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Abstract
Sexually signalling animals must trade off the benefits of attracting mates with the consequences of attracting predators. For male
guppies, predation risk depends on their behaviour, colouration, environmental conditions and changing intensity of predation
throughout the day. Theoretically, this drives diel patterns of display behaviour in native Trinidadian populations, where males
display more under low-light conditions when their most dangerous predator is less active. Here, we observed Australian guppies
in a laboratory setting to investigate their diel display pattern, and if this pattern is controlled by ambient light intensity. We also
quantified individual variation in both the daily frequency and diel pattern of displays, and if such variation relates to body size,
colouration and a non-sexual behaviour. Under a typical daily light regime, male guppies displayed mostly in the first hour of
observation. Extending the duration of dawn-like lighting, however, resulted in an extended period of high display, demonstrating
that light intensity per se is an important cue for this behaviour. These findings mirror those obtained for Trinidadian populations,
suggesting that male courtship timing is likely shaped by broad, potentially generalizable features of guppy ecology. The effect of
acclimation to captive conditions on male behaviour is also discussed. Whereas the temporal pattern of display appeared
consistent, individuals varied in their daily display frequency, and this was correlated with variation in colour phenotype and a
measure of non-sexual risk acceptance behaviour. Such relationships pose promising avenues for integrating behavioural and
sensory ecology with contemporary work on behavioural syndromes and animal personality.

Significance statement
To limit the costs of their conspicuous colour patterns, male guppies should alter their behaviour to avoid predation. However, our
understanding of how different individuals deal with this problem is lacking. Following individuals in the laboratory, we
demonstrated individual variation in the daily frequency of male displays, and this was correlated with variation in colour
phenotypes and non-sexual behaviour. However, all male guppies displayed more in the early hours of the day and extending
the period of low lighting also extended this period of elevated display. These findings replicate and expand experiments on
native populations, suggesting that male courtship timing is likely shaped by broad, potentially generalizable features of guppy
ecology.
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Introduction

Sexual communication involves some of the most striking
behaviours in the animal kingdom, and both signals and their
individual components present opportunities to study oppos-
ing selection pressures. For visual signallers, the classic dilem-
ma is how to appear conspicuous to conspecifics of the oppo-
site sex yet escape the attention of predators (Endler 1987).
The evolutionary consequence of this trade-off has been well
demonstrated in the guppy, Poecilia reticulata, which is a
model organism for understanding signal evolution and is well
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suited to laboratory and field study. Male guppies are heavily
adorned with colour, and court females using highly ritualised
visual displays (Houde 1988). Females prefer males with
more colourful signals (Godin and Dugatkin 1996), but
brighter males are thought to experience higher predation risk
(Millar et al. 2006), thus placing males under two competing
evolutionary pressures. This trade-off is reflected in the natu-
ral variation present in the species, where guppy populations
under higher predation are less colourful than those living
without predation, and also by manipulative evolution exper-
iments in which guppy populations have been shown to
evolve to be more colourful if transplanted into a lower-
predation habitat (Endler 1980; Kemp et al. 2009).

There are various morphological and behavioural solutions
for reducing conspicuousness to predators, but the primary
strategy that has been investigated in guppies is context-
dependent signalling behaviour. Guppies can switch from
conspicuous sigmoid displays to attempting less conspicuous
sneak copulations. Evans et al. (2002) found that experimen-
tally showing predators to female guppies led to a shift from
sigmoid displays to sneak copulation attempts in male
guppies, even though the males themselves could not see the
predators. However, sneak copulations average three times
less sperm delivered compared to mating after courtship
(Pilastro and Bisazza 1999), so there is evolutionary pressure
for males to display to females.

Guppies have higher display frequencies early in the day
when light intensity is lower and their predators are less active
and minimise their display behaviour later in the day under the
opposite conditions (Endler 1987). Endler (1987) investigated
the diel patterns of guppy display and sneak behaviour with
and without predators in an artificial river (guppies were orig-
inally sourced from Trinidad and Venezuela). He found that,
in both cases, males displayed more in dusk and dawn condi-
tions, but that this pattern was amplified when predators were
introduced. However, sneak behaviour remained consistent
across the day, meaning guppies invest relatively more into
sneak behaviour under high ambient light levels. Supporting
this, Endler showed that Crenicicla frenata (formerly C. alta),
generally considered the guppy’s most dangerous predator,
was most active during the day, and proposed that diel
display behaviour has been strongly shaped by predation.
Archard et al. (2009) found that fish from the Aripo and
Quare rivers exhibited a similar pattern of diurnal display,
even despite differing daytime predator regimes. Compared
to fish from the low-predation Aripo site, guppies from the
high-predation Quare site showed a stronger diel pattern with
higher display frequencies in the low light and lower display
frequencies in the high light. However, unlike the findings of
Endler (1987), there were more sneak copulations during low-
light periods of the day. This pattern did not significantly vary
between populations. For display behaviour in Trinidadian
guppies, Reynolds et al. (1993) and Archard et al. (2009) both

found that this effect can be experimentally separated from
time of day and replicated by manipulating light levels
alone. Neither Archard et al. (2009) nor Reynolds et al.
(1993) found that male sneak behaviour varied under experi-
mentally manipulated light levels.

Population-level differences exist in both learnt and innate
guppy behaviours, such as predator response, schooling be-
haviour, and female preference (Houde 1988; Magurran and
Seghers 1990). Guppies originate from the northeast mainland
and islands of South America, but invasive populations have
been established in many countries (Deacon et al. 2011). In
Australia, there are several established feral populations
(Lindholm et al. 2005), of which the Alligator Creek popula-
tion has been used extensively in research (e.g. Brooks and
Endler 2001; Mariette et al. 2006; Evans and Kelley 2008).
This population was most likely founded by fish introduced
from Guyana (Lindholm et al. 2005), where—as in
Trinidad—the main guppy predator is a day-hunting pike
cichlid, Crenicichla saxatilis (Johansson et al. 2004). Feral
populations elsewhere around the world will, however, coex-
ist with greatly varied and novel predatory communities, and
potentially experience stronger predation from terrestrial spe-
cies such as birds. Few studies have investigated whether and
how the timing of guppy courtship varies under novel condi-
tions, and it remains unknown for otherwise important study
populations such as Australian Alligator Creek fish. It is like-
wise unknown whether any daily patterns of courtship in such
populations are controlled at the proximate level by variation
in light intensity as shown for Trinidadian populations
(Reynolds et al. 1993; Archard et al. 2009).

If populations differ in their diel schedules, do individuals
also differ within those populations? Guppies present incred-
ible diversity in many areas that could lead to individual diel
patterns. Firstly, male guppies differ in the frequencies that
they display and attempt sneak copulations, and females use
variation in male display frequencies as an indicator of mate
quality (Nicoletto 1993; Matthews et al. 1997). Differences in
male display frequency have been linked to sperm quality
(Matthews et al. 1997), ornament complexity, orange spot
size/coverage, swimming performance (Nicoletto 1993), tail
size (Bischoff et al. 1985) and body size (Rodd and
Sokolowski 1995; although see Magellan et al. 2005), which
themselves all vary significantly within populations.
Differences in male sneak frequency have been linked to
sperm quantity (Matthews et al. 1997), orange area
(Nicoletto 1993), body size (Magellan et al. 2005) and tail
length (Karino and Kamada 2009). Interestingly, the relation-
ship to body size demonstrates a similar trade-off to colour:
large males display more under low predation and small males
display more under high predation even when adjusted for
size difference between low- and high-predation communities
(Rodd and Sokolowski 1995). Male guppies differ dramatical-
ly in colouration, even within populations, with entire colour
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types being present and absent on different males, and popu-
lations differing considerably in their average colour represen-
tations (Endler and Houde 1995; Kemp et al. 2009). However,
orange is the only aspect of guppy colouration that has been
related to the frequency of display or sneak attempts, where
both are correlated with orange coverage (Nicoletto 1993).
Individuals also vary in important behavioural traits, such as
their predator tolerance and antipredator behaviour, and other
personality types (Dugatkin 1992; Godin and Dugatkin 1996;
Harris et al. 2010). Males vary in their preferences for female
traits (Dosen and Montgomerie 2004), and females in their
preference for male traits (Houde 1988, 1994; Endler and
Houde 1995; Godin and Dugatkin 1995; Brooks and Endler
2001). Given the evidence for high within-population diversi-
ty in many other behaviours, it is possible—if not likely—that
individual males also vary in their diel display patterns. This is
important to explore because it presents an avenue by which
differentially ornamented males could adjust their fitness ex-
pectation under the trade-off between natural selection and
sexual selection (i.e. predation risk versus courtship success;
see below for specific treatment of this point).

Interestingly, there has been little investigation into the po-
tential relationship between non-sexual behavioural
(personality) traits and sexual behaviour. Behavioural syn-
dromes force traits to evolve in groups, rather than in isolation,
which can generate otherwise unpredicted trade-offs across
contexts and therefore have critical implications for our un-
derstandings of evolution and ecology (Sih et al. 2004, 2012;
Stapley and Keogh 2005). They can also serve as important
maintainers for individual variation, in some cases leading to
clear behavioural types within a syndrome (Sih et al. 2004,
2012). Behavioural types have been linked to fitness traits. For
example, male three-spined sticklebacks, Gasterosteus
aculeatus, that are bolder towards predators also obtain better
breeding sites through aggression (Huntingford 1976). In the
southern water skink, Eulamprus heatwolei, individuals that
are territorial have increased aggression and reduced explora-
tion, and territorial males sire more offspring while explorato-
ry males and females produce larger offspring (Stapley and
Keogh 2005). It is in these ways that variation in non-sexual
behaviour is thought to impact on fitness. However, variation
in these traits may be linked to fitness directly if sexual be-
haviours form part of these syndromes. To our knowledge,
Kelley et al. (2013) is the only study to have investigated a
link between courtship behaviour and non-sexual behaviour,
finding no evidence of a link between exploratory and court-
ship behaviour. The shyness/boldness behavioural types,
representing individual differences in traits such as spatial
use (Kotrschal et al. 2014), predator tolerance (Godin and
Dugatkin 1996), predator inspection (Godin and Dugatkin
1996) and post predator recovery time (Heathcote et al.
2017), may be linkedwith sexual behaviour in guppies if these
behaviours are as driven by predation as we think. For

example, bolder males may continue to display when less
shy males switch to sneak copulation tactics under predation
risk.

Here, we aimed to investigate the influence of daily light
regimes and individual variation upon male sexual behaviour
in a feral Australian guppy population. To do this, we first
observed guppies under an artificial light programmed with
a ‘natural’ lighting schedule where the light intensity peaked
at midday and declined symmetrically towards dusk and
dawn. This allowed us to investigate if male Alligator Creek
fish showed a similar diel pattern of displays as reported for
Trinidadian populations (and as is also likely for their
Guyanese ancestors). We also recorded sneak copulation at-
tempts, as they are thought to provide males a lower-risk al-
ternative to displays (Endler 1987). We then manipulated the
light schedule to present the population with a considerably
extended dusk period. This allowed us to separate the effects
of time and light to investigate the hypothesis that ambient
light levels provide the proximate cue for diel display varia-
tion in our population (sensu Archard et al. 2009).
Specifically, this hypothesis predicts that prolonging the peri-
od of dawn-like lighting should prompt a more extended pe-
riod of high-display activity. Clear a priori predictions for
male sneak behaviour under varying light conditions are dif-
ficult to formulate due to contradictory findings in the litera-
ture (Endler 1987; Archard et al. 2009). However, observa-
tions on guppies removed from their native rivers in these
experiments did not find a relationship between light intensity
and sneak attempts, suggesting that we may not find an effect.

Aside from population-level data, this study was also de-
signed to generate detailed data on each male subject’s daily
pattern of display and sneak behaviour. We sought this to
examine whether there was consistent individual variation re-
garding the overall intensity and/or diel timing of sexual ac-
tivity. To this end, the study design prioritised a solid charac-
terisation of behaviour among a select sample of individuals
(n = 10) as opposed to a less stringent assessment across a
broader spread of males. Despite the low statistical power thus
afforded, we nevertheless also took the opportunity to explore
individual-level relationships between sexual activity, orna-
mental colouration and non-sexual behaviour. In terms of or-
namentation, the most straightforward general prediction is
that more heavily and/or strikingly (diversely) ornamented
males should curtail active display behaviour more sharply
as the risk of predator detection increases. The greater visual
conspicuousness of such individuals may bestow a competi-
tive sexual advantage when predators are scarce yet predis-
pose them for disproportionate risks at other times. We there-
fore expected that more ‘colourful’ males (see ‘Materials and
methods’) should display under more restricted circum-
stances, and that this should apply consistently under both
‘natural’ and ‘extended dawn’ experimental treatments.
Second, we measured each individual’s latency to emerge
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from a shelter to investigate any link between courtship activ-
ity and a putative non-sexual measure of risk acceptance. This
assay is part of a suite of assays used to assess a feature of
behaviour termed ‘boldness’ or ‘exploration’ across a breadth
of animals (e.g. Brown et al. 2007; Kortet and Hendrick 2007;
Chapman et al. 2011; Kerman et al. 2016), and measures
highly repeatable behavioural differences in guppies
(O’Neill et al. 2018). Boldness is thought to reflect an animal’s
reaction to threatening or dangerous environments
(Beckmann and Biro, 2013). If fear of predators drives the
diel pattern, then we predict that fish with low emergence
times will display at higher frequencies under higher ambient
light intensity. Females are known to prefer ‘bolder’ males
(Godin and Dugatkin 1996), but to our knowledge, no re-
search has yet investigated the possible links between bold-
ness, colour and display frequency.

Materials and methods

Sampling site

Adult male and female guppies were collected from Alligator
Creek in Queensland, Australia, in early December 2017 to
generate offspring for another experiment. Alligator Creek is
located within the Bowling Green Bay National Park
(19.4239° S, 146.9456° E). The creek fluctuates heavily in
flow rate across the dry and wet seasons but, at a median water
level, presents a series of rocky pools and riffles gradually
increasing in size with decreasing elevation. The marbled eel
(Anguilla sp.) and jungle perch (Kuhlia rupestris) are the main
predators in the area that are thought to prey upon guppies
(Lindholm et al. 2014). However, guppies appear to persist
in the upper pools where predators are absent and were not
present in the pools where predators were visible when we
were sampling. It is difficult to predict how guppies and their
predators disperse in flooding periods. Guppies were relocated
to our laboratory at Macquarie University and housed in
groups in large 125-L (90 × 35 × 50 cm) stock breeding tanks.
Guppies were reportedly introduced to this site over 65 years
ago to aid in mosquito control (Brooks and Endler 2001;
Lindholm et al. 2005) and are thought to have been sourced
from a guppy population in Guyana (Lindholm et al. 2005).

Light manipulation trials

Approximately 2 weeks after collection, wemoved 30 fish (15
males and 15 females) to a 125-L (90 × 35 × 50 cm) tank, kept
at 27 °C (± 1 °C). This allowed for an even sex ratio, and for
spare males in the case of deaths during the acclimatisation
period or early observations. Although observing guppies in
group settings can cause issues with sample independence, it
best represents a natural courtship setting where males and

females have a choice between many individuals and males
are free to compete with each other. This method has been
previously used to address diel courtship behaviour in guppies
(Endler 1987; Archard et al. 2009). The tank bottomwas lined
with substrate composed of sand and rocks of various small
sizes, as well as a light amount of foliage (java fern
Microsorum pteropus and java moss Vesicularia dubyana) to
provide some shelter without obscuring the observer view of
the tank. Black cardboard lined the tank on the sides and rear.
An Aqua Illumination ‘Hydra 52’ LED aquarium light (Aqua
Illumination, USA), was programmed to turn on at 0700,
ramp up to a peak at 1200 and then ramp down and turn off
at 1700 (Fig. 1). This represented a compressed version of
light conditions in the field, where the sun rises at approxi-
mately 0500, peaks at 1200 and sets at 1900 in the summer
months (Hoffmann, 2017). Fish were then given 2 weeks to
acclimatise to these conditions.

We collected 5 days of observational data for each 12males
using the focal-animal method, during the period of January to
March 2018. The observer (SON) sat still in front of the tank
with the room lights turned off and would observe a fish for 5
min, recording the number of sigmoid displays and sneak
attempts, before moving to the next fish. In this way, six fish
could be observed on the hour, seven times, from 0800 to
1430 and 5 days of hourly data could be generated for all 12
fish over 10 days of observations.

Once this round of observations concluded, the light sched-
ule was altered to give the tank a greatly extended ‘dawn’
period (Fig. 1). The light turned on at 0700, peaked at 1400
and quickly declined and turned off at 1700. Guppies were
given 1 week to adjust to the new light schedule and then
observations were carried out, following the same procedure
described above, over the following 2 weeks.

On observation days, fish were fed only after all observa-
tions were finished for the day (on other days, fish were fed ad
libitum). Individual males are identifiable by their natural col-
our variation and no tagging was necessary. Male guppies
present their colour patterns to females with sigmoid displays,
where they arch their spine to form an ‘S’ shape and quickly
move back and forth, although they may also try to chase and
perform non-consensual ‘sneak’ copulations (Houde 1997).

It was not possible to record data blind because our study
involved focal animals that were tracked according to colour
patterns.

Colour measurement

We quantified the occurrence and areal coverage of male or-
namentation using digital photography. Live test subjects were
anaesthetised with a 1-mg/L solution ofMS-222 buffered with
sodium bicarbonate and photographed on both left and right
sides against a white and black background. The total out-of-
water handling for each fish was ca. 60–90 s. The white
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background best presents black and orange colouration, while
the black background best presents iridescent colouration
(Kemp et al. 2009). A Canon EOS 600D camera was fixed
directly overhead, and the guppies were illuminated by a small
(60 lumen) LED light angled down at 45°, at a distance of
approximately 20 cm. A ruler was placed in frame for each
photograph to determine scale. We traced the total body area
and the areal coverage of three main colour classes (black,
orange, iridescent blue/green) on each photograph using
Adobe Photoshop CC (version CC 2018 19.1.3). These colour
components can be spectrally described as follows: black: <
5% reflectance across the 300–799-nm range; blue: Gaussian-
type reflectance function with peak ca. 400 nm; green:
Gaussian-type reflectance function with a peak ca. 515 nm;
and orange: sigmoidal-type reflectance with an inflection
point ca. 580 nm (Kemp et al. 2009).

This provided an area in pixels which was then converted
into square millimetres. We averaged the colour areas on the
left and right sides of the guppies to account for colour
asymmetry.

Given that there is great complexity in how to best judge
perceived colour signal conspicuousness (Endler 1990; Kemp
et al. 2015), we summarised our data in terms of two well-
established summary measures for guppies (Endler 1978).
Colour area (CA—the overall proportion of ornamented area
to total lateral body area) and colour diversity (CD—the ‘even-
ness’ to which the three main classes are represented) were
calculated according to the respective formulae:

CA ¼ Blþ Or þ Iridð Þ
Body

CD ¼ 1

Bl2 þ Or2 þ Irid2
� �

where ‘Bl’, ‘Or’ and ‘Irid’ refer to the lateral area of black,
orange and iridescent markings, and ‘Body’ refers to total
lateral body area (excluding the caudal fin).

Emergence assays

Two of the original 12 test subjects expired prior to the end of
behavioural trails; hence, the remaining ten males were run
through an emergence assay. The apparatus consisted of a
bare-bottomed 90-L tank (51 × 92 × 21 cm) filled to a depth
of 9 cm with water sourced from the stock tank, with a starter
box placed at one end. The starter box was an open-roofed,
black plastic container lined with gravel, with a sliding door
facing the centre of the tank. Although open, the starter box
blocks the line of sight to the observer and partially reduces
ambient light levels. Emergence time should represent time
taken for a guppy to emerge from a sheltered environment
into an open and somewhat aversive environment, which
may indicate a bold/shy behavioural type. This door was

opened remotely, and the tank observed by an observer off
to one side.

Males were isolated in plastic cups for ca. 1 h prior to
testing. They were then placed in the closed chamber to accli-
mate for 10min prior to raising the chamber door. Tenminutes
of acclimation has been found to produce emergence behav-
iour most indicative of overall behavioural types in guppies
(O’Neill et al. 2018). Latency to emerge was measured to the
nearest 1 s using a digital stopwatch.

Statistical analysis

We assessed the effects of individual and time of day and the
impact of light treatment upon male display behaviour using a
generalised linear mixed model (GLMM) with a Gaussian
response and identity link function. We fitted a model with
display number as the dependent variable, individual ID as a
random variable, hour and treatment (light environment) as
main effects and date as a covariate to account for habituation
over the trial. Date was simply the number of days following
the beginning of the experiment. We included this to account
for any consistent changes over time due to, for example,
acclimatisation to the laboratory conditions or increases in
age. We also included second- and third-order interaction
terms involving individual ID, hour and treatment. To test
the significance of effects in mixed or random models, error
terms must be constructed that contain all the same sources of
random variation except for the variation of the respective
effect of interest. Here, we use Satterthwaite’s method of de-
nominator synthesis (Satterthwaite, 1946), which finds the
linear combinations of sources of random variation that serve
as appropriate error terms for testing the significance of the
respective effect of interest.

Due to an excess of zero counts in the sneak data, as con-
firmed by a Vuong test (Vuong 1989), we used a zero-inflated
generalised linear mixed model with a Poisson distribution
and log-link function to assess the effects of individual and
time of day and the impact of light treatment on male sneak
behaviour. We included the same conditional and random
terms as in the GLMM of daily display frequency, above, as
well as a single zero-inflation parameter for all observations
and fit it using the ‘glmmTMB’ package (Brooks et al. 2017)
for R (v 3.5.2; R Core Team 2018).

Finally, we assessed potential individual-level relationships
between sexual activity and body size, ornamental colour
traits and emergence via univariate correlation analyses. We
opted not to attempt a multivariable model fitting approach
due to the low sample size (n = 10 individuals) and hence the
high likelihood of overfitting (Anderson and Burnham 2002;
Harrison et al. 2018). Pearson’s product-moment correlations
were used to estimate the covariance between (a) average
daily display/sneak frequency and (b) body area, emergence
time, colour area and colour diversity. We used the sequential
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Bonferroni procedure (Rice 1989) to correct for multiple com-
parisons. Emergence times were log transformed to comply
with the assumption of normality. Following Biro (2012) and
Beckmann and Biro (2013), we used mixed-model best linear
unbiased predictors (BLUPs) to estimate individual values for
display and sneak frequency. Data were analysed using
Statistica v7 and the R programming language (v3.5.2; R
Development Core Team 2017).

Data availability

All data generated or analysed during this study are included in
this published article and its supplementary information files.

Results

Diel schedules of sexual activity

Overall, the daily frequency of both displays and sneaks var-
ied significantly across observation hours (Tables 1 and 2) and
tended to be higher in the morning compared to midday (Figs.
2 and 3). For displays, there was a significant hour × treatment
interaction (treated further below); hence, we investigated diel
variation further via separate GLMMs for each light environ-
ment (full detail is provided in supplementary online
Table S1). These models indicated significant hourly variation
in daily display frequency under both the normal light regime
(F6.67, 265 = 8.02, P < 0.001) and the prolonged dawn regime
(F6, 6.67 = 8.02, P < 0.001).

As predicted, the daily frequency of male displays under
the normal light regime declined sharply from early morning
onwards (Fig. 2a). Post hoc testing revealed a difference only

between 0800 and all other hours. The prolonged dawn re-
gime, however, engendered a longer period of morning dis-
play and a more gradual decline into the afternoon (Fig. 2b).
The lowest average daily display frequency under each regime
moreover aligned with the hour of highest light intensity (i.e.
1200 for the normal regime, 1400 for the prolonged dawn
treatment). These results support the prediction that
prolonging the period of dawn-like lighting within the same
circadian cycle prompts a more extended period of high-
display activity.

It is possible that habituation could explain some differ-
ences between the normal and prolonged dawn regimes.
Multiple groups with random treatment order would be re-
quired to address this directly. However, we included date
(the number of days following the beginning of the experi-
ment) in the model as a covariate to account for this
statistically.

Table 1 GLMM results for the analysis of male daily display frequency

Model term Effect df MS Den. syn. error df Den. syn. error MS F P

Intercept Fixed 1 0.231 441 14.9 0.016 0.901

Fish Random 9 118 9.72 98.2 1.20 0.388

Hour Fixed 6 201 54.8 12.5 16.1 < 0.001

Treatment Fixed 1 0.432 92.0 18.6 0.023 0.879

Fish*hour Random 54 12.4 54.0 8.58 1.45 0.0869

Fish*treatment Random 9 95.8 59.8 8.74 11.0 < 0.001

Hour*treatment Fixed 6 54.2 55.2 8.61 6.29 < 0.001

Fish*hour*treatment Random 54 8.58 545 13.8 0.620 0.985

Date Fixed 1 242 545 13.8 17.5 < 0.001

Error 545 13.8

Significant effects including fish (individual ID), hour (0800 to 1430) and treatment regime (natural and manipulated light cycles) are in italic type. The
table contains two columns, Den. syn. (denominator synthesis) error df and Den. syn. error MS, indicating the appropriate error term to use in tests of
significance for each effect and the degrees of freedom associated with that term. Reported F and p values are based on those denominator syntheses
mean squares. Significant effects are italic.

*Indicates an interaction

Table 2 GLMM results for the analysis of male daily sneak frequency.
This analysis used a zero-inflated Poisson distribution. Significant effects
are in italic type

Model/term Effect Estimate SE z P

Zero-inflation model Intercept 0.102 0.105 0.976 0.329

Conditional model Intercept 3.75 1.25 2.99 < 0.005

Fish Random − 0.255 0.142 − 1.80 0.0725

Hour Fixed − 0.328 0.114 − 2.87 < 0.005

Treatment Fixed − 1.25 1.45 − 0.861 0.389

Fish*hour Random 0.0251 0.0129 1.95 0.0512

Fish*treatment Random 0.156 0.165 0.942 0.346

Hour*treatment Fixed 0.220 0.133 1.66 0.0968

Fish*hour*treatment Random − 0.0166 0.0152 − 1.09 0.274

Date Covariate − 0.0262 0.0185 − 1.42 0.156
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Individual variation

The overall GLMM analysis of male daily display frequency
indicated no main effect of individual but a significant indi-
vidual × treatment interaction. Separate GLMMs revealed sig-
nificant variation among individuals under both the normal
light regime (F9, 69.3 = 26.4, P < 0.001) and the prolonged
dawn regime (F9, 54.7 = 2.18, P < 0.05; Table S1). There was
no significant individual × hour interaction in either case.
Hence, although males displayed at different daily frequen-
cies, there was no support for varied diel patterns of display
within each light treatment. Interestingly, the significant indi-
vidual × treatment interaction (Fig. 4) revealed that males did
not rank in the same order for daily display frequency across
the two light regimes. That is, relatively high-displaying males
under a normal light regime did not achieve this status under
prolonged dawn conditions. In contrast to daily display

frequency, there was no evidence for main or interactive ef-
fects of individual identity upon the daily frequency of sneak-
ing (Table 3).

Relationships with broader phenotypic traits

Given that males ranked differently for daily display frequen-
cy across treatment light regimes (Fig. 4), we explored the
relatedness between this trait and broader phenotypic traits
separately for each treatment. Intriguingly, even despite the
low statistical power, the data indicate strong and significant
links between individual daily display frequency and both
colour diversity (CD) and emergence time, but only under
the prolonged dawn regime (Table 3). Here, highly displaying
males possessed more diverse ornamental phenotypes and
daily display frequency correlated positively with latency to
emerge in the emergence assay. Individual daily sneak fre-
quency was not significantly related to any of the studied
phenotypic characters (Table 3). Once again, differences in
habituation between treatments may help explain this treat-
ment effect.

Discussion

Ecological trade-offs between predation risk and resource
availability can shape animal behaviour, leading to shifts in
the frequency, time and habitat of which individuals choose to
behave (Berger and Gotthard 2008). For example, in guppies,
variation in predation risk leads to many plastic changes—as
measured at the population level—including temporal shifts in
the intensity of display behaviour versus sneak copulation
attempts (Godin 1995), modified foraging behaviour (Fraser
et al. 2004) and changes in foraging rate, spatial habitat use
and shoaling behaviour (Botham, et al. 2006). Much less is,

Fig. 2 a, b Diel patterns of male
displays under each treatment
light environment. The halftone
horizontal bars in each panel
indicate unique hourly groupings
that did not differ (at p < 0.05) in
post hoc contrasts according to
Tukey’s honest significant
difference. The dependent
variable was normalised for each
individual to remove variance in
each male’s daily display
frequency. Means are indicated ±
1 SE

Fig. 1 Diel regimes of tank illumination as established for each of the two
treatment light environments. Fish were housed under each light regime
for 2 weeks prior to observing sexual activity
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however, known about how the consequences of opposing
selective pressures are expressed at the level of individuals,
which is a salient question given that male guppies vary in
important traits such as size, colouration and behavioural ten-
dencies. Our population-level analysis indicated not only that
feral Australian guppies conform to a similar diel courtship
schedule as their native Trinidadian counterparts but also that
this schedule appears to be mediated similarly via changes in
ambient light intensity. As discussed below, this may indicate
evolutionary conservatism in guppy behaviour and/or conver-
gent ecological circumstances, or alternatively that predation
risk has been overstated as a driver of such patterns. At the
individual level, we found that despite a lack of detectable

variation in diel scheduling, males varied in their overall fre-
quency of courtship display behaviour. Related to this, our
data point to intriguing relationships between display frequen-
cy, ornamentation and a non-sexual measure of risk taking.

As predicted, daily display frequency was inversely related
to light intensity under both experimental light regimes. This
implicates light regime, rather than time of day, as the main
proximate driver of changes in display frequency. The timing
and control of this behaviour are therefore very similar to
those reported for native Trinidadian guppies (Endler 1987;
Archard et al., 2009). Strictly, when we refer to daily patterns
in our population, we can refer only to our observation win-
dow (0700–1430), which did not include the final 2.5 h of
light. However, given the causal link between light and dis-
play in this population, we feel that extrapolating these results
to daily behaviour is reasonable. Previously, the cause of the
diel display pattern was primarily linked to predation, and to
the activity of a single species, C. frenata (Endler 1987).
Subsequently, the same diel pattern was discovered in low-
predation populations where C. frenata is not present
(Archard et al. 2009). We extend this finding to feral
Australian guppies sourced from a population living under a
completely different suite of predators than Trinidadian
guppies and transplanted into a lab environment with no
predators.

There are many possible reasons for why guppies exhibit
this diel pattern of display across differing ecological contexts.
Australian predators may be functionally similar to
Trinidadian predators by being more active under higher light.
Alligator Creek is home to many different predators, and these
vary throughout the wet and dry seasons. The marbled eel
(Anguila sp.) and jungle perch (Kuhlia rupestris) are thought
to be guppies’ main predators in the area (Lindholm et al.
2014), but the site is also home to spangled perch
(Leiopotherapon unicolour), various eel species (Anguila
sp.), and the banded grunter (Amniataba percoides). Little is
known about the feeding patterns of these predators except
that the Anguila sp. are likely to be nocturnal. However, even
if these predators are more active in the mornings and after-
noons, low-light conditions may be inherently safer due to the
reduced transmission of guppy colour signals under these con-
ditions (Endler 1987). It is also possible that factors other than
predator community composition (or predation risk per se)
drive the relationship between light levels and display fre-
quency. Female sexual receptivity and/or responsiveness to
male display may vary throughout the day, or itself be sensi-
tive to variation in light level. Females are known to drive
male guppy display behaviour in other situations (Cole and
Endler 2016; see below for discussion). The accessibility or
receptivity of females may of course itself be shaped by pre-
dation risk. Indeed, female perception of predation risk drives
changes in the sexual behaviour of males even if the males
themselves are unaware of such risks (Evans et al. 2002).

Fig. 4 The interaction between individual daily display frequency and
treatment light environment. Each line traces an individual’s mean daily
display frequency (per-5 min observation interval) across the two envi-
ronments. Means were estimated as least-squares adjusted values derived
from the GLMM in Table 1

Fig. 3 Diel patterns of male sneaks under each treatment light
environment. The dependent variable was normalised for each
individual to remove variance in each male’s daily sneak frequency.
Means are indicated ±1 SE
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Investigating the diel patterns of female receptivity to court-
ship and mating would be fruitful. This means that the ulti-
mate causality of predation upon male display effort will
prove difficult to isolate.

Our findings contrast with those of Kelley et al. (2013),
who found no overall effect of changing light intensity on
sexual behaviour in guppies from Alligator Creek. However,
their study population was 12th generation lab reared (in con-
trast to this study’s wild-caught population) and had not expe-
rienced predation or diel light schedules. The difference in
findings may therefore indicate the loss or modification of
display schedules due to captive breeding, that is, an effect
akin to domestication. Alternatively, this could suggest a
learnt or ‘environmental’ cause of the behaviour due to, for
example, experiencing predators, though see Reynolds et al.
(1993) who found an effect of light on third-generation labo-
ratory-bred guppies.

Sneak copulation attempts varied according to time of day,
though the relationship between light and sneak attempts was
not clear. Sneak copulation attempts appear less visually con-
spicuous compared to full displays and may allow males to
increase their number of copulations while mitigating preda-
tion risk (Endler 1987). However, based on previous work on
guppies, it was difficult to predict how sneak behaviour
should vary under the changing environments of this study.
Endler (1987) and Reynolds et al. (1993) found no effect of
light environment on the number of sneaks, whereas Archard
et al. (2009) found that males attempted more sneak copula-
tions under higher light levels. Evans et al. (2002) found that
changes in female receptivity led to males allocating more
time into attempting sneak copulations over displays. Male
guppies have also been found to vary their frequency of sneak
attempts according to ambient light spectra (Gamble et al.
2003). Kelley et al. (2013) found no population effect of light
intensity on sneak behaviour but found individual-by-light
environment interaction effects on sneak behaviour.
Although we found that sneak behaviour varied according to
time of day, the absence of any hour-by-treatment interaction
implies that light levels did not primarily drive this variation,
supporting the findings of Kelley et al. (2013). However,

individuals did not vary significantly in sneak attempts, nor
were there any interaction effects between individual and
lighting treatment. This is consistent with sneak behaviour
as a less risky but more opportunistic means of seeking
copulations.

Guppies have been previously shown to exhibit covariation
between mating behaviour, sexual signalling behaviour and
male morphology (Matthews et al. 1997; Archard et al.
2009). Our data suggest that this covariation can extend to
non-sexual behaviours and potentially broader animal
personality traits. Interestingly, we observed strong
correlations between male daily display frequency and
colour diversity and emergence behaviour in fish under the
prolonged dawn regime but not under the normal regime.
For colour, males that displayed more in the prolonged dawn
environment had higher colour diversity. Display frequency in
the prolonged dawn environment was significant before but
not after Bonferroni correction. Previously, Nicoletto (1993)
found a positive relationship between orange colouration and
display frequency. However, visual signals represent the sum
of multiple components, so understanding how colour diver-
sity and total coverage effect behaviour is important. Guppies
that displayed more in the ‘extended dawn’ environment also
had longer emergence times. Longer emergence may infer a
shyer individual behavioural type, and therefore that bolder
individuals may in fact display at a lower frequency. However,
emergence alone cannot measure personality and thus a wider
array of behavioural assays is required to confirm this. Despite
the abundance of research investigating guppy sexual behav-
iour, few prior studies have investigated links between display
frequency and personality.

Why these traits correlated to daily display frequencies in
environment two and not one is difficult to understand, as we
did not expect an individual-by-treatment interaction.
Reynolds (1993) found that a change in light intensity re-
versed a correlation between size and display frequency; large
males displayed more and were preferred by females at low
light levels while small males displayed more (with no differ-
ence in female preference) at high light levels. It is possible
that average differences in light levels between the two

Table 3 Univariate relationships (Pearson’s r values) between individual male traits and daily display/sneak frequency. Daily display frequency was
analysed separately for each light environment due to the presence of individual × environment interaction (Fig. 3)

Daily display frequency Daily sneak frequency

Environment 1 (normal regime) Environment 2 (prolonged dawn) Environments 1 and 2

Body size (lateral area) 0.470 0.265 0.438

Colour area (CA) 0.005 0.681* − 0.112

Colour diversity (CD) 0.153 0.939* 0.262

Latency to emergence 0.360 0.831* − 0.202

Significant relationships (p < 0.05) are marked with an asterisk, while those remaining significant after sequential Bonferroni correction (Rice 1989) are
in italic type
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treatments, particularly in the 0700–1430 observation win-
dow, may lead to such an interaction. However, we found no
evidence of a light/dark interaction within treatments. Because
our population came from the wild, but our treatments were
sequential, it is also possible that differences in habituation
explain the different results between light environments.
Although we did our best to account for this statistically, this
concern would be best approachedwith a different experimen-
tal design that uses multiple groups and randomised treatment
order. However, because of the close relationship between
light intensity and display frequency, we believe it is unlikely
that habituation rather than the manipulation of light regime
explains the main results of this study. While these findings
are limited, we suggest that the relationship between display
frequency and personality should be investigated more
thoroughly.

We found that individuals varied in their overall daily dis-
play frequency but did not differ in their diel patterns of that
behaviour. The latter is somewhat surprising because predator
activity and interactions between ambient light and male col-
our signals are thought to drive the diel pattern of displays
(Endler 1987; Archard et al. 2009) and there is substantial
individual variation in colouration and predator tolerance in
male guppies (Dugatkin 1992; Endler and Houde 1995; Godin
and Dugatkin 1996). If male courtship levels are driven by
something outside of these factors, such as female receptivity,
then this may explain why variation in diel schedules should
be subtle. Female receptivity has been found to strongly drive
changes in male display behaviour under different light spec-
tra (Cole and Endler 2016). Unfortunately, behavioural signs
of female receptivity are observed at low frequencies in the
wild. However, female swimming proximity to the male, one
indicator of female receptivity, was not found to vary signifi-
cantly under different light intensity treatments (Archard et al.
2009). Research into individual differences in different con-
texts would be fruitful to investigate this complexity. The
growth of the animal personality field has led to the investi-
gation of many behaviours within any given context.
However, understanding how individuals adjust their behav-
iour over environmental gradients, both temporal and spatial,
is critically important for understanding animal behaviour in
the real world.
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