhibit the Coolidge effect, the organism must have the ability to distinguish
between individuals. Additionally, the medaka used in this study were housed in aquaria, and
there is currently no data on how mate novelty influences wild medaka behaviour. If the
benefits of mate discrimination are outweighed by other opportunities in a wild environment

for wild medaka, as was the case for guppies, then mate novelty could have no effect on wild
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medaka, and therefore may be ecologically insignificant. However, this claim would require

more research.

4.1.2 Effects on female reproductive output

| predicted that female medaka would exhibit the Coolidge effect, meaning that female
reproductive output would increase in response to novel mates. Additionally, | predicted that
females in male biased sex ratios would have a higher reproductive output than females in
female biased sex ratios. Finally, | predicted that the difference in reproductive output would
be greater in male biased sex ratios than in female biased sex ratios. This is because |
anticipated that females in male biased sex ratios will be less familiar with the individual males
in their tank. | predicted that this would illicit a greater change in behaviour relative to females

in female biased tanks.

In this experiment, female reproductive output tended to decrease in response to mate
novelty across most sex ratios. Reproductive output was highest in sex ratio 5, the most male
biased sex ratio. The difference in reproductive output because of mate novelty was greatest in

sex ratio 0.5, the most female biased sex ratio.

In terms of sex ratio, the result of higher overall reproductive output in male biased sex
ratios is consistent with the observation that mate competition intensity increases as sex ratio
becomes more male biased (Kvarnemo & Ahnesjo, 1996). | propose that this increase in mate
competition intensity causes females to experience higher courtship efforts by males, which

leads to more consistent reproductive output.
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The decrease in reproductive output in response to novel mates is consistent with the
observation that female medaka are more receptive to familiar males (Yokoi et al., 2016).
Females may be less receptive to novel males because they invest greater energy in fewer
gametes compared to males (Andersson, 1994). This may result in females being choosier when
selecting a mating partner and therefore, females will prefer familiar males that they know are

quality partners that can reproduce successfully (Andersson, 1994).

Additionally, unlike males, females’ fertility does not primarily depend on mate
frequency (Kvarnemo & Ahnesjo, 1996). Therefore, bet hedging with mate frequency is not
necessarily a cost-effective option for females, creating less appeal for mate novelty (Kvarnemo
& Ahnesjo, 1996). Alternatively, | propose that females likely bet hedge with post-fertilization
mechanisms such as varying egg and clutch size, and hatch time to cope with varying

environmental conditions (Crean & Marshall, 2009).

4.2 Novel Mate and Competitor Phase

In this experiment, | predicted that in response to novel mates and competitors,
male medaka would allocate more energy to intrasexual aggression behaviour over intersexual
courtship. | predicted that aggression would be higher overall in male biased sex ratios, and
that the difference in behaviour caused by aggression novelty would be greater in female
biased sex ratios. This is because | anticipated that males in female biased sex ratios will be less
familiar with the individual females in their tank. | predicted that this would illicit a greater

change in their behaviour relative to males in males biased tanks.
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The results of the experiment demonstrated that male medaka allocate more of their
total behaviour towards courtship in response to novel mates and competitors. Additionally,
the change in behaviour allocation across both sex ratio and novelty treatment did not differ

significantly between the novel mate, and the novel mate and competitor phase.

| propose that males did not increase their aggression compared the familiar baseline
observations because they were already acting at their maximum aggression capacity.
Increasing aggression past this maximum would take too much energy away from courting
novel females, which as mentioned previously is a method that increases the likelihood of
offspring fitness (Lips, 2001). While aggression behaviour is important for securing mates,
competing with novel over familiar competitors does not have the same fitness advantages as

courting novel over familiar females (Lips, 2001).

4.3 Conclusion

In response to novel mates, males allocated more of their total behaviour towards
courtship over aggression behaviour. This response is likely a result of a male bet hedging
strategy, where mating with novel females could increase offspring diversity (Steiger et al.,
2008). Alternatively, females decreased reproductive output in response to novel mates. This
could result from more conservative mate choice by females, as well as an alternative focus on
bet hedging through post-fertilization mechanisms (Andersson, 1994; Crean & Marshall, 2009).
Finally, males did not increase their aggression behaviour in response to novel mates and

competitors. This could be because male medaka are already acting at their maximum
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aggression capacity, and increasing aggression does not have the same reproductive benefits as

increasing courtship (Steiger et al., 2008).
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