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Abstract While behavioural plasticity is considered an adap-
tation to fluctuating social and environmental conditions,
many animals also display a high level of individual consis-
tency in their behaviour over time or across contexts
(generally termed ‘personality’). However, studies of animal
personalities that include sexual behaviour, or functionally
distinct but correlated traits, are relatively scarce. In this study,
we tested for individual behavioural consistency in courtship
and exploratory behaviour in male guppies (Poecilia
reticulata ) in two light environments (high vs. low light
intensity). Based on previous work on guppies, we predicted
that males would modify their behaviour from sneak mating
tactics to courtship displays under low light conditions, but
also that the rank orders of courtship effort would remain
unchanged (i.e. highly sexually active individuals would
display relatively high levels of courtship under both light
regimes). We also tested for correlations between courtship
and exploratory behaviour, predicting that males that had high
display rates would also be more likely to approach a novel
object. Although males showed significant consistency in
their exploratory and mating behaviour over time (1 week),
we found no evidence that these traits constituted a behav-
ioural syndrome. Furthermore, in contrast to previous work,
we found no overall effect of the light environment on any of
the behaviours measured, although males responded to the
treatment on an individual-level basis, as reflected by a sig-
nificant individual-by-environment interaction. The future
challenge is to investigate how individual consistency across

different environmental contexts relates to male reproductive
success.

Keywords Behavioural syndrome . Personalities . Sexual
behaviour . Temperament . Behavioural reaction norm

Introduction

Phenotypic plasticity is a key component of fitness that allows
individuals to adapt their morphology and/or behaviour to
changing environmental conditions (West-Eberhard 1989).
Altered phenotypes may be observed in response to a range
of environmental cues. For example, early exposure to the
presence of predators can induce the development of morpho-
logical defences in some species (Tollrian and Harvell 1999),
while rearing density can determine male morph type (e.g.
fighters) in others (reviewed in Kokko and Rankin 2006).
Behavioural traits, in particular, are generally thought to be
more labile than morphological traits (Relyea 2001), allowing
individuals to display flexible and reversible responses to
social and environmental variables such as sex ratio, resource
availability and the risk of predation (Dill 1987; Kats and Dill
1998; Lima 1998).

Although the ability to modify behaviour in response to
environmental change is likely to be adaptive (reviewed by
West-Eberhard 1989; Via et al. 1995; Relyea 2002), there are
limits to behavioural plasticity (DeWitt et al. 1998) and many
species display a high level of consistency (or repeatability) in
their behavioural traits over time or across contexts, generally
termed ‘animal personality’ (Dall et al. 2004, 2012; Sih et al.
2004a, b; Réale et al. 2007; Sih and Bell 2008). For example,
some individuals consistently display higher levels of bold-
ness, exploratory activity or aggression than other members of
the population, although the extent of individual consistency
in behaviour can depend on setting (field vs. lab), timing and
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the type of behaviour under investigation (see Bell et al. 2009
for a meta-analysis). Furthermore, functionally distinct traits
can be correlated within individuals to form a ‘behavioural
syndrome’ (Bell 2005), such as the well-characterized boldness–
aggression syndrome observed in sticklebacks (Gasterosteus
aculeatus ) (Huntingford 1976; Bell 2005) and funnel-web
spiders (Agelenopsis aperta) (Riechert and Hedrick 1993).
Personality traits are of evolutionary significance because they
can affect fitness; in great tits (Parus major), for example,
exploratory tendency is correlated with adult survival and repro-
ductive success (Dingemanse et al. 2004; Both et al. 2005).

Few studies of animal personality have considered an
individual’s consistency in sexual behaviour or whether
sexually selected behaviours form part of a behavioural syn-
drome (reviewed by Dingemanse and Reale 2005; Sih and
Bell 2008). This is surprising, given that selection for consis-
tency is predicted for behaviours that are indicative of male
quality, as these can be used to guide female mate choice or
competitive interactions among males (Schuett et al. 2010).
On the other hand, behavioural plasticity in sexual behaviour
might be advantageous by enabling males to respond to
factors such as fluctuations in female availability, the level
of competition from other males or predation risks associated
with mating activity (reviewed by Bretman et al. 2011). A
recent study on fruit fly, Drosophila melanogaster, reported
evidence for both behavioural flexibility and individual con-
sistency (Bretman et al. 2012). However, studies of animal
personalities that include sexual behaviours, and those that
consider a role for sexual selection in the evolution and
maintenance of personality differences, are generally lacking
(Schuett et al. 2010).

The guppy (Poecilia reticulata ) is a small, tropical fresh-
water fish that is well suited to studies of within-species
behavioural variation because it exhibits extensive differences
in behaviour (e.g. aggression, courtship tactics, shoaling ten-
dency) across natural environmental gradients (Endler 1995).
Male guppies use a combination of courtship (consensual) and
forced (non-consensual) matings to achieve copulation
(Baerends et al. 1955; Liley 1966). During courtship, males
adopt a highly conspicuous S-shaped posture (termed ‘sigmoid
display’) to attract receptive females. Alternatively, males can
circumvent female choice by engaging in forced mating at-
tempts (termed gonopodial thrusts), where themale approaches
the female from behind and attempts to copulate without
female cooperation (reviewed by Houde 1997). Individual
males use both mating tactics interchangeably, but alter the
relative frequency of sigmoid displays and gonopodial thrusts
according to social and environmental variables such as early
social experience (Guevara-Fiore 2012), recent social history
(Jordan and Brooks 2012), female vigilance (Evans et al. 2002)
and light intensity (Endler 1987; Reynolds et al. 1993; Archard
et al. 2009; Chapman et al. 2009). For their part, female
guppies choose among males on the basis of their colouration

and courtship display rates (Farr 1980; Stoner and Breden
1988; Kodric-brown 1993; Houde 1997). Female guppies also
prefer males that they observe are displaying bold behaviours
(Godin and Dugatkin 1996), but it is unclear whether mating
tactics (i.e. relative frequency of courtship displays and thrusts)
and behaviours possibly linked to boldness (e.g. exploration
tendency) are themselves correlated and repeatable across time
or environmental contexts.

There are at least two reasons why we might expect a
relationship between courtship behaviour and behaviours as-
sociated with boldness. First, individuals that are bold in one
context, for example when encountering a predator, are more
likely to be bold in other situations, such as exploring a novel
environment or food source, behaving aggressively towards
conspecifics or engaging in visually conspicuous courtship
behaviours (Coleman andWilson 1998). In male fiddler crabs,
for example, bold males spend more time courting females
and have higher mating success than shy males (Blackwell
et al. 1999; Reaney and Backwell 2007). Second, bold male
guppies (which are attractive to females, Godin and Dugatkin
1996) may be of higher quality (e.g. condition) and therefore
perform increased courtship displays (which in guppies is
strongly linked to male condition; Devigili et al. 2012;
Rahman et al. 2013) than their more timid and lower quality
counterparts.

In this study, we investigated whether male guppies show
individual behavioural consistency in their mating tactics and
exploratory behaviour across different light environments. We
used ambient light intensity (while controlling for spectral
composition) as an environmental variable because male
guppies have been shown to switch to covert mating tactics
(i.e. gonopodial thrusts) at high light intensities while relying
predominantly on courtship displays at low light intensities
(Endler 1987; Archard et al. 2009). This switch in mating
tactics is because courtship under high light intensity places
males at higher risk of predation (Endler 1987). Indeed, the
switch in mating behaviour under different light environments
occurs in the absence of predators, suggesting that light
intensity is used as a cue to induce risk-sensitive behaviours
(Endler 1987; Archard et al. 2009). We therefore also
expected the ambient light environment (high light intensity
or low light intensity) to have an effect on the tendency for
males to approach a novel food source, predicting that males
would be more likely to engage in risky behaviours (explore a
novel object) in conditions of low light (i.e. when they are also
engaging in risky courtship behaviour). We thus expected to
find a positive correlation between courtship display rate and
exploratory behaviour, with these behaviours being expressed
at a higher frequency under low compared to high light
intensity conditions. Finally, we tested for individual behav-
ioural consistency in courtship and exploratory behaviour by
determining whether inter-individual differences persisted
over the period of 1 week. Given that mating behaviour is
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highly heritable in guppies (Evans 2010), we expected to find
that behavioural differences among individuals would persist
despite the changes in the light environment (i.e. behavioural
rankings of the males would bemaintained across the different
light treatments).

Methods

Fish maintenance and experimental design

This experiment was carried out in June–July 2010. The
guppies used in this experiment were descendants (∼12 gen-
erations) of wild-caught fish collected from Alligator Creek
(30 km south of Townsville) in Queensland, Australia in 2006.
Guppies at this location originate from Guyana, South Amer-
ica (c. 1910, Lindholm et al. 2005). Previous experiments on
laboratory-bred guppies from this population have shown that
males modify their mating strategies when exposed to varia-
tion in the ambient light spectrum in a manner similar to that
observed in their native habitat (Gamble et al. 2003). Fish
were transported to aquarium facilities at The University of
Western Australia and maintained in mixed-sex populations at
constant temperature (26±0.5 °C) on a light/dark cycle of
12:12 h until required for the experiment. The observations
were conducted in a series of four replicate tanks (44×43.5×
30 cm high, filled to a depth of 26 cm) containing aquarium
gravel, artificial plants and conditioned water. The observation
tanks were located in the same room as the stock tanks so that
the light/dark cycle and temperature were the same. Overhead
lighting was provided by two broad-spectrum fluorescent
lights (Philips Lifemax TL-D 36W/840 Cool White).

We simulated different light intensity environments in the
observation tanks by covering the tanks with either a clear
acetate filter (=no change in light) or a neutral density filter
(0.3ND, Lee Filters™, UK), which reduces overall luminance
by 50 % (400–700 nm). The filters affect all wavelengths
equally so there are no changes in the spectral composition
of light entering the tanks. Two observation tanks for each
treatment were set up, subsequently referred to as ‘high
luminance’ (clear acetate filter) and ‘low luminance’ (neutral
density filter) treatment tanks. Reductions of luminance by
50 % or more have previously been shown to affect courtship
behaviour in male guppies, causing an increase in visually
conspicuous courtship display behaviours (Endler 1987).
The tops and sides of the tanks were covered with the
filters, excluding the tank ends, which were covered with
black cardboard to prevent interactions among fish in
adjacent tanks.

We confirmed that the neutral density filters had the desired
effect by measuring the irradiance of light in each of our
treatment tanks. We used a USB4000 portable spectrometer
(Ocean Optics, Inc., Dunedin, FL, USA) connected to a

600-μm fibre optic and fitted with a cosine corrector (CC-3-
UV) to collect light over 180° angle. These measures were
performed in reference to a calibration lamp (LS-1-CAL-220,
300-1050 nm, Ocean Optics, Inc.). The probe was positioned
below the surface of the water in the centre of each tank (with
the lid on) facing upwards to collect down-welling light, and
three readings were taken in each tank. The spectra were
processed using Spectrasuite (Ocean Optics) software and
were interpolated (linear interpolation at 1-nm intervals, range
400–700 nm) and converted to photon irradiance in micromole
per squaremeter per second. Thesemeasurements confirmed that
there was a difference in the total irradiance of light (integrated
over range of 400–700 nm; in micromole per square meter per
second) in the high luminance (tank 1=10.2 μmol m−2 s−1, tank
2=7.5 μmol m−2 s−1) versus low luminance (tank 1=
3.0 μmol m−2 s−1, tank 2=1.9 μmol m−2 s−1) treatment tanks.
These light intensities are similar to other studies that have
used this guppy population to induce shifts in male guppy
mating behaviour (luminance=5.5–6.4μmolm−2 s−1; Gamble
et al. 2003).

Sexually mature males (n =40; exhibiting body colouration
and a fully developed gonopodium) were chosen haphazardly
from our stock tanks and isolated in 2-L containers 1 week
before trials commenced. The absence of female companion-
ship for this period was designed to increase the behavioural
motivation (e.g. courtship, exploration) of males. Isolated
males were fed frozen Artemia nauplii daily (using a pipette)
except on the morning of their trials to increase their motiva-
tion to forage during the behavioural trials. Females that were
approximately matched for size by eye (approximately 25mm
in standard length) were selected randomly from a separate set
of mixed-sex (4:3 ratio of females/males) stock aquaria so that
they would not be familiar with the test males. We used
stimulus shoals of ‘dither’ fish for both the courtship and
exploratory behaviour (tendency to approach a novel food
source) trials to facilitate natural behaviour in the test fish
and reduce the time required for acclimatisation (Barlow
1968). We used juveniles for these stimulus shoals so that
they would not be a source of sexual interest for the male but
would provide social companionship and a focal point from
which to approach the female (mating behaviour trial) or
novel food item. On each day of the behavioural trials, dither
fish were selected haphazardly from a stock of 15–20 approx-
imately size matched juveniles.

Behavioural observations

All trials took place between 0930 and 1630 hours. Individual
males received the light treatments on consecutive days; thus,
on day 1, the mating and exploratory behaviour of an individ-
ual male was observed in the first light treatment (high or low
luminance), while on day 2, these behaviours were recorded
(at the same time of day) for the same individual in the second
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light treatment. The order in which the males received the light
treatments was alternated so that half of the males received the
low luminance treatment first while the other half began with
the high luminance treatment. One week after these trials were
conducted, we repeated these procedures. Importantly, the
order in which males received the treatments, and the time
of day at which the treatments were presented, was the same
as the first week of observations.

On the afternoon prior to each behavioural trial, a stimulus
shoal consisting of five (dither) juveniles was placed in each
tank. These shoals were placed in a 1.5-L transparent punc-
tured plastic bottle (to allow transmission of visual and chem-
ical cues) and placed on one side of each observation tank. On
the following morning, a non-virgin female was placed in
each of the observation tanks and left for 15–20 min to
acclimatise. Females that did not settle after 20 min (i.e. did
not exhibit exploratory or foraging behaviour) were removed
and transferred to post-treatment tanks where they played no
further part in the experiment. After the female was settled, a
test male was gently added to each tank; behavioural obser-
vations commenced as soon as the test male performed his
first mating attempt with the female (see below).

We recorded a courtship display when the male moved in
front of the female and quivered his body in a characteristic S-
shaped posture (Houde 1997). Gonopodial thrusts (‘sneaks’)
were recorded when the focal male approached the female
from behind, swung his gonopodium forward more than 90°
and attempted to forcibly inseminate the female without prior
courtship (see Houde 1997). We recorded the total number of
courtship displays and gonopodial thrust attempts over a
15-min period. After each mating behaviour trial, the stimulus
female was gently removed with a hand net and returned to
post-treatment aquaria (where she played no further part
in the experiment). The bottle containing the stimulus shoal
remained in the tank to provide a focal point fromwhichmales
could approach a novel object.

Immediately following the observations of mating behav-
iour, we introduced a novel food item to the centre of the tank.
This food item was specifically designed to constitute a novel
stimulus for the male and consisted of a test tube bung with
two thirds of its surface area covered with a paste comprising
Tetramin™ fish food flake crushed in gelatine (allowing it to
stick to the bung). The bungwas suspended from a transparent
monofilament line so that it was positioned in the centre of the
tank, 6–9 cm above the gravel at the base of the tank.
Although the stock population used in this study were fed
intermittently (once per week) with flake food prior to the
experiment, this was applied at the water surface in its
‘normal’ state and thus crushed flake attached to a submerged
bung would have constituted a novel food source for the fish.
Following introduction of the novel food item, we recorded
the total number of times the male approached the food
(within two body lengths) during a 15-min period. During

preliminary trials, we noted that these approaches were similar
to predator ‘inspections’ (Magurran 2005) in which the fish
visually fixated on the object while slowly swimming or
‘gliding’ a fixed distance around it, before rapidly darting
back to the shoal. Following the exploration behaviour trial,
each male was returned to his individual holding container
(labelled, for subsequent identification of individuals).

We recorded the mating and exploratory behaviour of
between four and six individual males per day, during which
the same shoals of stimulus fish (in the bottles) were used. At
the end of each day’s behavioural trials, dither fish were
returned to the juvenile stock tank and replaced with new
stimulus shoals for the following day’s trials. To prevent the
possible build up of chemical cues affecting the behaviour of
fish in subsequent trials, the water in the observation tanks
was replaced with fresh conditioned water daily. Following
both observations (i.e. days 1 and 2), the males were housed
individually for a period of 1 week before they took part in a
repeated set of (courtship and exploration behaviour)
observations, performed in dark and light environments
(over consecutive days). We recorded the behaviour of a
total of 40males, each of which was observed on four separate
occasions (week 1, day 1, day 2; week 2, day 1, day 2=160
observations).

Statistical analyses

The data (total number of displays, sneaks and exploratory
approaches) were analysed using the generalised linear
mixed-effect models (using the lme4 package; Bates and
Maechler 2009) in the software program R, version 2.15.3
(R Development Core Team 2012). As the data were counts,
we used the Poissonmodel (log-link) and generated likelihood
values using the Laplace approximation. We entered the fixed
effect of treatment (two levels: high luminance or low lumi-
nance) and five random effects: observation tank (2 levels, i.e.
2 test tanks of each treatment), week tested (2 levels), male ID
(40 levels) and the interactions between male × treatment (80
levels) and week × treatment (4 levels). The inclusion of male
identity allowed for repeated measures of the same male
across treatments (days) and consecutive observation weeks.
We tested for a week × treatment interaction to determine
whether males responded differently to the treatment according
to the week in which they were tested (e.g. due to habituation or
familiarity with the test environment). We also looked for a
significant effect of the order in which males experienced the
treatments (i.e. low luminance encountered first or second) by
conducting t tests (both within weeks and within treatments) on
the log+1 transformed data.

We tested the significance of each of the random effects
using log likelihood ratio tests to compare the full model (five
random effects, one fixed effect) to alternative models in
which one of the random effects was removed. Each of the
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resulting models was checked for normality and homogeneity
of variance by visually inspecting plots of the fitted model
against the residual values. Estimates of the fixed effects,
along with the associated standard error and t value, were
obtained from the full models. A significant fixed effect would
indicate that on average, individuals have a plastic response to
the treatment, while a significant male ID-by-treatment inter-
action would suggest that there is inter-individual variation in
the plastic response of males to the light environment. We
determined whether significant male effects could be attribut-
ed to within- or among-individual phenotypic variance by
running the generalised linear mixed models (GLMMs) for
both random intercept models and random intercept and slope
models. The former accounts for the among-individual varia-
tion in overall male responses (i.e. random intercept), while
the latter incorporates among-individual variation in slopes
(i.e. level of plasticity) (van de Pol and Wright 2009; Martin
et al. 2011; Dingemanse and Wolf 2013). The fit of these
alternative models was compared using log likelihood ratio
tests, fitted with and without the random slope effect.

We tested for repeatability of male behaviour across differ-
ent contexts (mating behaviour and exploration behaviour) by
calculating the intraclass correlation coefficient (Lessells and
Boag 1987). We first tested whether male behaviour was

repeatable across consecutive weeks by calculating repeatabil-
ities for males assigned to dark and light treatments separately.
We then tested for repeatability across the different light
treatments (performed on consecutive days) by conducting a
separate analysis for week 1 and week 2. The data were
log (+1) transformed and, after restricting the data to the
period of interest, we conducted ANOVAs with male
behaviour as the response variable and male identity as
the fixed factor. The resulting mean square values for the
within (error) and among (model) variance were used to
estimate repeatability (R ) and its associated standard error
(Becker 1984; Lessells and Boag 1987).

Results

The GLMMs revealed that the random effect of male, and the
interaction between male identity and treatment, had a signif-
icant effect on all three behaviours (Table 1; all P <0.05).
Thus, males responded to the treatments differently and on
an individual-level basis. There was no difference between
models fitted with and without the random slope effect, indi-
cating that most of the variability in the data could be
explained by among-individual variation in overall responses

Table 1 The random effects terms in the generalised linear mixed models tested using log-likelihood tests to compare the full model (five random
effects, one fixed effect) to alternative models in which each random effect was removed (indicated by ✗)

Response Random effect Fixed (treatment) effect

Tank Week Week × treat Male Male × Treat LL Χ2 P values β ± SE Z P values

Displays ✓ ✓ ✓ ✓ ✓ −351.7 – – −0.05±0.20 −0.24 0.811

✗ ✓ ✓ ✓ ✓ −352.8 2.34 0.13

✓ ✗ ✓ ✓ ✓ −352.9 2.40 0.12

✓ ✓ ✗ ✓ ✓ −351.7 0 >0.99

✓ ✓ ✓ ✗ ✓ −361.7 20.07 <0.001***

✓ ✓ ✓ ✓ ✗ −385.7 68.06 <0.001***

Sneaks ✓ ✓ ✓ ✓ ✓ −261.1 – – 0.01±0.17 0.08 0.94

✗ ✓ ✓ ✓ ✓ −261.1 0 1

✓ ✗ ✓ ✓ ✓ −262.0 1.79 0.18

✓ ✓ ✗ ✓ ✓ −261.6 0.98 0.32

✓ ✓ ✓ ✗ ✓ −269.4 16.57 <0.001***

✓ ✓ ✓ ✓ ✗ −274.7 27.19 <0.001***

Approaches ✓ ✓ ✓ ✓ ✓ −336.3 – – −0.01±0.17 −0.03 0.98

✗ ✓ ✓ ✓ ✓ −345.2 17.7 <0.001***

✓ ✗ ✓ ✓ ✓ −336.4 0.18 0.68

✓ ✓ ✗ ✓ ✓ −339 5.41 0.020**

✓ ✓ ✓ ✗ ✓ −341.4 10.08 0.002**

✓ ✓ ✓ ✓ ✗ −383.3 94.0 <0.001***

Chi-squared (1 df) andP values indicate the significance of each random effect term. Estimates of the fixed effects, associated standard errors and t value
were obtained from the full GLMM models

***P<0.001, **P<0.01, *P <0.05 for adjusted values after controlling for FDR
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to the environment (displays: Χ 2=0.07, df =2, P =0.96;
sneaks: Χ 2=2.16, df =2, P =0.34; exploratory: Χ 2=0.36,
df =2, P=0.84). Light intensity (treatment) had no effect on
our response variables, as indicated by the large standard
errors of the estimated fixed effects (Table 1). The random
effects of observation tank (median ± interquartile ranges
(IQRs): tank 1=7±10.75, tank 2=8±10) and the week ×
treatment interaction had a significant effect on the number
of exploratory approaches, but no effect on the other
behaviours measured (Table 1; median number of ap-
proaches ± IQRs: week 1: low luminance=9.5±12, high
luminance=8.5±9; week 2: low luminance=5.5±6, high
luminance=5.5±10.75). There were no treatment order
effects (11 t tests: P >0.05) with the exception of the number
of displays recorded on week 1 for the high luminance treat-
ment (t38=3.39, P=0.024 after controlling for false discovery
rates [FDR]); males that experienced the high luminance
treatment first performed more displays (median ± IQR=
9±10) than those that experienced the high luminance treat-
ment second (median ± IQR=1±6).

The individual behavioural consistency in male display
behaviour over time is also revealed through the repeatability
estimates, which showed that some male behaviours were
more repeatable than others (Table 2 and Fig. 1). Specifically,
the number of sigmoid displays performed by males showed
the highest repeatability across both weeks and days, ranging
from 0.45 to 0.73 (SE = 0.08-0.13). For all behaviours with
significant repeatability, repeatability estimates were higher
over short time scales (consecutive days) than longer time
scales (consecutive weeks). There were no significant correla-
tions between the mating behaviours (displays and gonopodial
thrusts) and exploration behaviour after controlling for the FDR
(P >0.05; behaviours averaged over treatments; Table 3 and
Fig. 1).

Discussion

Most studies of animal personality have focused on the ag-
gressive–boldness syndrome, and surprisingly, few studies
have considered the behavioural consistency of individual
mating tactics (Dingemanse and Reale 2005; Sih and Bell
2008; Dingemanse and Wolf 2010; Schuett et al. 2010). In
this study, we show that male mating behaviour (the frequency
of courtship displays and gonopodial thrusts) and the frequen-
cy of approaches towards a novel object (a possible correlate
of boldness) are consistent over time. However, we found no
evidence that these behaviours were correlated as part of a
courtship–exploration syndrome. Furthermore, in contrast to
findings from previous studies (Endler 1987; Long and Houde
1989; Reynolds et al. 1993; Chapman et al. 2009), we
found no overall effect of the light environment on any of
the behaviours measured; instead, males responded on an T
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individual-level basis to the change in ambient light intensity,
as revealed by the significant interaction between male identity
and light treatment.

Although we found evidence for personality traits associ-
ated with courtship and exploratory behaviours, the level of
behavioural plasticity observed among individuals did not
vary. This is in contrast to other studies that have reported
individual differences in behavioural plasticity (Dingemanse

et al. 2010). Differences in the way individuals manage
environmental uncertainty are thought to explain personality-
related differences in behavioural plasticity because of state-
or frequency-dependent pay-offs associated with sampling the
environment (Mathot et al. 2012). One key factor that may
have impeded our ability to detect individual variation in
behavioural plasticity is that our study was conducted on fish
that have been born and raised in the laboratory
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Fig. 1 Individual consistency in
the behaviour of male guppies
(Poecilia reticulata) for the
number of courtship displays (a),
sneak mating attempts (b) and
approaches to a novel food source
(c) observed over the period of
consecutive weeks (left:
behaviours averaged over
treatments) and consecutive
days (right)

Table 3 Spearman’s rank correla-
tion coefficients (ρ) among mating
behaviours and boldness (averaged
over treatments) for week 1 and 2

P values are given in brackets
a Relationship does not remain
significant (P=0.056) after
controlling for the FDR

Week 1 Week 2

Courtship
display

Thrust Approach Courtship
display

Thrust Approach

Courtship
display

– 0.136 (0.410) 0.090 (0.585) – 0.360 (0.025)a 0.271 (0.095)

Thrust 0.081 (0.626) 0.278 (0.087)

Approach
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(approximately 12 generations) and would therefore have
experienced minimal environmental variation. This lack of
natural variability in lighting conditions (e.g. dawn and dusk
transitions) experienced by laboratory fish might also explain
the lack of the overall light treatment effect. Indeed, since
behavioural plasticity is costly and considered an evolutionary
response to environmental variation (DeWitt et al. 1998), our
findings may be a direct result of relaxed selection imposed by
the laboratory environment (i.e. lack of variation in predation
risk and lighting environment). The potential evolutionary
loss of individual behavioural plasticity in captive environ-
ments is relevant for conservation breeding programs and
requires further investigation (Mason et al. 2013).

As reported in the meta-analysis conducted by Bell et al.
(2009), we found that behaviour is more likely to be repeat-
able over short time scales (i.e. days) than over longer inter-
vals (i.e. 1 week). One explanation for this is that information
about the environment is more likely to be reliable when it
is recent, serving as a cue for behavioural prioritisation
(Dingemanse and Wolf 2013) and minimising the costs asso-
ciated with additional sampling (i.e. information acquisition).
Consequently, we expect a stronger behavioural response to
the type of environment most recently encountered. In the
context of mating behaviour, similar social environments
are more likely to be encountered (e.g. operational sex
ratio) at short-term scales, while variation in population
demographics may cause greater variation in the long term.
If state-dependent effects are important, such as hunger and
condition, individuals are more likely to be in the same state
over short time intervals (Bell et al. 2009).

We found that some types of behaviour were more re-
peatable than others. Specifically, the repeatability of court-
ship behaviour was generally higher than that of explorato-
ry behaviour, probably because exploration of novel ob-
jects is subject to the effects of habituation over successive
encounters (hence the significant ‘week’ and ‘treatment ×
week’ effects). These findings are in line with other studies
on the repeatability of different behaviour traits and may
reflect differences in the sensitivity of particular behaviours
to environmental variation (Bell et al. 2009) or the impor-
tance of maintaining courtship vigour for female mate
choice. Magurran and Seghers (1990) reported that males
modify their sexual behaviour according to predation risk
(and population origin), but males with the highest display
rates tended to maintain this high level of sexual vigour,
even when a predator was present. Similarly, other studies
have reported that male guppies show high repeatability of
courtship displays (r=0.62–0.94) and attempted sneak copula-
tion attempts (r =0.83–0.99), with differences among males
being maintained across different sex ratio treatments
(Magellan and Magurran 2007). Consistent with these findings,
recent quantitative genetic analyses have revealed high levels of
additive genetic variance and correspondingly high narrow-

sense heritabilities for male sexual behaviour in guppies
(Evans 2010). As courtship displays are important indicators
of male quality, consistency in courtship behaviour may be the
result of direct selection by females.

Sexual selection may play an important role in the evolution
and maintenance of animal personality traits (Dingemanse and
Reale 2005; Schuett et al. 2010). As sexual selection often
promotes phenotypic differences between the sexes, divergent
selection pressures may also generate sex differences in
personality. For example, female convict cichlids (Cichlasoma
nigrofasciatum) are more active and aggressive than males
(Budaev et al. 1999). Personalities may also play a part in mate
choice, through females displaying repeatability in their choice
of male sexual traits (e.g. beak colour, aggression, song rate;
Logue et al. 2009) or during male–male competition, where
personality traits may determine a male’s position in the dom-
inance hierarchy (Colleter and Brown 2011). Consistent with
this idea, female guppies do not always agree on what
constitutes an attractive male, but they nevertheless show
high repeatability in individual preferences (Kodric-brown
and Nicoletto 1997; Brooks and Endler 2001). In guppies,
the extent to which consistent differences in male and
female sexual behaviours influences fitness (e.g. Schuett
et al. 2011) is currently unknown, although there is evidence
that other personality traits such as boldness, activity levels of
exploratory behaviour are associated with fitness (Smith and
Blumstein 2010).

In contrast to previous work on guppies (Endler
1987; Long and Houde 1989; Reynolds et al. 1993),
we found no change in male courtship behaviour fol-
lowing a shift in light intensity in the ambient environ-
ment. Gamble et al. (2003) also reported no differences
in male courtship behaviour across different light envi-
ronments, but in their experiment, the spectral composi-
tion of light (i.e. light availability over different parts of
the spectrum) was experimentally manipulated, while the over-
all luminance was controlled. Interestingly, in the Gamble
et al. (2003) study, the spectral composition of light
(representing different times of the day or variable
microenvironments) caused a shift in female sexual respon-
siveness, to which males responded by altering their fre-
quency of sneak mating attempts. In our study, we did not
evaluate female responsiveness and therefore were unable
to control for any potential behavioural differences among
stimulus females. Nevertheless, it seems that in guppies,
males and females respond differentially to changes in both
the spectral composition and luminance of ambient light,
suggesting that spatial and temporal variation in the light
environment can have important consequences for sexual
selection (Gamble et al. 2003). Further work is required to
determine the extent to which male and female personalities
play a part in this light-mediated variation in sexual
behaviour.
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