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Abstract

In species where females preferentially select the most colourful males,
males may strategically invest in courtship and nuptial colour according
to the presence of rivals. In this experimental study, we tested this in the
three-spined stickleback (Gasterosteus aculeatus) in which mature males
exhibit carotenoid-based red coloration to attract mates and defend their
territories against male competitors. We challenged experimental males
with either a red-ornamented dummy male or a non-ornamented dummy
for five min per day in six-d experimental trial, which was repeated twice
during the breeding season. We found that the males presented with a
coloured rival exhibited more frequent courtship behaviours (i.e. fanning
and gluing) to females than those presented with a non-coloured intruder
during the second experimental trial. At the end of each trial, the experi-
mental males also showed a significantly larger area of red coloration in
the presence of a coloured intruder. Our findings suggest that male
sticklebacks regulate mating effort according to the presence of competi-
tive rivals by increasing their investment in costly signals when successful
mating and territory defence is at risk.

Introduction

Secondary sexual traits of males, such as courtship
behaviours and ornaments, have evolved for many
reasons, including female choice, male contests,
female/male game and mate stimulation (Darwin
1871; Grafen 1990; Maynard-Smith 1991; Andersson
1994; Wachtmeister 2001; Servedio et al. 2013). A
prevalent theory suggests that secondary sex traits act
as an ‘honest signal’, indicating high fitness in context
other than mating (‘handicap principle’: Zahavi 1975,
1977), and females are selected to discriminate the
differences of males in such signals, which are corre-
lated with selective advantage, by increasing the
expected number of their own genes in future genera-
tions (Kodric-Brown & Brown 1984; Grafen 1990).
One classic assumption of the handicap model is that,
to be honest, the expression of signals must be costly
and dependent on genetic or phenotypic quality
(Maynard-Smith & Harper 2003), although signals
can also be honest by design and convention (Hasson
1997; Harper 2006) or need not be costly depending
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on their biological details (Szdmado6 2011). A number
of empirical studies have demonstrated costs and
condition dependence of courtship displays and
ornaments despite several confounding problems
(reviewed in Kotiaho 2001; Cotton et al. 2004). How-
ever, sexual signalling is a component of reproductive
effort (Getty 2006), and thus, in iteroparous organ-
isms, life-history trade-offs affect the amount of
resources invested into current sexual advertisement
(Kokko 1997; Hunt et al. 2004; Getty 2006). There-
fore, sexual signalling effort will depend on both
future breeding opportunities and the current level of
mating competition, that is, signalling effort of other
males in the population (Lindstrom et al. 2009).

In natural populations, mating conditions are often
variable and natural selection should favour pheno-
typic plasticity in mating effort (e.g. Wong & Svensson
2009). Similarly to sperm competition games, males
should increase signalling effort in the presence of
competitive male rivals because the risk of unsuccess-
ful mating increases. However, above a certain level
of male competition, the optimal strategy is to reduce
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mating effort (Bretman et al. 2011). Theoretical and
empirical studies of sexual selection often assumed
that sexual traits are fixed throughout the mating sea-
son, but in some species, males may dynamically
modulate signalling effort over the breeding season
according to breeding conditions (e.g. Velando et al.
2006; Gautier et al. 2008). In particular, males may
adjust their nuptial colours (in fish), song and court-
ship displays (in birds) to the presence of other male
competitors (e.g., Galeotti et al. 1997; Candolin
1999a). Secondary sexual traits function both in
male/male competition and as cues for female choice
in many species (reviewed in Berglund et al. 1996).
For example, male nuptial colours in many territorial
fish species may be used for both attracting females
and threatening rivals. Studies of the three-spined
stickleback (Gasterosteus aculeatus) showed that the
presence of male competition influences the expres-
sion of red nuptial coloration that females use as crite-
ria for mate choice (Candolin 1999a, 2000a; Wong
et al. 2007). Therefore, males should increase their
fitness by adjusting the expression of costly sexual
traits to the level of competition for mating.

In this experimental study, we tested whether
males are able to adjust their signalling effort, that is
nuptial coloration and courtship display, to attractive-
ness of a dummy rival in their territories by using the
three-spined stickleback as a study system. In this spe-
cies, females base their mate choice mainly on the
intensity of the males’ red nuptial coloration (Row-
land 1994), which is an honest sexual trait based on
carotenoid pigments signalling their ability to resist
parasites, disease or oxidative stress and longevity
(Pike et al. 2007). Males defend a territory, build a
nest in which one or more females will deposit eggs
and provide intensive parental care (i.e., fanning of
the eggs and guarding of the fry). As stickleback males
(as well as females) can breed several times within a
single breeding season, but reproduction is costly,
they should allocate their resource and energy
between current reproduction and condition (Chell-
appa et al. 1989; Poizat et al. 1999; Candolin 2000b;
Pike et al. 2007). Given this breeding system, there
may be selection pressure on males to allocate their
resource and energy in sexual traits at optimal level.
A previous study showed that after mating competi-
tion with other males, subordinate males reduce nup-
tial coloration probably due to the socially imposed
costs of signalling, that is, risk of fights (Candolin
1999a). In our experiment, by using a dummy, we
avoid social costs associated with male-male competi-
tion and study if red coloration in male rival is used as
a cue to adjust signalling effort.
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Here, we challenged sexually mature males with a
territory and nest with either an attractive and com-
petitive rival (dummy with a red nuptial colour) or a
non-coloured dummy across two mating events in the
season. We predict that males with an attractive and
competitive rival will invest more in courtship effort
and red coloration if they adjust mating strategy in
social context. As future breeding opportunities
decrease as the breeding season progresses, we expect
an increased signalling effort and a stronger effect of
competitive rivals in the second mating events.

Methods

Fish Collection and Rearing Conditions

We collected sexually immature three-spined stickle-
backs with handnets from three nearby localities at
Rias Baixas (Rio Vigo, Rio Umia and Rio Tamuxe),
Galicia, Spain during February 2012. Most Galician
populations are annual populations, and the majority
of fish seem to reproduce a single spawning season
(S.-Y. Kim and A. Velando, personal observation).
The three-spined stickleback is a locally abundant spe-
cies at the capture sites. A total of 70 fish were col-
lected, of which 22 eventually mature males and 23
mature females were used in this study. Up to 30 fish
at a time were transported in a 25 1 tank with an air
stone to a laboratory at the University of Vigo. After
transport, which took <2 h, fish were acclimated to
the laboratory temperature before releasing in hold-
ing aquaria. All fish were healthy on arrival to the
laboratory and during acclimatization. Captured fish
were housed in three 100 1 holding aquaria, each con-
taining <30 fish with a water filter, an air stone and
several artificial plants, at 13-19°C (natural range of
seasonal water temperature in the sampling sites)
under natural photoperiod. The laboratory was air-
conditioned if necessary to avoid heat stress. Fish
were fed daily ad libitum with bloodworms. To prevent
the risk of whitespot infection, the salinity was
adjusted with sea salt to approx. 1.5 ppt. Wild fish
were sampled with permission by the Xunta de Galicia
(015/2012). This study complied with current laws of
Spain and Animal Ethics Guidelines of the University
of Vigo. After the experiment, study fish were
retained in an artificial pond with suitable living con-
ditions as breeding stock for future experiments.
When males began to develop blue eye coloration,
which indicates sexual maturation, they were allo-
cated in individual aquaria (33 x 18 x 19 cm) and
maintained under the same photoperiod, tempera-
ture, water and diet conditions as the holding aquaria.
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Each individual aquarium contained a sponge filter,
an artificial plant and a Petri dish filled with sand for
nesting. One hundred 5 cm long strands of green
polyester thread were provided as nesting materials
(see also Pike et al. 2007). Males were not in visual
contact with each other.

Experimental Procedures

As soon as a pair of males from the same locality had
completed nest building (May-Jul), we randomly
assigned one to the rival present group and the other
to the rival absent group then begun daily treatment
and behavioural observation, which lasted during 6 d
(rival absent: n =11 males; rival present: n =11
males). Therefore, the dates of maturation and nest
building did not differ between the two experimental
groups (Lo = —0.302, p =0.766; 1= —0.069,
p = 0.946). In the morning, males of the rival present
group were challenged with a dummy stickleback
with red colour on cheeks and belly, simulating an
attractive and competitive rival whereas males of the
other group were presented with a dummy stickle-
back of the same size and morphology without red
colour. The dummies were made of white clay and
painted with manicure for colour (bright red for the
nuptial colour area) and waterproofing then attached
to a thin stick for handling. Lateral body area and
red colour area of the dummy were 392 mm? and
41 mm?, respectively, and those of study males ran-
ged between 182 and 337 mm? and 0.02-25 mm?,
respectively. Note that body area of fish measured in
this study excluded area of fins, and thus the size of
dummies was actually similar to that of male stickle-
backs, including body and fin areas (for methods, see
below; Frischknecht 1993; Candolin 1999b). Mean
colour intensity of the red nuptial colour area of the
red-ornamented dummy was 51.5, slightly brighter
than our study males in which the red colour inten-
sity ranged 56.7-134.0. Thus, the area and colour
intensity of red ornament of the dummy was slightly
exaggerated, but within the natural range, to make
it sure that experimental males perceive it as a com-
petitive rival (S.-Y. Kim & A. Velando, own data).
We simulated territorial invasion by moving the
dummy within 5 cm proximity (without physical
contact) and visual range of each focal fish during
5 min and counted number of attacks against the
dummy. As the non-coloured dummy had no sexual
ornament, it was probably not perceived as a rival
for mating, but as a potential egg predator or nest
destructor, by male sticklebacks in the rival absent
group.
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In the afternoon, the paired males from the two
treatment groups in their own individual aquaria
were presented with the same gravid female during
5 min and their courtship behaviours to attract the
female to their nests were observed. During the court-
ship test, most focal males immediately responded to
the appearance of a gravid female by approaching her,
exhibiting the ‘zig-zag dance’ and even biting and
then made intensive ventilating movements over his
nest (‘fanning’) and in addition glued kidney secre-
tion to the nest (‘gluing’), which imitate parental care
for eggs and nest building (Tinbergen & Van Iersel
1946; Rowland 1994). In this study, we quantified
fanning and gluing behaviours by counting numbers
of fanning displays (i.e. a bout of continuous and
intense movements of pectoral fins over the nest) and
gluing episodes in each courtship test. Individual
males were allowed direct contact with females to
induce them to court normally, but the females never
spawned. The order of aggression test with a dummy
and courtship test with a female were altered every-
day between the paired males from the rival present
and absent groups.

On the sixth day, immediately after courtship test
each focal male was weighed with a digital balance (to
the nearest 0.01 g) and photographed for colour
analysis. The protocol for photography and image
analysis corresponds to that described previously
(Frischknecht 1993; Candolin 1999b) with minor
modifications. Each focal fish was placed into a small
transparent plastic box containing water and a black
sponge that fixed the sample on its lateral side (either
left or right to reduce handling time) and served as a
non-reflective background. The sample was illumi-
nated with a LED lamp from the above while photo-
graphing with a digital camera (Nikon D90). The
positions of photographer, camera, lamp and fish
were always the same. The whole procedure of
weighing and photographing took <1 min.

We measured the whole body area and the area and
intensity of the red nuptial coloration from the digital
images by using IMAGE analysis software (analySIS
FIVE, Olympus). We determined the whole body area
of fish except fins as the region of interest then
selected areas that ranged in colour between yellow
and red (hue: 1-60 and 340-359; saturation: 50-255;
intensity: 0-255). The size of the red area and mean
colour intensity of the area were recorded.

Approximately, 10 d after the completion of the
first experimental trial, fish were moved to new clean
aquaria then allowed again to build nests. When both
the paired males from the rival present and absent
groups built their new nests we repeated the same
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experimental procedure during another 6 d (control:
n = 8 males; experimental: n = 8 males). Sample size
was reduced in the second trial as some males did not
build a new nest. The experimental treatment of each
focal male in the second trial was the same as the first
trial. The study males were weighed and photo-
graphed again after the second trial.

As soon as the entire experimental procedure during
6 d was completed, the half of randomly selected con-
trol (n = 6) and experimental (n =5) males were
allowed to breed by introducing a fully gravid female
into the individual aquaria for up to 1 h. This was to
see whether our experimental treatment influences
their reproductive performances. However, as only
four males from the rival absent group and three males
from the rival present group succeed in spawning it
was impossible to make a meaningful comparison.

Statistical Analysis

We explored factors and covariates associated with
body mass, aggressive response to the dummy, court-
ship behaviours (i.e. fanning and gluing) and red nup-
tial coloration of focal males by using linear and
generalized linear mixed-effect models (LMEs and
GLMMs), including male identity nested within the
paired rival present/absent group as a random effect,
to account for the non-independence of focal individ-
uals presented with the same female on the same day.
Prior to the analysis, effects of the population of ori-
gin, date of maturation and date of test were explored,
but never found to be significant. Therefore, these
variables were not included in subsequent analyses to
avoid over-parameterization. All statistical analyses
were performed using the R (version 2.15.2, R Devel-
opment Core Team 2012). The LMEs and GLMMs
were implemented using Ime function of the R pack-
age nlme (Pinheiro et al. 2013) and Imer function of
the Ime4 package (Bates et al. 2013), respectively.

We used GLMMs with Poisson error distribution
and a log link function to test whether challenging
males with a coloured rival influences their territorial
(number of attacks toward the dummy rival, n = 228
observations) and courtship behaviours (number of
fanning and number of gluing, n = 228 observations).
In all GLMMs, treatment, trial, day (1-6 d), body
mass and treatment x trial interaction were included
as fixed effects. We excluded other interactions,
which were not of direct interest, to avoid over-
parameterization due to the small sample size. The full
model was reduced by removing fixed effects sequen-
tially based on Akaike information criterion (AIC)
(Crawley 2007).
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To examine whether the experimental treatment
influences investment of males in their sexual orna-
ments, body mass, area and intensity of red coloration
on the last (sixth) day of daily treatment across two
experimental trials were analysed using LMEs. Treat-
ment (coloured rival present/absent), trial (first/sec-
ond) and their interaction were included as fixed
effects in all LMEs. Body mass and size were included
as additional fixed effects in the LME fitted to the size
of red area. In the analysis for the intensity of red
area, body mass and the size of red area were included
as additional fixed effects. Non-significant fixed effects
were dropped sequentially from the full model by
using deletion tests to assess the significance of the
change in the likelihood ratio that resulted when a
given term was removed from the LME using maxi-
mum likelihood. Then, the final LME model was fit-
ted using the default restricted maximum likelihood
to obtain estimates and significance levels of fixed
effects (Crawley 2007).

Besides, to test whether area of red coloration hon-
estly represents individual condition across different
experimental treatments and trials we analysed the
interacting effects of body condition, treatment and
trial on this trait in an additional model. Body condi-
tion of each focal fish on the day of photographing,
that is, the sixth day of treatment in each trial, was
calculated as the residual from a linear regression of
body mass against total body area (r= 0.922,
p < 0.001; see Schulte-Hostedde et al. 2005).

Results

The level of aggressiveness of experimental male
sticklebacks toward a dummy was low during the first
experimental trial then increased during the second
trial in both coloured rival present and absent groups,
but the difference between the two experimental
periods was greater in the rival present group (signifi-
cant interacting effect, treatment x trial, in Table 1,
Fig. 1). Therefore, fish challenged with a coloured
rival turned more aggressive than fish from the rival
absent group in the second trial. The level of aggres-
sion progressively increased during 6 d of daily treat-
ment (Table 1). Interestingly, larger (heavier) males
were less aggressive toward a dummy rival than smal-
ler males (Table 1).

The levels of two different courtship behaviours,
fanning and gluing, showed similar results (Table 2,
Fig. 2). Males from the both treatment groups courted
more frequently to the presented females during the
second trial than the first trial. During the first 6-d
experimental trial, the levels of courtship behaviours
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Table 1: Results from generalized linear mixed models with Poisson
error distribution and a log link on the number of attacks against a
dummy

Fixed effects Est + SE z P

Intercept 3.041 + 0.985 3.089 0.002
Treatment (competitive rival) 0.398 + 1.108 0.359 0.720
Trial (second) 1.160 £ 0.070 16.650  <0.001
Day 0.052 + 0.011 4868  <0.001
Body mass —3.079 +£ 0.573 —5.374  <0.001
Treatment x trial 0.922 £ 0.115 7.983 <0.001

Fixed effect parameters in the final models are presented. Full
model: attacks = treatment + trial + day + body mass + treatment x
trial, random effect: male identity (paired group).

30

(O Rival absent
251 @ Rival present

20+

154

L.

First

Number of attacks

Second
Trial

Fig. 1: Number of attacks towards a dummy rival during 5 min accord-
ing to the experimental treatment and trial.

showed little difference between the two experimen-
tal groups, but during the second trial, the males from
the rival present group courted more frequently than
those presented with a non-coloured dummy. Larger
males tend to court more frequently, and the day of
treatment did not influence the courtship behaviours.

Body mass of male sticklebacks was not influenced
by treatment, trial and their interaction (LME:
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Fig. 2: Number of courtship behaviours, (a) fanning and (b) gluing, of
males during 5 min according to the experimental treatment and trial.

treatment: t;o = 1.519, p = 0.160; trial: #;5 = 0.091,
p = 0.928; treatment x trial: t4, = —0.512, p =0.617).
Fish challenged with a coloured dummy rival had
significantly larger areas of red nuptial coloration
than the others across the two experimental trials
(Table 3, Fig. 3a). However, when we looked at the
interacting effect of treatment and trial on the colour

Table 2: Results from generalized linear mixed models with Poisson error distribution and a log link on the courtship behaviours

(@) Number of fanning

(b) Number of gluing

Fixed effects Est + SE z p Est + SE z p

Intercept —1.765 £+ 0.748 —2.359 0.018 —3.513 £ 1.108 —3.169 0.002
Treatment (competitive rival) —0.014 + 0.406 —0.033 0.973 —0.426 + 0.528 —0.806 0.420
Trial (second) 0.826 + 0.120 6.894 <0.001 0.763 + 0.184 4.144 <0.001
Body mass 1.946 £+ 0.652 2.987 0.003 2.747 + 0.977 2.813 0.005
Treatment x trial 0.485 + 0.175 2.778 0.005 0.844 + 0.305 2.773 0.006

Fixed effect parameters in the final models are presented. Full model: fanning/gluing = treatment + trial + day + body mass + treatment x trial,

random effect: male identity (paired group).
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Table 3: Results from linear mixed models on the effect of experimen-
tal treatment and trial (first/second) on the size and intensity of red
areas in three-spined stickleback males

Fixed effects Est + SE t p

(a) Size
Intercept 3.946 + 1.523 2591 0.020
Treatment (competitive rival) 4991 + 2.153 2317 0.043

(b) Intensity
Intercept 42214 + 13.786 3.062 0.009
Treatment (competitive rival) 0.471 + 5.973 0.079 0.939
Trial (second) 8.886 + 6.375 1.394 0.187
Body mass 36.215 4+ 12.601 2.874 0.013
Treatment x trial —21.406 + 8.897 —2.406 0.032

Fixed effect parameters in the final models are presented. Full model:
size = treatment + trial + body mass + body size + treatment x trial;
intensity = treatment + trial + body mass + size of red area + treat-
ment x trial, random effect: male identity (paired group).

intensity of the red area, we found that the colour
intensity value decreased from the first 6-d trial to
the second trial in experimental males, whereas the
opposite pattern was observed in males from the rival
absent group (Table 3, Fig. 3b). A low value of inten-
sity indicates redder coloured fish because red colour
reduces the amount of light reflected by silvery skin
of sticklebacks (see also Candolin 1999b). Therefore,
males challenged with a competitive rival had
brighter red areas after the second 6-d trial than after
the first trial.

Size of red colour area depended on body condition
calculated as mass-size residuals, but this effect dif-
fered between the experimental treatments and trials
(LME: effect of treatment: t;o = 1.727, p = 0.115; trial:
ti0 = 0.087, p = 0.932; body condition: t;, = 1.506,
p = 0.163; treatment x trial: ;o = —0.243, p = 0.813;
treatment x body condition: t;, = —2.655, p = 0.024;
trial x body condition: t,, = —1.139, p = 0.281; treat-
ment x trial x body condition: t=2.763, p
= 0.020; Fig. 4). In accordance with the hypothesis
that honest sexual signal represents the bearer’s body
condition, our results suggest that size of red colour
area was an honest sexual signal of condition only in
males presented with a non-coloured dummy during
the first experimental trial and in males challenged
with a coloured rival during the second trial (Fig. 4).

Discussion

The results of our experimental study on three-spined
sticklebacks support the hypothesis that males adjust
their allocation in secondary sexual signals, depend-
ing on the presence of a rival. Behavioural effort for
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Fig. 3: (a) Size of red area in males challenged with a non-coloured
dummy and coloured dummy rival. (b) Colour intensity of red area
according to the experimental treatment and trial.

territory defence and courtship increased greatly from
the first to second 6-d experimental trial, particularly
in fish challenged with a coloured rival. In the pres-
ence of a rival with a strong secondary sexual signal,
males increased their signalling effort by enlarging
and brightening red nuptial area, particularly in the
second experimental trial, which was performed later
the season. Our results suggest that the influence of
mating competition on the signalling strategy of males
may depend on the temporal dynamics. The increased
signalling effort in the presence of an attractive rival
became more evident in the later mating trial.

In this species, early in the season, males establish a
territory, which is aggressively defended against
intruders (reviewed in Wootton 1984). Aggressive
behaviour is important not only for territory mainte-
nance but also for reducing paternity losses by sneak-
ing males (Wootton 1984; Goldschmidt et al. 1992;
Candolin & Vlieger 2013). In this species, the function
of red colour of intruders as releaser of aggression has
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Fig. 4: Relationship between size of red area and body condition, calcu-
lated as mass-size residuals, of males from the coloured rival present
and absent groups after (a) first and (b) second 6-d experimental trials.

been subject to an intense debate. In an early study,
ter Pelkwijk & Tinbergen (1937) reported that male
sticklebacks attacked more to dummies with red nup-
tial coloration than dummies without red patch. Nev-
ertheless, some posterior studies in this species did not
support that the red patch functions as a simple relea-
ser of aggression (e.g. Peeke et al. 1969; Wootton
1971; Rowland 1982). The effect of red coloration
may be context-dependent, thus for example red
colouration elicited more aggression from territorial
than non-territorial males (Bolyard & Rowland 1996).
This suggests that territorial males are more motivated
to defend their nests against a competitive rival. In
our study, we found that during the first experimental
trial red coloration in the dummy intruder did not
influence male aggressiveness, but it gave rise to more
attacks during the second trial when males increased
their reproductive effort in territory defence and
courtship.
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Our results suggest that mating effort (i.e. caroten-
oid-based red coloration and courtship) was rapidly
modulated according to a social stimulus (i.e. the pres-
ence of colourful rivals in their territory). Both court-
ship and colour are costly sexual signals in animals,
including the three-spined stickleback. Courtship and
territorial behaviours can be energetically costly
(Vehrencamp et al. 1989; Hack 1997; Basolo & Alcaraz
2003; but see Bennett & Houck 1983). Vigorous court-
ship behaviours may increase risk of drawing attention
of predators and mating competitors and constrain
energy for self-maintenance and other activities (Can-
dolin 1997; Kotiaho 2001). Increased allocation of
carotenoid pigments in sexual ornaments may restrain
the signaller’s physiological condition by reducing this
limiting resource, which also plays an important role
as antioxidants and immunosimulants (Pike et al.
2007). Therefore, the presence of a coloured rival
influenced territorial males to increase allocation of
carotenoids and energy in their current reproductive
opportunity especially during the later experimental
trial. An increasing number of studies across diverse
taxa, including sticklebacks, also showed that males
adjust ejaculate size and quality according to the pres-
ence of competitors and the risk of sperm competition
(Zbinden et al. 2003; Kilgallon & Simmons 2005).
Altogether, these results suggest that males may assess
their competence at breeding territory and increase
resources allocated to mating/fertilization when mat-
ing success is at risk (Bretman et al. 2011).

Sticklebacks breed several times within a single
breeding season, and the future breeding opportuni-
ties decrease as the season progresses. In our study,
the presence of a coloured rival at the breeding terri-
tory affected mating effort especially in the second
mating trial. In a previous study, it was observed that
the honesty of the sexual signal varies over a lifetime
and this has been interpreted as a dynamic signalling
tactic that depends on future reproductive opportuni-
ties (Candolin 2000b). Accordingly, in our study, red
carotenoid-based red colouration was not always an
honest sexual signal that represents bearer’s condition
measured as mass-size residuals across the two experi-
mental trials over the season.

In the males that were presented to a non-coloured
rival, red coloration honestly indicated condition in
the first experiment but not in the second trial per-
formed later the season, probably because when low
future opportunities are expected males should invest
heavily in the current sexual signals (‘terminal invest-
ment’; Candolin 1999b; Nielsen & Holman 2012).
However, the opposite effect of condition and trial on
the sexual signal was observed when males faced a
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coloured rival. The experimental males in worse con-
dition invested heavily in red nuptial coloration in the
first experimental trial, resulting in a negative correla-
tion between condition and red size area, but in the
second trial the signalling tactic changed to be honest.
In the first trial of our study, fish in bad condition
could have increased their investment in the current
mating to compete with the coloured rival, but their
condition might constrain such dishonest signalling
strategy in the later experimental trial. These results
suggest that male-male competition may enforce hon-
esty of sexual signal in late life (Lindstrom et al. 2009;
see also Candolin 2000a; Wong et al. 2007).

Our finding demonstrates that stickleback males
adjusted their sexual signalling effort in behaviours
and colour in response to the presence of a rival. This
flexible signalling strategy would have a fitness conse-
quence if males that reduce sexual signalling effort in
the absence of severe mating competition prolong
reproductive lifespan and increase their investment in
paternal care in both current and future reproduc-
tions. On the other hand, in the presence of severe
mating competition, there would be selection pressure
on males to increase mating success by investing
heavily in sexual signals, particularly when future
expectation for additional mating opportunities is
reduced with time.
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