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According to the good-genes hypothesis, females choose among males to ensure the inheritance of superior

paternal genes by their offspring. Despite increasing support for this prediction, in some cases differential

(non-genetic) maternal effects may obscure or amplify the relationship between paternal attractiveness and

offspring quality. Artificial insemination controls such effects because it uncouples mate choice from copu-

lation, therefore denying females the opportunity of assessing male attractiveness. We adopted this tech-

nique in the live-bearing fish Poecilia reticulata and examined whether paternal coloration was associated

with the behavioural performance of newborn offspring. Sexually receptive virgin females were inseminated

with sperm taken individually from donor males that exhibited high variation in the area of orange pigmen-

tation, a trait known to influence female choice in the study population. Our analysis of offspring perform-

ance focused on the anti-predator behaviour of newborn fish, including schooling by sibling pairs, the

response (swimming speed) of these fishes to a simulated avian predator, and the time taken for a naive

investigator to capture the offspring. Although we found no significant effect of sire coloration on either

schooling or swimming speed, our analysis revealed a significant positive association between sire coloration

and the ability of newborn offspring to evade capture. This finding supports the view that at least one aspect

of anti-predator behaviour in newborn offspring is influenced by sire genotype, which in turn is revealed by

the expression of secondary sexual traits.
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1. INTRODUCTION
A major controversy in sexual selection is whether female

mate choice evolves as a consequence of an underlying

preference for genetically superior males (see, for example,

Rowe &Houle 1996; Kirkpatrick & Barton 1997; Møller &

Alatalo 1999; Kokko et al. 2003). Preferences for males of

high genetic quality and the inheritance of viability genes

by the progeny of choosy females form the basis of ‘good-

genes’ models of sexual selection (Andersson 1994).

According to these models, male ornaments reliably indi-

cate viability because only males of high genetic quality are

able to develop and maintain elaborate traits (Zahavi

1975). Consequently, females are expected to obtain

indirect (genetic) benefits when mating with attractive

males, resulting in the production of high-quality offspring.

In support of these predictions, several studies have repor-

ted a positive correlation between paternal attractiveness

and offspring fitness components (e.g. Reynolds & Gross

1992; Norris 1993; Møller 1994; Petrie 1994; Iyengar &

Eisner 1999).

The possibility that females differentially invest resour-

ces at reproduction according to the attractiveness of their

current mate has important implications for good-genes

explanations of mate choice. For example, the differential

allocation hypothesis (Burley 1986) predicts that females
should preferentially allocate resources to breeding events

when mating with attractive males, and that energy inves-

ted in the current mating is traded against that available for

future matings (reviewed by Sheldon 2000). Indeed,

several recent studies have revealed that females tailor

their investment in eggs or offspring according to male

attractiveness (Gil et al. 1999; Cunningham & Russell

2000; Saino et al. 2002). Failure to control differential

maternal effects when testing the good-genes hypothesis

may therefore result in non-genetic relationships between

sire attractiveness and offspring fitness. Artificial insemi-

nation provides a potential method for controlling such

effects because it uncouples mate choice from copulation,

thus preventing the direct assessment of male attractive-

ness by females. For example, in vitro fertilization tech-

niques for external fertilizers (see Welch et al. 1998;

Barber et al. 2001; Sheldon et al. 2003) and in vivo artificial

insemination for internal fertilizers (Parker 2003) have

facilitated powerful tests of the good-genes hypothesis in

recent studies. Here, we also use artificial insemination to

test whether early offspring performance in juvenile

guppies (Poecilia reticulata) is related to paternal attractive-

ness.
(a) The study species

The guppy is a model system for studying the evolution

of male ornaments and female mating preferences (Houde

1997). Like other poeciliids, guppies are live-bearers with
#2004The Royal Society
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internal fertilization (Constantz 1989). Several studies

indicate that females base their mating preferences on the

proportion of the male’s body covered with carotenoid

(orange) pigmentation (Brooks & Endler 2001b; and refer-

ences in Houde 1997; but see Houde & Endler 1990;

Reynolds & Gross 1992; Endler & Houde 1995 for

exceptions). The area of orange pigmentation in these col-

our patterns, and consequently male attractiveness, is

highly heritable and due in part to Y-linked genes that

influence the presence of particular spots (Winge 1927;

Houde 1992; Brooks 2000; Brooks & Endler 2001a).

However, X-linked and autosomal genes also contribute

substantial additive genetic variation to the area of orange

(Brooks & Endler 2001a). Importantly, in the context of its

value as a potential indicator of male quality, orange area

provides information about condition (van Oosterhout

et al. 2003) and therefore may function as an indicator of

male genetic quality (Reinhold 2002).

Multiple mating by females, which is common in guppies

(Constantz 1984; Kelly et al. 1999; Evans & Magurran

2000; Pitcher et al. 2003), extends the opportunity for

sexual selectionbeyond copulation (Jennions&Petrie 2000;

Fedorka & Mousseau 2002). Indeed, studies indicate that

male phenotype covaries with sperm load (Matthews et al.

1997; Pilastro & Bisazza 1999; Pitcher & Evans 2001) and

that males with preferred phenotypes are likely to be

favoured during post-copulatory sexual selection (Pilastro

& Bisazza 1999; Evans & Magurran 2001; Pilastro et al.

2002; Evans et al. 2003; see also Pitcher et al. 2003). Evans

and Magurran (2000) found that offspring from multiply

matedfemaleguppiesexhibitedenhancedschoolingabilities

and better developed anti-predator escape responses than

their singly sired counterparts. They speculated, though

could not confirm, that the differences between the progeny

of singly and multiply mated female guppies arose because

genetically superior males were favoured during sperm

competition (e.g. Hosken et al. 2003). However, other

explanations for their findings include the possibility that

females influenced offspring fitness via non-genetic differ-

ential maternal effects (e.g. Kozielska et al. 2003), or that

the benefits of polyandry were mediated by male–female

genetic compatibility. Guppies are ovoviviparous and

therefore the scope for differential investment via nutrient

donations from mother to developing offspring is likely to

be limited (Thibault & Schultz 1978). Nevertheless, ovovi-

viparous females may potentially influence offspring fitness

by investing differentially in ova before fertilization (Heath

& Blouw 1998), selectively fertilizing particular eggs

( Johnston et al. 1979), or by prolonging uterine retention

of embryos (see, for example, Shine 2002; Shine & Olsson

2003).

We use artificial insemination to control these potential

maternal effects and examine the influence of sire color-

ation on the behavioural performance of newborn off-

spring. Our analyses of offspring performance focused on

schooling behaviour, the response by offspring to a simu-

lated predation threat and the ability of offspring to evade

capture. These behavioural traits are likely to provide good

measures of an individual’s ability to evade predators

(Magurran 1990; Fuiman & Magurran 1994) and are

therefore potentially important (early) components of fit-

ness, especially in populations characterized by high levels

of predation.
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2. MATERIAL ANDMETHODS
(a) Study population and itsmaintenance

The guppies used in this experiment were second–third gener-

ation descendants of wild-caught fish from the Tacarigua River

in Trinidad (national grid reference PS 787 804). This is a high-

predation site where guppies coexist with several predator species

(Magurran & Seghers 1994), including the pike cichlid Crenicichla

alta, which preys on all size classes of guppy (Mattingly & Butler

1994). Female guppies store sperm for several months (Constantz

1984); we therefore used virgin females for the artificial insemi-

nation trials (see x 2c) to avoid the possibility that fertilizations

were due to prior males. Females were reared in single-sex tanks

and males were reared in mixed-sex aquaria (ca. 1 : 1 sex ratio)

until required. Water temperature was maintained between 25 �C

and 27 �C and illumination was set on a 12L : 12D cycle (Philips

TLD 36W fluorescent lamps). All fishes were fed a mixed diet of

brine shrimp nauplii and commercially prepared flake food.

(b) Selection ofmales andmeasurement of colour

patterns

We have previously demonstrated that females from the study

population prefer males with larger total combined areas of

orange, yellow and red coloration, irrespective of variation in body

size (Evans et al. 2004). To estimate male attractiveness we there-

fore calculated the total area of these colour spots (hereafter col-

lectively termed ‘orange’) in the colour patterns. Males were aged

between five and six months and exhibited a range of colour

phenotypes. We confirmed that each male was fully sexually

mature, as evident by the maturational state of the gonopodium’s

apical hood (see Houde 1997 for details), before the extraction of

sperm for artificial insemination. To measure orange pigmen-

tation (done immediately after artificial insemination), individual

test males were anaesthetized in a water bath containing MS222

and photographed using a digital camera. Image analysis software

(UTHSCSA Image Tool: http://www.ddsdx.uthscsa.edu/dig/

download.html) was used to measure male standard length and

measure the total area of the body covered with orange spots (for

details see Pitcher & Evans 2001).

(c) Artificial insemination

Artificial insemination (see Clark 1950; Grove 1980; Lodi

1981; Evans et al. 2003) was used to inseminate sexually naive,

six-month-old virgin female guppies. Females were approximately

matched for size among replicates (mean standard

length^s:d:¼ 24:4^1:70). Sperm were manually stripped from

individualmalesfollowingMatthewsetal.(1997).Inguppies,sperm

are packaged in bundles (spermatozeugmata), each containing

approximately 27 000 individual sperm cells (authors’ own esti-

mates, and see Billard (1969)). Previous work on this population

has confirmed that among-male variation in the number of sperm

cells per bundle does not exceed that within males, and that the

number of sperm per bundle does not correlate with either body

size or the extent of body coloration (Evans et al. 2003). Thus, it

was possible to control the number of sperm used for each insemi-

nation by counting the number of sperm bundles, which we based

on the number of sperm inseminated during natural copulations

in this population (ca. 0:5�106 cells ¼ 18–20 bundles) (see Pilas-

tro et al. 2004). For each insemination, a virgin female was anaes-

thetized in a water bath containing a mild dose of MS222 and

placed in a polystyrene ‘cradle’ with her genital pore exposed. A

machine-pulled plastic micropipette was used to inseminate 18

sperm bundles from each stripped ejaculate (suspended in 10ll of
0.9% NaCl) into the female’s gonoduct (penetration depth ca.
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2mm). Immediately after insemination, females were revived in a

5 l plastic container (containing conditioned fresh water, gravel,

aquatic weed and an airstone), where they remained isolated until

they produced their first broods. Each male was used only once

(final sample sizes given in x 2e). There was no significant corre-

lation between male colour phenotype (proportion and absolute

area of orange pigmentation) and female size (p-values greater

than 0.26).

(d) Offspring performancemeasures

The schooling and escape responses by juvenile guppies were

assessed ca. 24 h after their birth. To eliminate the possibility of

observer bias during the offspring behaviour trials, and subse-

quently during the video playback analyses (see below), all broods

were tested ‘blind’ of experimental treatment (each brood was

given a unique code by an investigator who was not involved in the

offspring performance trials). Our basic protocol was to measure

the duration that pairs of offspring spent schooling over two con-

secutive 5min periods, intersected by a simulated predation threat

in the form of an avian predator. This allowed us to measure

schooling by pairs of offspring before and after a simulated threat

(e.g. Evans et al. 2002) and assess the response by offspring to that

threat. Additionally, ‘capture time’—the time taken to catch both

offspring sequentially with a hand net (for details see Evans &

Magurran 2000)—was used to assess the escape abilities of the

schooling fish (see Birkhead et al. (1998) for a similar protocol in

birds). Our preliminary investigations performed before this

experiment confirmed that the simulated bird flight elicited a

strong anti-predator response in the newborn fish (see also

Seghers 1974), characterized by sudden bursts of ‘darts’ and

erratic swimming as the bird model ‘flew’ over the schooling

arena. This response usually persisted for ca. 2–3 s before the fish

settled again.

The schooling arena was constructed from a circular disc

of white plastic sheeting (35 cm in diameter) marked with 2 cm

gridlines. The walls of the arena (6.5cm high) were attached to the

circular base with silicon sealant, which was placed inside a circular

plastic tray (44 cm in diameter) for support. Illumination was pro-

vided by two 60W bulbs positioned 40cm above the arena. Before

each schooling trial, the test arena was filled with conditioned water

(depth of 2.5 cm) and labelled with a code that subsequently

identified the brood and the individuals being tested. At the start of

each trial, a pair of juveniles was caught using a hand-net and

transferred via a small tub to the test arena where they were allowed

to acclimate for 10min before the schooling trial commenced.

Following the settlement period the schooling behaviour of

both fish was video recorded until 5min had elapsed, at which

point the observer pulled the model bird over the arena using a

system of pulleys operated from behind a blind. The model bird

(10.5 cm in length, wingspan of 12.5 cm, constructed of black

plastic) was suspended on a length of monofilament line 26 cm

above the arena. The line was held taut by two 43 cm long verti-

cal poles clamped to the desk. A second length of monofilament

line that was tied to the front of the bird allowed the

observer to control the movement of the bird from behind the

blind. Two plastic platforms were constructed at either end of

the arena so that the fish were unable to see the model bird when

it was not in use. Following the simulated bird flight a further

5min of schooling behaviour was recorded before the offspring

were captured with a net (see previous paragraph) and

photographed using a digital camera (each photograph included

a section of ruler for calibration). Offspring body size (standard

length) was measured to within 0.1mm from these photographs.
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The water in the arena was changed between consecutive trials

(both within and between broods) to control for the possibility

that chemical cues released by frightened fishes affected

the behaviour of fishes taking part in the subsequent trials

(Wisenden et al. 1995; Mirza & Chivers 2002). For each family,

schooling was expressed as a mean value for all sibling pairs

(where broods contained uneven numbers of offspring, one

individual was therefore not tested in the schooling trials).

The schooling and responses by offspring to the simulated pre-

dation threat were analysed from the videos using ZOOM PLAYER

software (available online at: http://www.inmatrix.com/files/

zoomplayer_download.html). Our criterion for ‘schooling’ was

that the two fish should be within 4 cm of each other and swim-

ming and turning in synchrony. In practice, fish were either

schooling tightly (less than2 cm apart) or were widely separated in

the arena (more than 10cm apart). In each trial, the percentage of

time that the two fish spent schooling was estimated before and

after the simulated bird flight. The response by each offspring to

the bird flight was measured from video footage taken during the

trials. Specifically, we viewed the section of video during which the

bird moved over the arena frame by frame (at 4 frames s�1) and

measured the distance travelled by each offspring during this time

(using PESCI2 software, developed at the University of Padova,

Italy). After estimating the total distance travelled by each individ-

ual offspring (using the gridlines on the arena) and the number of

frames it took for the bird to pass (at 0.25 s frame�1), it was possible

to calculate the mean speed (centimetres per second) travelled by

each pair of babies during the simulated bird flight.
(e) Statistical analyses

For logistical reasons the artificial inseminations were per-

formed in two blocks: winter 2003 (January and February) and

summer 2003 (July and August). The timing of insemination had

an effect on brood development times (mean^ s.d., winter:

38.8^1.96 days, summer: 30:7^2:14; t50 ¼ 2:77, p¼ 0:008), off-

spring size (mm) (mean^ s.d., winter: 3:45^0:20; summer:

3:30^0:13; t48 ¼ 3:19, p ¼ 0:003) and capture times (s) (mean

^ s.d., winter: 9:74^3:56; summer: 7:45^2:93; t43 ¼ 2:31,

p¼ 0:025). We suspect that these seasonal effects were caused by

minor temperature differences between the winter and summer

trials (although differences did not exceed 2 �C; temperatures

always remained between 25 �C and 27 �C), which may have

influenced aspects of brood development (see Dzikowski et al.

2001). We noted that the duration of brood development was

weakly positively associated with mean offspring size (r ¼ 0:20,

n ¼ 50, p ¼ 0:16) and more strongly with median capture times

(r ¼ 0:34, n ¼ 45, p ¼ 0:02), suggesting a functional relation-

ship between gestation time and these traits. By contrast, the

mean number of offspring produced by females was unaffected by

the timing of insemination (t50 ¼ 0:30, p ¼ 0:77). To control for

possible seasonal effects on offspring traits we entered ‘insemi-

nation group’ as a factor in a multivariate analysis of variance

(MANOVA), in which offspring traits (schooling behaviour, cap-

ture times, offspring body size and swimming speed) were entered

simultaneously as dependent variables, and sire coloration (pro-

portion of orange area, following arcsine square-root trans-

formation) was entered as a covariate. We also tested whether

sire body size (SL) was significantly associated with any of the

analysed offspring traits, by entering sire SL as a covariate in the

MANOVA. We tested for significant effects of the interactions

between predictors on offspring traits. Because none of the inter-

actions was significant, they were not included in the final models.
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Offspring size was measured for all individual juveniles and the

mean value for each brood was used in the MANOVA. The mean

standard length (SL) of offspring was negatively correlated with

brood size across broods (Pearson’s correlation, r¼
0:41, n¼ 50, p¼ 0:003); we therefore used the residuals of off-

spring SL (mm) on brood size as an index of offspring size (linear

regression: Y ¼ �0:015X þ 3:516). However, the results from

our analyses remained unchanged when we entered mean SL

rather than the residuals of SL on brood size in the model. Our

final analyses included n ¼ 52 families (each sired by a different

donor male), from which we obtained size data from n ¼ 50

broods (two photographs were unusable). Schooling was mea-

sured for pairs of juveniles and therefore where females

produced a single offspring (n ¼ 4) we were unable to measure

this behavioural trait. Sample sizes therefore sometimes vary

between analyses. In some cases capture time and swimming

speed data exhibited high variation within broods (s.d. greater

than the mean); we therefore used the median value for these traits

for each brood. Schooling and colour pattern data were

proportional and therefore arcsine square-root transformed

before statistical analyses. All probabilities are two-tailed and the

analyses were performed on SPSS v. 11.5.

3. RESULTS
Schooling times did not differ significantly before and after

the simulated bird flight (paired t-test, t45 ¼ 0:75,
p ¼ 0:46). When analysing schooling data we therefore

used themean value per brood for the entire 10min school-

ing trials. The overall effect of male coloration on offspring

traits was significant after taking seasonal effects into

account (MANOVA: proportion of orange, p¼ 0:019;
insemination group p¼ 0:003; table 1). Tests of the

between-subject effects indicated that sire coloration was

significantly and positively correlated with capture time

(F1, 44 ¼ 14:25, p < 0:001; figure 1). None of the other

offspring traits was correlated with orange area in these

tests (residual SL: F1, 44 ¼ 0:34, p¼ 0:57; schooling: F1, 44

¼ 0:93, p¼ 0:34; swimming speed: F1, 44 ¼ 0:07,
p¼ 0:79). When sire SL was also included in the model as

a covariate, similar results were obtained: the area of

orange coloration in males was significantly and positively

associated with capture time (F1, 44 ¼ 10:38, p¼ 0:002),
whereas none of the other offspring traits was correlated

with orange area (residual SL: F1, 44 ¼ 0:35, p ¼ 0:56;
schooling;F1, 44 ¼ 0:15, p ¼ 0:70; swimming speed:F1, 44 ¼
0:13, p¼ 0:72). By contrast, sire SL was not significantly

associated with any of the offspring traits (all F1, 44 <
1:63, all p > 0:21).

We tested whether offspring capture time was influenced

by other paternal or maternal traits using a stepwise mul-

tiple regression, in which capture time was the dependent

variable and male coloration (proportion of orange area,

following arcsine square-root transformation), male SL,

female SL, brood development time and brood size were

the independent variables. Initially, we analysed data from

the two insemination groups separately to account for dif-

ferences in capture times between the two groups (see

x 2e). The final models selected the proportion of orange

area as a predictor in both groups (winter group: F1, 23¼
4:46, r¼ 0:41, p¼ 0:046; summer group: F1, 19 ¼ 12:37,
r¼ 0:64, p¼ 0:002; figure 1). Pooling the data from the

two groups gave similar results, with the proportion

of orange and brood development time significantly
Proc. R. Soc. Lond.B (2004)
predicting capture time (final model: F1, 44 ¼ 6:78,

r2 ¼ 0:24, p ¼ 0:003; proportion of orange: t ¼ 2:51,
rpartial ¼ 0:34, p ¼ 0:016; brood development time:

t ¼ 2:60, rpartial ¼ 0:35, p ¼ 0:013).None of the other male

or female traits was selected in these models. Furthermore,

we found that sire body size, which has been shown to exhi-

bit significant father–son heritability (Reynolds & Gross

1992; Brooks & Endler 2001a) was not significantly

correlated with the mean size of newborn offspring

(r ¼ �0:15, n ¼ 50, p ¼ 0:31 and r ¼ �0:14, n ¼ 50,

p ¼ 0:32, respectively, for mean SL and their residuals).

Additionally, our results suggest that schooling, although

not associated with male coloration in our study, is likely to

influence the susceptibility of juveniles to predation. We

detected a significant positive correlation between mean

schooling times for pairs of fish and swimming speed during

the simulated bird flight (r ¼ 0:35, n ¼ 46, p ¼ 0:018).
This finding indicates that offspring pairs that schooled

more exhibited enhanced escape responses (see also Evans

& Magurran 2000). Schooling and swimming speed were

also significantly positively correlated with residual and

absolute measures of offspring size (e.g. for absolute SL

r ¼ 0:40, n ¼ 46, p ¼ 0:006; r ¼ 0:48, n ¼ 46, p ¼ 0:001,
respectively). However, offspring size was not significantly cor-

related with capture times (r¼ 0:13, n¼ 45, p ¼ 0:41). This
was also confirmed by a MANOVA in which schooling time,

swimming speed during the simulated bird flight and capture

time were the dependent variables, insemination group the fac-

tor, and male coloration and residual offspring size the covari-

ates. Male coloration remained significantly and positively

associated with capture time (F1, 44 ¼ 13:62, p ¼ 0:001),
whereas none of the other offspring traits was correlated with

male coloration (schooling time: F1, 44¼ 0:64, p ¼ 0:43;
swimming speed: F1, 44¼ 0:26, p ¼ 0:61). By contrast,

residual offspring SLwas significantly associated with schooling

time (F1, 44 ¼ 5:25, p¼ 0:027) and swimming speed

(F1, 44 ¼ 6:25, p ¼ 0:017), but not with capture time

(F1, 44 ¼ 0:12, p¼ 0:74). Similar results were obtained when

actual, rather than residual offspring SL was used as a covariate

(data not shown).
4. DISCUSSION
Our findings indicate that variation in one measure of off-

spring performance can be predicted by sire attractiveness,

when controlling for the potentially confounding effect of

differential maternal investment through the use of arti-

ficial insemination. Recent studies that have adopted arti-

ficial fertilization techniques have provided some of the

most compelling evidence to date for the good-genes

hypothesis (Welch et al. 1998; Barber et al. 2001; Parker

2003; Sheldon et al. 2003). Among these, Sheldon et al.

(2003) reported that under certain predation conditions

sire coloration (and therefore presumably male attractive-

ness) influenced the susceptibility of juvenile moorfrogs to

predation by water beetles. Our results for guppies simi-

larly suggest that paternal genes influence the susceptibility

of juveniles to capture (see also Sandvik et al. 2000).

We found that paternal phenotype did not predict vari-

ation in either swimming speed (in relation to the simulated

threat) or schooling behaviour, both of which are likely

to influence the susceptibility of newborn offspring to

predators (Fuiman & Magurran 1994). However, both of
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these variables were positively correlated with offspring

size, which is more likely to be influenced by maternal than

paternal effects in newborn offspring (see Heath & Blouw

1998 and references therein). Indeed, paternal phenotype

did not significantly predict offspring size, and therefore

the lack of association between sire coloration and the cor-

relates of offspring size is not surprising. Our results do,

however, differ from those presented in an earlier study,

which revealed a significant positive association between

offspring schooling and capture times (Evans & Magurran

2000). However, Evans andMagurran observed the behav-

iour of offspring following natural (solicited) copulations

and therefore could not rule out the possibility that adapt-

ive differential maternal effects (in additional to possible

sire effects) influenced offspring performance.

An increasing number of studies have investigated the

influence of sire attractiveness on components of offspring

fitness in guppies. For example, in a laboratory study

Brooks (2000) reported a negative genetic correlation

between sire attractiveness and the survival of male

offspring, possibly owing to the genetic ‘hitch-hiking’ of

deleterious genes with attractiveness genes on the Y sex

chromosome. Reynolds & Gross (1992), on the other

hand, reported a positive association between sire attract-

iveness and the success (growth rates and fecundity) of

both male and female offspring. Reynolds and Gross found

that females from their study population did not use vari-

ation in the area of orange pigmentation as a mate-choice

cue, but instead based their mating preferences on male

body size (which in turn was weakly correlated with court-

ship display rates and more strongly with the area of

iridescent coloration). Hence, the positive relationship

between sire body size (which showed significant herita-

bility) and both growth rate and fecundity was easily explic-

able in their study (Reynolds & Gross 1992). Similarly, our

findings indicate that sire ornamentation can have a posi-

tive influence on one aspect of offspring performance,

although this trait may in turn show positive or negative

correlations with other fitness-related components
Proc. R. Soc. Lond.B (2004)
(van Noordwijk & de Jong 1986; Hunt et al. 2004), includ-

ing survival later in life (e.g. Brooks 2000).

Most studies identifying orange pigmentation as a target

of female choice (Endler & Houde 1995; Houde 1997;

Brooks & Endler 2001b) have been performed on upstream

populations (but see Godin & Briggs 1996; Houde &

Hankes 1997), where levels of predation are relatively low

(Houde 1997). Thus, the extent to which the ‘benefit’ of

evading capture revealed by our study on high-predation

fish occurs (and indeed is relevant) to fish from low-

predation populations remains to be tested. However,

predation on juvenile fish is likely to be a cause of mortality

in both low- and high-predation environments. Indeed,

most so-called ‘low-predation’ streams in Trinidad are

characterized by the presence of the killifish Rivulus hartii

(Magurran et al. 1995), to which juvenile guppies are

especially vulnerable (Seghers 1973). Thus, although in

upstream populations the mean level of predation experi-

enced by fish over their lifetimes may be relatively low, the

predation they do experience is likely to be skewed towards

early life-history stages. Hence, by focusing on behavioural

traits in newborn offspring, we suggest that our findings

may be generally applicable among populations that differ

in overall predation intensity. Moreover, traits that are

likely to be correlated with escape behaviour, for example

sustained swimming ability, which has been shown to be

correlated with sexually selected traits (Nicoletto 1991,

1993), are likely to be advantageous in all environments

and at all life-history stages.

Our study was designed to test whether sire coloration

correlates with offspring performance, and thus whether

mate choice can result in indirect fitness benefits for choos-

ing females. The use of artificial fertilization controlled the

potentially confounding effect of differential maternal

investment based on the females’ perception of male

attractiveness. In principle, however, cues other than the

appearance of males, such as ejaculate compounds, may

stimulate females to differentially invest in offspring. If

females can discriminate among males on this basis, we can

envisage two potential forms of differential investment

available to female guppies. First, they may manipulate

brood development times so that embryos from preferred

males are allowed to develop for longer. Such adaptive

maternal effects have been shown to influence the loco-

motor skills of offspring in other viviparous species (Shine

& Olsson 2003). However, we found no significant corre-

lation between brood development time and male colora-

tion (r¼ �0:07, n¼ 52, p¼ 0:62). Second, females may

use the sperm from preferred males to fertilize larger, or

more eggs. Again, correlations between sire coloration

and both the mean size and number of offspring were not

significant in our study (offspring size: r ¼ �0:05,
n ¼ 50, p ¼ 0:73; brood size: r ¼ �0:19, n ¼ 52,

p¼ 0:18). Similarly, sire SLwas not significantly correlated

with brood size (r¼ 0:05, n¼ 52, p¼ 0:75). Thus,

although we cannot rule out the possibility of ejaculate-

induced maternal investment (see also Parker 2003), our

results are more consistent with the idea that variation in

offspring capture times is explained by genes correlated

with sire attractiveness.
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