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Abstract Females can adjust their reproductive effort
in relation to their partner’s perceived fitness value. In
zebrafish (Danio rerio), large males are typically pre-
ferred mating partners. However, females have been
observed to reduce their reproductive output with ex-
ceptionally large males but it remains unknown whether

it is due to sexual harassment or aggressive behavior to
establish and maintain dominance. Here, we study the
association between relative male size, sexual harass-
ment and dominance behavior, female stress status
(stress behaviors and whole-body cortisol concentra-
tion), and reproductive success during a 4 day spawning
trial. We found female cortisol to correlate negatively
with female body size and positively with female dom-
inance behavior. However, male and female behavior as
well as female cortisol level were not related to relative
male size. Females mating with relatively large males
produced more and most of their eggs during the first
spawning day, while females with smaller males pro-
duced few eggs during the first day but then increased
egg production. Despite females produced more eggs
when mating with relatively larger males, their eggs had
substantially lower fertilization rates compared to fe-
males mating with relatively smaller males. Hence,
overall, the reproductive fitness was lowest when fe-
males mated with a relatively large male. These findings
could help to explain the maintenance of male size
variation under natural conditions.
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Introduction

In sexual selection theory, females are expected to be the
choosier sex because energetic and survival costs of
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reproduction are assumed to be higher in females than in
males (Darwin 1871; Andersson 1994; Clutton-Brock
2007). Males are generally expected to compete with
other males over access to females and behave generally
less discriminatory when choosing a mate compared to
females (Andersson 1994; but see Edward and
Chapman 2011). Females often prefer male traits that
are also beneficial in male-male competition, such as
exaggerated weaponry or large body size (Howard et al.
1998; Hunt et al. 2009), because males bearing these
traits can be expected to have high resource holding
potential (Parker 1974). In turn, these males may pro-
vide direct benefits to females, for instance through the
acquisition and defense of high quality territories in
nest-building species (Buchanan and Catchpole 1997;
Candolin and Voigt 2001) or by producing higher-
quality or more sperm in non-territorial species (Wong
and Candolin 2005; Hunt et al. 2009). For example, in
mandarin fish (Synchiropus splendidus) and in
mosquitofish (Gambusia holbrooki) larger males pro-
duce more sperm than smaller males, which in turn
should ensure the fertilization of most eggs that are
released by females (Rasotto et al. 2010; O’Dea et al.
2014). The resource holding potential (and related traits)
is assumed to be in part heritable and hence it can be
used to predict female fitness (Bsexy sons^ and Bgood
genes^ hypotheses; Andersson 1994; Hunt et al. 2004;
Tomkins et al. 2004; Jones and Ratterman 2009; Prokop
et al. 2012).

Mating with males with high resource holding poten-
tial may also bear fitness costs for females (Qvarnström
and Forsgren 1998). For example, large males some-
times exhibit higher rates of sexual harassment, e.g., try
to force copulations more intensively, as found in birds
(e.g., Japanese quail, Coturnix japonica; Ophir and
Galef Jr. 2003), insects (e.g., water strider, Aquarius
remigis; Sih et al. 2002), and in livebearing fishes
(e.g., Atlantic molly, Poecilia mexicana; Bierbach
et al. 2013). Indeed, sexual harassment by males is
common in a wide range of taxa (Smuts and Smuts
1993; Moore et al. 2003; Arnqvist and Rowe 2005;
Hosken and Stockley 2005; Matsumoto and Takegaki
2016) and it can affect female fitness through several
mechanisms such as physical damage, energetic loss
and reduced foraging opportunities (Réale et al. 1996;
Darden et al. 2009; Gasparini et al. 2012; Köhler et al.
2011). When female’s reproductive success is negative-
ly affected by sexual harassment (e.g., through elevated
stress level or reduced feeding) the fitness of both sexes

can be lowered through sexually motivated behavior
(Gasparini et al. 2012; Tobler et al. 2011). Additionally
and independently of sexual motivation, dominant and/
or large males might be more aggressive towards fe-
males (Smuts and Smuts 1993), particularly in species
with strong dominance hierarchies, such as zebrafish
(Danio rerio Hamilton, 1822; Spence et al. 2008; Paull
et al. 2010). Non-sexually motivated aggression can
have several equally negative consequences for the sub-
dominant individuals, including elevated stress level
(e.g., Creel 2001; Creel et al. 2013), which in turn has
been shown to reduce fitness in fishes (e.g., Contreras-
Sánchez et al. 1998).

In many social fish species, including zebrafish,
dominance is often related to body size (Spence et al.
2008; Paull et al. 2010; but see Watt et al. 2011). Costs
and benefits to mate with large, dominant and/or
harassing males also relate to the female’s own body
size, thus potentially depend on the male’s size relative
to the female size rather than being exclusively related to
the male’s absolute size. Female zebrafish exercise ac-
tive mate choice in relation to male size (Pyron 2003;
Spence and Smith 2006; Paull et al. 2010) and differen-
tially allocate reproductive resources towards males that
vary in size, often preferring larger males (Skinner and
Watt 2007; Uusi-Heikkilä et al. 2012a). However,
zebrafish females have been shown to reduce reproduc-
tive activity when paired with very large males (Uusi-
Heikkilä et al. 2012b). Despite our previous observation
that females coupled with larger males than themselves
exhibited stress behavior, Uusi-Heikkilä et al. (2012b)
could not find any statistical evidence that the relative
size differences among males and females were respon-
sible for the lower reproductive output. Thus, it has
remained unclear whether the effect of relatively large
male size on reproductive output was caused by male
sexual harassment, male size-dependent dominance or
female’s absolute size.

Here, we studied some behavioral and physiological
mechanisms that can lead to male size-dependent repro-
ductive allocation in zebrafish. Specifically, we ex-
plored whether (i) male sexual and/or dominance-
establishing behaviors depend on relative male body
size. Similarly, (ii) female behaviors indicative for
dominance-establishing motivation should depend on
female body size relative to male size, because size,
independent of sex, is a known predictor for dominance
in zebrafish (Spence et al. 2008; Paull et al. 2010). As a
possible outcome, (iii) female behaviors indicative for
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stress as well as physiological stress measures (elevated
cortisol levels released into the somatic tissue; Barcellos
et al. 2007; Egan et al. 2009; Cachat et al. 2010) should
be linked to size-dependent male behaviors and, ulti-
mately, to relative male body size. Consequently, we
predicted that (iv) the elevated stress due to pairing with
relatively large males translates into poor reproductive
success through reduced clutch sizes (i.e., number of
eggs released by a female per day) and fertilization rates
(Mileva et al. 2011), ultimately lowering female (and
male) reproductive fitness. Overall, the present study
was meant to provide mechanistic explanations why
mating with males with high resource holding potential
(i.e., large body size) can lead to lower reproductive
fitness.

Methods

Study animals and maintenance

Zebrafish is an optimal model to study the effects of
sexual harassment and/or male dominance on female
reproductive behavior and success as females are known
to exercise mate choice based on male body size (Pyron
2003; Spence and Smith 2006; Paull et al. 2010). More-
over, they are known to have size-based dominance
hierarchies (Spence et al. 2008; Paull et al. 2010) and
the fish are relatively small, thus easy to breed and
maintain. Finally, females have relatively short inter-
spawning intervals (Spence and Smith 2006; Spence
et al. 2008), and their courtship behavior is well studied
(Darrow and Harris 2004). Experimental zebrafish used
in the present study were random-bred descendants of
wild caught individuals captured from a river system
70 km west of Coochbihar, West Bengal, India, 22°56_
N; 87°67_ E. Fish were kept in 45 l tanks at a density of
70 individuals in a closed recirculating system main-
tained at 25.5 °C (pH 8.4 ± 0.1). Light was provided
through fluorescence tubes at the room ceiling adjusted
to a 14:10 h light:dark cycle. Throughout the experi-
ments, fish were fed ad libitum three times daily with
TetraMin© and Artemia spp. nauplii.

Experimental design

For the spawning trials, we haphazardly caught individ-
uals from their holding tanks and measured their body
size (standard length, SL) to the exact millimeter (SL

mean ± SD; female: 28.9 ± 2.05 mm; male: 28.3 ±
2.09 mm). All fish were of same age (approximately
250 days post fertilization). Pairs of males and females
were transferred afterwards into three liter water filled
plastic boxes (21 cm × 12 cm × 10 cm) with a mesh-
wired bottom (2 mm mesh size) that allowed eggs to
pass by preventing egg predation (Uusi-Heikkilä et al.
2012a). We covered the whole range of possible size
differences between the sexes (i.e., males being larger
than females to males being smaller than females),
forming 31 pairs in total. Inevitably, in pairs where a
male was smaller than a female, females were on aver-
age larger (30.4 ± 1.62 mm) than in pairs where a male
was larger than a female (26.6 ± 1.01 mm) or where the
sexes were of same size (28.9 ± 1.39 mm). Therefore,
relative male size and female size were to some degree
confounded. We accounted for this issue by calculating
the residuals of a regression of relative male size (size
difference between female and male) on female size (see
below).

Behavioral evaluation

The spawning pairs were placed in the plastic box in the
evening, and the next morning we videotaped each pair
for 5 min. During these 5 min fish were not disturbed by
the person who was videotaping the fish. Due to tech-
nical difficulties with the video system, behavioral data
on some pairs were missing. Accordingly, the number of
observations among different-sized female and male
couples varied from 4 to 16. The behavior of each pair
was videotaped during the first hour after the lights
came on. This is the period of the highest spawning
activity in zebrafish (Hisaoka and Firlit 1962). The
dominance-subordinate relationship can take up to
5 days to be firmly established (Larson et al. 2006). In
our experiment, the fish had spent approximately 10 h
together before the behaviors were filmed. This was
intendedly too short to establish a dominance-
subordinate between the female and the male, thus
allowing us to study both the effects of dominance-
related behavior and sexually-motivated harassment.

Videos were analyzed using JWatcher, and the as-
sessment was blinded as much as possible (sometimes
the observer could not help noticing that the male was
clearly larger or smaller than the female). We scored
male and female courtship and aggressive behaviors
(chasing and body contacts; Spence et al. 2008), general
activity levels as well as behaviors previously described
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to correlate with stress (freezing behavior and duration
the fish tried to escape from the experimental tank; see
Table 1 for details as well as Maximino et al. 2010;
Kalueff et al. 2014 for a description of zebrafish behav-
iors). Afterwards, we assessed reproductive perfor-
mance. To that end, eggs laid over the last 24 h were
collected each morning between 10:00 AM and
12:00 PM for a period of 4 days following a previously
established protocol (Uusi-Heikkilä et al. 2012a). This
period was chosen because earlier studies showed an
inter-spawning interval period in zebrafish of approxi-
mately 4 days (Spence and Smith 2006; Spence et al.
2008). We therefore assumed that any given pair willing
to release eggs would do so within 4 days of being held
as a couple. Each day during the 4-days experiment, we
counted the number of eggs laid per pair and separated
the fertilized eggs from the unfertilized ones.

Cortisol measurement

After the fifth day, females were euthanized with an
overdose of ethylenglycolmonophenylether and imme-
diately frozen at −80 °C for subsequent cortisol mea-
surements. Special care was taken to ensure that the
euthanization occurred quickly (i.e., within 3 sec), so
that this procedure did not affect the cortisol measure-
ments. For the whole-body cortisol measurements, we
used a standard kit for human plasma cortisol levels
(Cortisol ELISA, RE52061) provided by the IBL Inter-
national GmbH (http://ww.IBL-International.com).

Statistical analyses

First, we evaluated whether observed behaviors differed
between the sexes during the mating trials. We com-
pared ‘chasing’, ‘freezing’, ‘activity’ and ‘escaping’
behavior (Table 1) between males and females using
generalized linear model with sex, female standard
length (SL), relative male size, and its interaction with
sex as fixed effects. Also, the effect of relative male size
and female SL on female cortisol level and on number of
body contacts between a female and a male was studied
using a generalized linear model. The relative male size
was calculated as

male SL mmð Þ=female SL mmð Þð Þ* 100:

The higher the value, the larger the male was com-
pared to the female. Because relative male size was
negatively associated with female SL (p < 0.001), the
effects of female SL and relative male size were con-
founded. To include both variables (female SL and
relative male size) in the analyses, we used the residuals
of their relationship (i.e., relative male size as a response
variable and female SL as an explanatory variable) in
the analyses to obtain a relative male size measure
(residuals) that was independent of the female SL. This
was necessary because, as mentioned before, in couples
where a male was larger than a female, females were on
average smaller than in couples where a male was
smaller than a female. Thus, without controlling for
female body size in the analyses the results would

Table 1 Ethogramm of behaviors recorded during the mating trials

Behavior Description Unit

Female chasing male The female follows and chases the male. duration [s]

Male chasing female The male follows and chases the female. duration [s]

Female freezing Number of times the female rested motionless for more than one second. No. [#]

Male freezing Number of times the male rested motionless for more than one second. No. [#]

Female activity The plastic box was virtually divided into 5 same-size compartments and
we counted the number of times the female crossed one compartment.

No. [#]

Male activity The plastic box was virtually divided into 5 same-size compartments and we
counted the number of times the male crossed one compartment.

No. [#]

Contacts Number of times fish had a body contact with the other fish. No. [#]

Female escapes Time the female tried to escape from the plastic box by swimming against walls or bottom mesh. duration [s]

Male escapes Time male tried to escape from the plastic box by swimming against walls or bottom mesh. duration [s]
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remain confounded because they could be caused by the
relative male size or female body size. Our metric of
residual relative male size will be henceforth referred to
as Brelative male size^. All statistical analyses were run
with female size and relative male size as fixed effects.
Absolute male body size was positively associated with
the relative male size residuals (P < 0.001) and was thus
not included in the analyses.

Second, we aimed to find potential associations be-
tween female and male behaviors during the spawning
trials and female cortisol levels as surrogates for female
distress. To that end, we performed principal component
analysis (PCA) with scaled behaviors and female corti-
sol concentrations. The principal component axes were
Varimax rotated to increase interpretability. We retained
all orthogonal axes with an eigenvalue >1 as new vari-
ables for subsequent analyses using factor scores. To
study how the different behaviors were affected by the
relative male size and female size, we further analyzed
these PCA variables (factor scores) using a generalized
linear model with female SL and relative male size as
fixed effects.

Finally, we asked how the relative male size as well
as female size (SL) affected females’ reproductive out-
put. We used generalized linear models to study whether
female size, relative male size, spawning day, and the
interaction between relative male size and spawning day
(fixed effects) explained the total number of eggs and
the number of fertilized eggs released per female. Be-
cause not all females produced eggs every day, both
models were zero-inflated and the models considering
a single Poisson-based distribution of errors were over-
dispersed. Thus, we used two zero-inflated models to
decompose the data into two processes and fit the prob-
ability of spawning (binomial part of the zero-inflated
model) and the number of eggs released (Poisson-count
part of zero-inflated model) in the first model, and the
probability of fertilization (binomial) and number of
eggs fertilized (Poisson count) in the second model.
The estimates and their standard errors were calculated
for both models via maximum likelihood. Because we
fitted two different models (total number of eggs and
number of fertilized eggs) we generated a series of
simulations. To that end, we utilized the predictions
(simulations) across all four spawning days using the
coefficients of the two models to estimate the fertil-
ization rate (as the percentage of the fertilized eggs
with respect to the total number of eggs released by
the female during the 4 day spawning period). All

analyses were done in R (version 3.2.0; R Core
Team 2014) using packages pscl, lmtest and psych.

Results

Size-related male and female behavior

During the spawning trials, males spent significantly
more time chasing females than vice versa (P = 0.023;
Fig. 1a; Table 2). The interaction between relative
male size and sex was not statistically significant
(P = 0.072; Table 2), suggesting that larger males did
not chase females significantly more. Females gener-
ally showed more freezing behavior than males
(P < 0.001; Fig. 1b; Table 2). Males tended to be
slightly more active than females (P = 0.056; Fig.
1c; Table 2), and relative male size significantly and
positively affected activity (P = 0.044; Table 2): the
larger the male compared to the female, the more
active both females and males were. Finally, the es-
cape behavior was not related to sex, relative male
size or female body size (Table 2).

Stress-related male and female behaviors during mating

We extracted four principal components with eigen-
values >1 from the PCAs. All behaviors recorded
during the mating trials and female cortisol levels as
surrogate for physiological stress levels accounted
for 74.1% of the total variance explained. The first
principal component (PC 1; 28.6% variance ex-
plained after rotation) was mainly composed of body
contacts between males and females and male chas-
ing behavior in the positive direction, and male
freezing behavior in the negative direction
(Table 3). We thus interpreted this PC as ‘male
mating vigor’. PC 2 (18.9%) received strongest
loadings from female chasing and male escape be-
havior in the positive direction and female cortisol
levels in the negative direction (Table 3). This axis
thus represented behaviors we interpreted as ‘female
dominance’. ‘General activity’ of both sexes loaded
strongest on PC 3 (13.5%, Table 3), while PC 4
(13.1%; Table 3) was predominately formed by fe-
male freezing behavior and male chasing in the
positive direction and female escape behavior in
the negative direction. We interpreted PC 4 as ‘fe-
male distress’.
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Neither relative male size nor female size had sig-
nificant effects on male mating vigor, female domi-
nance or general activity (i.e., the first three PC axes,
Table 4). There was also only a non-significant trend
(P = 0.061) of female distress (PC 4) being affected
by the relative male size (Table 4). Whole-body cor-
tisol concentration correlated negatively with female
body size (P = 0.002; Fig. 1d) but was not significant-
ly associated with relative male size (P = 0.603). The
number of body contacts was affected neither by
female body size (P = 0.376), nor by the relative male
size (P = 0.486).

Female differential reproductive allocation as a function
of relative male size

The spawning probability was significantly affected by
the spawning day, with the spawning probability de-
creasing over time (Table 5). The Poisson coefficients
of the count model (number of eggs) also revealed a
significant positive effect of female size, relative male
size, and spawning day as well as a significant negative
interaction of the relative male size and the spawning
day (Table 5). Female size was positively correlated
with the number of eggs released (Table 5), indicating
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Table 2 The effect of sex, relative male size (residual), and female standard length (SL) on chasing behavior, freezing behavior, activity and
escape behavior

Behavior Variable Deviance (d.f.)a p valueb Variable estimate (s.e.)

Chasing behavior Relative male size × Sex 148.48 (45,46) 0.0723 −0.4874 (0.2712)

Relative male size 53.361 (46,47) 0.2894 0.0966 (0.1917)

Sex 247.49 (47,48) 0.0227 male: −11.320 (13.580)

female: −4.1530 (1.9116)
Full model residual deviance: 2040.1 Female SL 103.95 (47,48) 0.1397 0.7060 (0.4672)

Freezing behavior Relative male size × Sex 1.7903 (45,46) 0.4296 0.0525 (0.0680)

Relative male size 2.7519 (46,47) 0.3305 −0.0180 (0.0622)

Sex 35.612 (47,48) 0.0004 male: 4.0067 (2.5955)

female: 1.3681 (0.4626)

Full model residual deviance: 120.47 Female SL 9.0871 (47,48) 0.0729 −0.1533 (0.0904)

Activity Relative male size × Sex 2.5244 (45,46) 0.8220 0.0035 (0.0156)

Relative male size 197.69 (46,47) 0.0444 0.0140 (0.0104)

Sex 178.11 (46,47) 0.0563 male: 5.5153 (0.7790)

female: −0.2175 (0.1150)
Full model residual deviance: 2426.5 Female SL 9.1090 (46,47) 0.6661 3.9641 (8.7581)

Escape behavior Relative male size × Sex 29.149 (45,46) 0.5380 0.2174 (0.3531)

Relative male size 153.25 (46,47) 0.1551 −0.3580 (0.2497)

Sex 7.1760 (47,48) 0.7609 male: 10.3661 (17.682)

female: −0.8900 (2.4889)
Full model residual deviance: 3458.6 Female SL 12.427 (48,49) 0.6860 −0.2471 (0.6083)

Variable estimates predicted by the model shown with standard errors (s.e.). Male is the intercept when testing the effect of sex. Significant
variables are in bold
a Increase in residual deviance upon deletion from the full model
bP-values from χ2 -test

Table 3 Principle component (PC) standardized loadings (after Varimax rotation) with behaviors and female cortisol levels

Variables Axis loadings

PC1 (2.86) PC2 (2.08) PC3 (1.36) PC4 (1.08)
‘Male mating vigor’ ‘Female dominance’ ‘General activity’ ‘Female distress’

Cortisol levels [ng/g] 0.163 −0.771 0.137 −0.040
female chasing male [s] 0.177 0.829 0.302 −0.163
male chasing female [s] 0.511 −0.285 0.199 0.579

female freezing [s] 0.030 −0.172 −0.070 0.878

male freezing [s] −0.784 0.184 −0.288 −0.090
female activity [s] −0.144 0.050 0.909 −0.040
male activity [s] 0.358 0.060 0.694 −0.020
contacts [#] 0.932 −0.030 −0.123 −0.030
female escapes [s] 0.333 −0.456 0.450 −0.546
male escapes [s] −0.185 0.605 0.030 −0.174

Loadings >0.5 are in bold typeface. Eigenvalues (after rotation) are given in parenthesis
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the greater (and well known) egg holding potential of
large females. The significant interaction between rela-
tive male size and spawning day indicated that when the
male was larger than the female, the female released a
large number of eggs during the first spawning day but
during the consecutive spawning days the egg produc-
tion decreased (Fig. 2a). The opposite pattern was found
when the male was smaller than the female. Then, the
egg production of females was low during the first
spawning day but increased towards the end of the
4 day spawning period (Fig. 2a). When the females
and males were of equal size, the females released

similar number of eggs across the spawning days, re-
vealing a flat pattern (Fig. 2a).

The egg fertilization probability was significantly
and positively affected by female size, suggesting that
the eggs produced by larger females had a higher fertil-
ization probability (Table 6). The female size had also a
significant effect on the number of fertilized eggs, sug-
gesting that larger females produced more fertilized
eggs (Table 6). Similarly to the situation with the total
number of eggs produced (above), the significant inter-
action between relative male size and spawning day
indicated that when the male was larger than the female,

Table 4 The effect of female size (SL) and relative male size on PC-factors. Variable estimates predicted by the model are shown with
standard errors (s.e.)

PC-factor Explanatory variable Deviance (d.f.)a P-valueb Variable estimate (s.e.)

PC1 Relative male size 1.6688 (22,23) 0.1861 –0.0365 (0.0276)

Female SL 1.3310 (23,24) 0.2452 0.1060 (0.0897)

PC2 Relative male size 2.3969 (22,23) 0.0963 –0.0438 (0.0263)

Female SL 2.5447 (23,24) 0.0986 0.1465 (0.0855)

PC3 Relative male size 1.9129 (22,23) 0.1673 0.0391 (0.0283)

Female SL 0.0225 (23,24) 0.2839 –0.0138 (0.0920)

PC4 Relative male size 3.2760 (22,23) 0.0609 0.0512 (0.0273)

Female SL 0.2021 (23,23) 0.2728 0.0413 (0.0887)

a Increase in residual deviance upon deletion from the full model
bP-values from χ2 -test

Table 5 The effect of female size (SL), relative male size, spawning day and the interaction between relative male size and spawning day on
spawning probability and total number of eggs released by a female

Explanatory variable Variable estimate (s.e.) z-score P-value

(Intercept) 3.61 (2.80) 1.29 0.20

Female SL −0.14 (0.10) −1.47 0.14

Relative male size −0.03 (0.06) −0.41 0.68

Spawning day 0.39 (0.18) 2.20 <0.05

Spawning day × Relative male size 0.02 (0.02) 0.93 0.35

(Intercept) 1.96 (0.29) 6.76 <0.001

Female SL 0.06 (0.01) 6.37 <0.001

Relative male size 0.09 (0.01) 12.96 <0.001

Spawning day 0.08 (0.02) 4.41 <0.001

Spawning day × Relative male size −0.03 (0.00) −10.72 <0.001

The first block of the table includes the logit coefficients for predicting excess zeros alongwith their standard errors, z-scores, and P values of
the zero-inflation part (the model shows the parameters for the probability of non-spawning). The second block of the table shows the
Poisson regression coefficients with standard errors, z-scores, andP values of the Poissonmodel (number of eggs) of the zero-inflated model
fitted. Significant P-values indicated in bold
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the number of fertilized eggs decreased towards the end
of the spawning trial (Fig. 2b). Also, when the male was
smaller than the female, the number of fertilized eggs
increased across the four spawning days. When the
females and males were of equal size, the number of
fertilized eggs remained constant during the whole
spawning period.

To contextualize the results of the two models,
we predicted the total number of eggs and the num-
ber of fertilized eggs produced by an average-sized
female (28.9 mm) exposed to a larger male, similar-
sized male and to a smaller male using the estimated
coefficients (Table 6). A female exposed to a larger

male produced on average 95 eggs during the whole
spawning period. Out of these, 36 eggs were fertil-
ized (38% fertilization rate). A female exposed to a
smaller male, on the other hand, released on average
77 eggs with a 60% fertilization rate (i.e., 46 fertil-
ized eggs). Finally, a female exposed to a similar-
sized male released on average 78 eggs at a 47%
fertilization rate (i.e., 37 fertilized eggs). Thus, al-
though a female exposed to a larger male released
more eggs, a substantially lower proportion of her
eggs were fertilized compared to a female exposed
to a smaller male, indicating the fitness of a female
coupled with a smaller male was highest.

Fig. 2 Total number of eggs (a)
and number of fertilized eggs (b)
of the count process of the zero-
inflated models fitted to visualize
the effect of the interaction
between the relative size-
difference residuals (SPD) and
spawning day. Each colored line
represents one female

Table 6 The effect of female size (SL), relative male size, spawning day and the interaction between relative male size and spawning day on
egg fertilization probability and total number of fertilized eggs released by a female

Explanatory variable Variable estimate (s.e.) z-score P-value

(Intercept) 7.04 (2.94) 2.39 <0.01

Female SL −0.24 (0.10) −2.43 <0.01

Relative male size −0.01 (0.06) −0.22 0.82

Spawning day 0.28 (0.17) 1.61 0.11

Spawning day × Relative male size 0.02 (0.02) 0.78 0.43

(Intercept) 0.81 (0.50) 1.64 0.10

Female SL 0.08 (0.02) 5.01 <0.001

Relative male size 0.08 (0.01) 8.71 <0.001

Spawning day 0.05 (0.03) 1.91 0.06

Spawning day × Relative male size −0.03 (0.00) −9.62 <0.001

The first block of the table includes the logit coefficients for predicting excess zeros along with their standard errors, z-scores, and P-values
of the zero-inflation part (the model shows the parameters for the probability of non-fertilization). The second block of the table shows the
Poisson regression coefficients with standard errors, z-scores, and P values of the Poisson model (number of fertilized eggs) of the zero-
inflated model fitted. Significant P-values indicated in bold
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Discussion

Our results showed that both sexes of zebrafish differed
in certain behavioral aspects like freezing or chasing
behavior and in part also general activity. Based on these
behaviors we were able to identify behavioral categories
like male mating vigor, female dominance, general ac-
tivity as well as female distress. Female cortisol levels
were associated with female dominance behaviors and
absolute female body size (i.e., smaller females showed
higher cortisol levels than larger ones) rather than fe-
male distress. All behavioral categories as well as fe-
male cortisol levels were not significantly affected by
the relative male size when controlling for female size.
Nevertheless, we found strong effects of relative male
size on reproductive output: females paired with larger
males than themselves released more eggs and most of
them during the first spawning day, whereas females
paired with a smaller or same-sized male released fewer
eggs and prolonged the egg release over several days. In
addition, eggs allocated to the large males were less
likely fertilized than eggs allocated to same-sized or
smaller males. Independently of the relative male size,
the eggs produced by larger females (with low stress
hormone levels) had higher fertilization probability than
eggs produced by smaller females (with high stress
hormone levels).

Male and female behavior, cortisol levels and relative
male size

We found differences in several behavioral traits be-
tween females and males, and could identify behav-
iors indicative of male mating vigor, female domi-
nance, general activity as well as female distress. To
our surprise, female cortisol levels were more strong-
ly linked to female dominance behaviors than to
female distress as cortisol levels loaded together with
female chasing male behavior and male escape be-
havior as well as female body size rather than male
chasing female behavior, female freezing and female
escape behavior. Males generally chased females
more than vice versa (see Paull et al. 2010 for
similar results). Male chasing seems to represent a
typical spawning behavior in zebrafish regardless of
male size or dominance level (Darrow and Harris
2004; Spence et al. 2008; also in guppies, Poecilia
reticulata; Guevara-Fiore et al. 2010). Male chasing
behavior loaded positively not only on a behavioral

axis that we interpreted as ‘male mating vigor’ but
also on an axis interpreted as ‘female distress’. The
latter included also female freezing behavior (posi-
tive direction) and female escape behavior (negative
direction). The opposing directions of freezing and
escape behavior might be due to females having two
different and mutually exclusive strategies to cope
with male chasing: they either freeze on the bottom
of the tank or try to jump out of the tank (escape
behavior). In zebrafish, increased freezing behavior
has been related to stress and anxiety when individ-
uals are tested solitarily in novel environments (e.g.,
‘open field tests’; Cachat et al. 2010; Clark et al.
2011). By contrast, female chasing behavior did not
correlate with male freezing behavior, most probably
because males showed on average less freezing per
se. Female chasing was associated with male escape
behavior, thus males coped with stress by escaping
rather than freezing. Despite the behavioral correla-
tions provided by the PCA, we found no statistically
significant evidence that female stress behaviors
were associated with relative male size, male mating
vigor or dominance-establishing. This could be due
to lack of statistical power as some of the results were
borderlining statistical significance.

Overt aggression and dominance directed towards
subordinate individuals is known to be associated
with increased cortisol levels (Hannes et al. 1984;
Franck et al. 1985; Creel 2001; Kralj-Fiser et al.
2010; Creel et al. 2013), especially in animals held
in captivity and with no opportunity to withdraw from
dominance-related interactions (Creel 2001; Salas
et al. 2016). Sex per se does not determine dominance
in zebrafish (Grant and Kramer 1992) but normally
the largest individuals of either sex become dominant
(Spence and Smith 2006; Paull et al. 2010), a finding
that received support by our physiological data (i.e.,
small females had higher cortisol levels than larger
ones). In the African cichlid fish, Astatotilapia
burtoni, large, active, dominant and aggressive indi-
viduals (males) have been documented to have lower
cortisol levels than smaller, non-territorial males (Fox
et al. 1997; also among primates Sapolsky and Ray
1989). We emphasize that future studies should score
also male cortisol levels to depict a more complete
picture of dominance-related stress in zebrafish.

We do not have a compelling explanation for why
behaviors indicative of female distress (female freez-
ing, escape behavior) and cortisol levels did not
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correlate as found in previous studies (Egan et al.
2009; Cachat et al. 2010). We speculate that freezing
behavior may be more context-dependent than previ-
ously believed. It has also been shown that stressed
zebrafish males, but not females, exhibit increased
cortisol levels (Rambo et al. 2017). Females have
been suggested to have impaired stress reactivity
and may not respond to stress by increasing cortsiol
levels (Rambo et al. 2017). Because males and fe-
males differ strongly in the magnitude of exhibited
f r eez ing behav io r, we recommend a lways
distinguishing males and females when assessing
stress response via freezing, which is uncommon in
zebrafish research (see references above).

Reproductive allocation as a function of relative male
body size

We found that relative male size as well as absolute
female size strongly affected the temporal dynamic in
spawning probabilities, number of eggs released and
fertilization rates. As expected for a batch spawner, the
spawning probability decreased over time (spawning
days; e.g., Spence and Smith 2006), but females paired
with larger males than themselves released most of their
eggs during the first spawning day after which their
reproductive output remained low. Furthermore, eggs
released by females paired with relatively larger males
were less likely fertilized and larger females on average
released more eggs than smaller ones.

It has been reported that female zebrafish generally
prefer large males (Pyron 2003; in other fish species see
e.g., Hastings 1988; Rueger et al. 2016). The heavy
release of eggs on the first spawning day among females
paired with relatively larger males may suggest differ-
ential allocation of eggs to high quality (large) partner
(Uusi-Heikkilä et al. 2012a). However, the strong drop
in egg release after the first day could reflect the fact that
females need some days to replenish their egg storages.
On the other hand, females paired with smaller males
released a low number of eggs during the first spawning
day but increased their egg production towards the end
of the experiment. Females paired with small males
possibly chose not to mate with the potentially less
preferred, small male during the first spawning day but
they could not afford to continue being choosy as no
other mating partner was available, in turn elevating egg
output over time.

Importantly, fertilization rates were very different for
the females exposed to differently sized males. Particu-
larly, eggs released by females paired with larger males
than themselves had lower fertilization rates. While we
do not know the exact mechanism that led to this obser-
vation, we propose three possible explanations. First,
stress experienced by the females could have led to
release of low quality eggs, for example unripe eggs.
However, this explanation is not fully supported by our
experiment (the effect of relative male size on female
distress was not statistically significant; P = 0.061). Sec-
ond, successful courtship and subsequent egg fertiliza-
tion in egg laying fish requires sexual synchronization
between spawning partners (e.g., Bekkevold et al.
2002). While males in natural populations are often
smaller (at age) than females, sexual synchronization
in this species might depend on an optimal size ratio
between males and females, which could in turn be
suboptimal if males were relatively larger. Finally, it
has been shown that small, subordinate males sire more
offspring than large, subordinate males, likely due to
better physical abilities to fertilize eggs or improved
sperm quality (Watt et al. 2011, but see Skinner 2004).
Similarly, in our experiment, relatively small males had,
on average, greater fertilization rates and collectively
fitness as measured by absolute number of fertilized
eggs than relatively large males.

The number of fertilized eggs correlated posi-
tively with the absolute female size, thus potentially
dominance rank (Paull et al. 2010). Because large
females were able to produce generally more eggs
than small females, they likely also produced more
fertilized eggs. Although we cannot disentangle the
effect of female body size on total number of eggs
from the number of fertilized eggs released, it is
interesting that the egg fertilization probability in-
creased with female body size independently of
male size. It is possible that males released more
sperm when spawning with large and more domi-
nant females (e.g., Shapiro et al. 1994; Makiguchi
et al. 2016) or that large, more dominant females
produced better quality eggs that were more readily
fertilized than eggs produced by small females.

It is important to realize that our work emerged
from spawning pairs rather than group spawning in
small boxes. Such scenarios forces the pair to con-
stantly interact, which might artificially cause stress
not present in more freely roaming groups of
zebrafish that are held in larger volumes of water.
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Indeed, Paull et al. (2010) used a group spawning
scenario in a larger test tank revealing that larger,
dominant males sired more offspring. Watt et al.
(2011) showed that more dominant males sired more
offspring than subordinate males but small subordi-
nates had a greater share of paternity than large ones.
Ultimately, the fitness costs and benefits of size var-
iation and the likely selection scenarios can only be
fully resolved in controlled experiments in groups
where the size of both sexes is varied systematically
across groups and reproductive performance assessed
using parentage assignment similar to Paull et al.
(2010). Before such research becomes available, our
studies on zebrafish pairs simulates wild zebrafish
who have been found to spawn in pairs even when
held in groups (Hutter et al. 2011) and these have
now repeatedly shown that there is a fitness cost of
zebrafish males being too large (Uusi-Heikkilä et al.
2012b).

Conclusions and future research

In contrast to our predictions, there was no clear link
between male and female behavior and physiological
stress responses towards relative male body size. Nev-
ertheless, relative male size strongly affected the repro-
ductive output and females paired with relatively larger
males released more eggs with lower fertilization prob-
ability. In conclusion, the social environment, i.e., the
relative size of a male may well affect sexual selection
patterns. Previous studies have shown that large, dom-
inant males sire more and better quality offspring and to
receive more eggs (Paull et al. 2010; Uusi-Heikkilä et al.
2012b). The very same was found in our work – rela-
tively larger males induced the release of most eggs on
the first day of spawning. However, a large proportion
of these eggs were not fertilized and males smaller than
the female were predicted to have, over time, greater
reproductive fitness than males larger than the female.
Hence, there is a cost of being too large and too sexy,
which can contribute to the maintenance of size varia-
tion in male body size in nature.
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