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The trade-up hypothesis outlines a behavioural strategy that females could use to maximize the genetic
benefits to their offspring. The hypothesis proposes that females should be more willing to accept a mate
when the new male encountered is a superior genetic source to previous mates. We provide a direct test
of the trade-up hypothesis using guppies (Poecilia reticulata), and evaluate both behavioural and paternity
data. Virgin female guppies were presented sequentially with two males of varying attractiveness, and their
responsiveness to each male was quantified. Male attractiveness (ornamentation) was scored as the amount
of orange coloration on their body. Females were generally less responsive to second-encountered males,
yet responsiveness to second males was an increasing function of male ornamentation. These attractive
second males also sired a greater proportion of the offspring. There was an overall tendency for last-male
advantage in paternity, and this advantage was most exaggerated when the second male was more orna-
mented than the first. Finally, we found that our estimate of relative sperm number did not account for
any significant variation in paternity. Our results suggest that female guppies may use pre-copulatory
mechanisms to maximize the genetic quality of their offspring.
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1. INTRODUCTION

The decision-making processes that females use during
mate choice have been the focus of much recent research
in behavioural ecology (reviewed in Andersson 1994;
Jennions & Petrie 1997, 2000). These processes are often
studied using ‘two-choice’ experiments, where a female is
simultaneously presented with a pair of males that differ
in some trait or combination of traits. Increased associ-
ation, or mating, with one of the males is used to indicate
a female’s choice. However, in the wild, females of many
species encounter potential mates sequentially and are
therefore unable to make simultaneous contrasts among
males. Several theoretical studies address the behavioural
rules that females could use when encounters with males
are sequential; for example, it has been argued that
females could assess a male against some attribute of the
last male that she encountered (or mated with), or against
some internal standard (Janetos 1980; Halliday 1983;
Dombrovsky & Perrin 1994; Wiegmann et al. 1999).
However, few empirical studies have examined female
decision making with respect to sequential mate choice in
the context of multiple mating.

The trade-up hypothesis describes a behavioural strat-
egy that females could use to maximize the genetic quality
of their offspring when males are encountered sequentially
(Halliday 1983; Jennions & Petrie 2000). The hypothesis
suggests that in non-resource-based mating systems, with
some degree of last-male sperm precedence, a female
should mate with the first male that she encounters to
ensure fertilization of her eggs, but subsequently mate
preferentially with males of higher genetic quality. Thus,
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virgin females should be relatively indiscriminate, but then
become increasingly choosy with each successive mating
opportunity. In the first explicit test of the trade-up
hypothesis, Gabor & Halliday (1997) found that female
newts (Titurus vulgaris) that had been singly mated were
more likely to mate with a second male when that male
had a larger crest than the first. Female newts receive only
sperm from males (i.e. no paternal care) and crest size is
presumed to be an honest indicator of genetic quality
(Green 1991). Therefore, this study suggests that female
newts trade up for genetic benefits. Bateman et al. (2001)
found that female crickets (Gryllus bimaculatus) also trade
up, for larger males, which may indicate superior genetic
quality. A few other studies provide indirect evidence for
the trade-up hypothesis, although these studies do not
explicitly test the model (Bakker & Milinski 1991;
Brooks & Caithness 1995).

Guppies are well suited to tests of the trade-up hypoth-
esis because, in the wild, females often encounter males
sequentially (Houde 1997; F. H. Rodd and T. E. Pitcher,
personal observation), mate multiply (Kelly et al. 1999),
and apparently gain only sperm from males (Houde 1997;
Pitcher & Evans 2001). In guppies, there is also some
degree of last-male sperm precedence (Evans & Magurran
2001) and preferred male phenotypes (e.g. coloration) are
known (e.g. Endler & Houde 1995; reviewed in Houde
1997). Guppies are live-bearing fishes with internal fertil-
ization and a promiscuous mating system in which female
choice plays an important part in mating outcome (Houde
1988, 1997). In many populations, receptive females show
a clear preference for courting males with large areas of
orange coloration (e.g. Endler & Houde 1995; Houde
1997). A male’s most intense courtship display is the sig-
moid display, which is characterized by the male orientat-
ing himself in front of a female and vibrating his body
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in an S-shaped posture (Baerends et al. 1955; Rodd &
Sokolowski 1995). A measure of female sexual responsive-
ness for a particular male can be estimated by the percent-
age of sigmoids to which female responds in a positive
fashion (e.g. Houde 1988, 1997).

We tested the trade-up hypothesis in guppies (Poecilia
reticulata) using both behaviour and paternity data. The
utility of trading up will clearly be a function of the differ-
ence among males in genetic quality, but also of the extent
to which the second male’s sperm is actually used to fertil-
ize the female’s ova: the greater the proportion of sperm
from genetically superior males, the greater the genetic
benefit to trading up. Therefore, unlike previous studies,
we assessed paternity and were able to quantify the actual
skew in reproductive success.

2. MATERIAL AND METHODS

We test the trade-up hypothesis by examining the sexual
responsiveness of females to sequentially presented males and
the subsequent paternity of each male. We first quantified virgin
female responsiveness to males that varied in the amount of
orange body coloration, then removed the first male and
presented a new male matched for body size but with similar,
less, or more orange coloration. Based on the trade-up hypoth-
esis, we predicted that the degree to which females are attracted
to a second male is an increasing function of the difference in
phenotype (i.e. secondary sexual characteristic) between the two
males; therefore, a female guppy will be more responsive to a
second male if he is more attractive (more orange area) than her
first mate, but less responsive if he is less attractive (less orange
area). Finally, we infer from the trade-up hypothesis that female
responsiveness to the each male is predicted to bias paternity in
favour of the more attractive male.

(a) Experimental fishes
Females and ‘showy’ males (males with large amounts of

orange coloration) used in this study were descendants of wild-
caught fishes from a tributary of the Paria River in the Northern
Range, Trinidad (PS 896 886). This river is a low-predation
locale where guppies coexist with the gape-limited cyprinodon-
tid fish Rivulus hartii and a freshwater prawn (Macrobrachium
crenulatum). Males from this Paria tributary are highly orna-
mented, with large areas of the body covered with orange as well
as yellow, black and blue. In this population, females prefer
males with larger areas of orange coloration (Houde 1987, 1988;
Endler & Houde 1995). All males in the second group, the
‘plain’ males (males with smaller amounts of orange coloration),
possessed a small, Y-linked, melanin-based spot that could be
used to assign paternity (Hughes et al. 1999). All plain males
were patrilineally descended from a male from a Trinidadian
population on the south slope of the Northern Range (probably
from the Guanapo River drainage) and matrilineally descended
from females from the Paria tributary.

Guppies for this experiment were obtained by isolating
inseminated females in individual 10 l aquaria. Immature gupp-
ies were then collected from these tanks and reared to maturity
in single-sex sibling groups in 10 l aquaria. Female and male fry
were separated before sexual maturity and before males
expressed their colour patterns. All females were raised in visual
isolation from males, because exposure to males can influence
subsequent mate-choice decisions (Breden et al. 1995;
Rosenqvist & Houde 1997; Hughes et al. 1999). All fishes were
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sexually mature and four to six months old when used in mate-
choice trials.

(b) Behavioural trials
Trials (n = 48) were conducted in 19 l aquaria containing nat-

urally coloured gravel and an air stone, with tan paper attached
to the back and sides to provide a more uniform visual environ-
ment. Tanks were illuminated on a 12 L : 12 D (starting at
07.00 EST cycle) with a 20 W ‘warm-white’ fluorescent bulb
placed 30 cm above the water surface. All observations were
taken in an otherwise darkened room, during the morning.
Dyads of males were initially chosen by eye to have similar body
size. The four treatments had four combinations of male dyads
(first male/second male): plain/plain (n = 12); showy/showy
(n = 12); showy/plain (n = 12); and plain/showy (n = 12).

For each female, the experiment began at 10.00 (EST) on day
0 when the virgin female and a male were placed on either side
of an opaque Plexiglas partition located in the centre of the
experimental tank. The individuals were left for 24 h to
acclimate to the tank. The partition was then removed, at which
point the male and female could freely interact (day 1). The pair
was observed four times for 10 min each at 10.10 (day 1), 11.10
(day 1), 08.00 (day 2) and 09.00 (day 2), and the female’s sex-
ual responsiveness was calculated as the total (i.e. summed
across all four observation periods) proportion of sigmoids to
which female responded positively. Following Houde (1988), we
deemed a response positive when the female, at a minimum,
oriented towards the male and glided towards him (indicating
her willingness to copulate), and/or when the orientation and
glide were followed by copulation. This proportional measure of
female responsiveness controls for variation in display rate
among males and is a good predictor of mating success (Houde
1988, 1997). The first male was removed at 09.10 (day 2) and
then, at 10.00 (day 2), a second male was introduced into the
aquarium. These fishes were then observed four times for
10 min each at: 10.10 (day 2), 11.10 (day 2), 08.00 (day 3)
and 09.00 (day 3), and the female’s sexual responsiveness was
calculated as the total (i.e. summed across all four observation
periods) proportion of sigmoids to which a female responded
positively. A female’s relative responsiveness to the second male
was then calculated as her responsiveness to the second male
minus her responsiveness to the first male. Similarly, for mixed
dyads consisting of either showy/plain or plain/showy, a female’s
relative responsiveness to the showy male was calculated as her
responsiveness to the showy male minus her responsiveness to
the plain male.

At the completion of a trial, both males were anaesthetized in
a water bath containing neutralized 0.15 g l!1 MS-222 and then
photographed using a Nikon CoolPix 950 for colour pattern
assessment. A ruler and colour palette (paint chips) were included
in each photo to allow uniform comparison among photographs.
The fishes were then returned to their individual holding aquaria.
Areas of colours and standard length were quantified using NIH
Image analysis software (available at http://rsb.info.nih.gov/nih-
image/). The total surface area of each male was measured to
calculate the relative areas covered by orange, yellow, blue and
black (see Houde 1992; Pitcher & Evans 2001).

(c) Paternity and sperm number
To assess paternity (for plain/showy and showy/plain dyads

only), each female was isolated in an 8 l aquarium and allowed
to produce offspring for up to two broods. The fry were col-
lected immediately after birth and reared until maturity in 4 l
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aquaria. Following Hughes et al. (1999), paternity of the plain
male was calculated as the proportion of male offspring pos-
sessing the Y-linked marker; the remaining proportion was
assigned to the showy male.

To estimate sperm load, three days after a male had com-
pleted his behavioural trials and had been photographed, males
from the plain/showy and showy/plain dyads were again anaes-
thetized and placed on a Petri dish under a dissecting micro-
scope. Following Matthews et al. (1997), the gonopodium was
swung forward and slight pressure was applied to the side of
the abdomen, just anterior to the gonopodium, to release the
spermatozeugmata (i.e. sperm bundles). Pressure was applied
repeatedly until all sperm bundles were removed. The sperm
bundles were then drawn up in a pipette and added to 100 µl
of 0.9% saline solution. To distribute sperm evenly for counting
purposes, samples were gently mixed by repeatedly drawing up
and expelling the sample from the pipette. Sperm counts were
calculated by counting sperm cells in an improved Neubauer
chamber haemocytometer under ×400 magnification. The num-
ber of sperm in each sample was determined by multiplying the
mean of five counts by the sample’s dilution factor and initial
volume. Sperm counts were expressed as the total number of
sperm in the stripped ejaculate. Stripped sperm load has been
used as a predictor of ejaculate size during mating in guppies
(Pilastro & Bisazza 1999; Evans & Magurran 2001).

We used the sperm load estimates to construct an expected
distribution of paternity for each male based on a ‘fair raffle’
model (Parker et al. 1990; see also Cook et al. 1997; Evans &
Magurran 2001). Under this null model, individual spermatozoa
from each male have an equal chance of fertilizing the eggs, and
are not preferentially used by the females. Therefore, the pro-
portion of ova fertilized by a male is equal to the proportion of
total sperm that is his. In this case, Pi = Si/(Si " Sj ), where Pi

is the paternity of the ith male, and Si and Sj represent the sperm
load of the ith and jth male in a dyad. For example, i and j
respectively represent either the first and second male or the
showy and plain male in a trial.

(d) Statistical analyses
Because there was no difference in female responsiveness to

the plain and showy males in the first behavioural trials, we used
an analysis of variance to compare the relative female respon-
siveness to the second male across the four dyad treatments.
Next, we used a geometric mean linear regression (used when
both variables are subject to error; Zar 1999) to examine the
relationship between relative female responsiveness to the
second male and the difference in orange coloration between
the two males (second male minus first male) across all four
treatments. To examine whether or not population origin of the
males (showy versus plain) had a significant effect on female
responsiveness, we compared the females from the plain/plain
and showy/showy treatments for (i) their responsiveness to first
males and (ii) their relative female responsiveness to the second
male (second male ! first male). To determine whether females
are simply more responsive to more ornamented males (i.e.
males with more orange), regardless of their previous mate, we
included the amount of orange coloration on the second male
and the difference in coloration between the first and second
male (second minus first) in a multiple linear regression.

Next, to determine whether or not our behavioural measure of
female responsiveness was a good indicator of male reproductive
success, we assessed the relationship between the second male’s
paternity (P2) and relative female responsiveness to the second
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male using geometric mean linear regression. To determine
whether relative sperm load (based on the raffle model)
explained some of the variation in P2, while simultaneously con-
trolling for variation in brood size, we developed a randomiz-
ation test (Manly 1997). The test randomized the expected P2

by shuffling (with replacement) these values with respect to the
observed number of offspring actually fertilized by the second
male, taking into account brood size, in each trial. It then calcu-
lated the probability of observing the offspring distribution
based on the shuffled P2 values according to the following
equation derived from the binomial theorem:

Pr(P2!S1,S2) = "# B

P2B
$# S2

S1 " S2
$P2B# S1

S1 " S2
$(1!P2)B

, (2.1)

where B is brood size, all other variables are as defined above
and the cumulative product is over all broods.

The shuffling process was repeated 10 000 times and these
values were used to calculate the proportion of randomized data-
sets that had a probability of greater than or equal to the prob-
ability calculated from the actual data. The test was used
independently for the showy/plain and plain/showy treatments
to control for potential order effects.

Finally, to assess the roles of mating order, female responsive-
ness and relative sperm load in determining paternity, we used
a weighted multiple linear regression. The showy male’s
paternity (PS), his mating order (first or second), relative female
responsiveness for the showy male and relative sperm number
(showy male/[showy male " plain male]) were entered as inde-
pendent variables. Log10(brood size) was used as the weighting
factor to account for differences in the quality of the paternity
data among families. For example, larger broods are more heav-
ily weighted because they provide more precise estimates of
paternity, but with diminishing returns that approximate a log
relationship (see Neff & Pitcher 2002).

All means are reported plus or minus one standard error. All
female responsiveness data, relative sperm loads and paternity
data were arcsine square root transformed prior to statistical
analyses to render them normally distributed (Zar 1999). All
statistical tests were performed using either SPSS (v. 10),
Microsoft Excel (v. 2000) or Visual C"".

3. RESULTS

Our experimental design called for two sets of males,
one with greater areas of orange than the other; as planned
the showy males had significantly greater orange area than
the plain males (showy/plain dyads: 17.1% ± 0.8% versus
7.5% ± 0.7%; t11 = 7.72, p # 0.001; plain/showy dyads:
7.8% ± 0.7% versus 14.3% ± 0.8%; t11 = 5.55, p # 0.001)
and there was no significant difference in orange area
between groups of first and second males in the showy/
showy dyads (17.7% ± 1.3% versus 15.5% ± 1.1%; t11 =
1.76, p = 0.11) and plain/plain dyads (7.3%± 1.1%
versus 6.2% ± 0.4%; t11 = 0.54, p = 0.6). There were no
significant differences in body length or the areas of yel-
low, black or blue coloration between the two males used
within dyads for each of the four treatments (paired t-
tests: p $ 0.15 and d.f. = 11 for each).

Across all four dyad treatments, females were more
responsive (the proportion of sigmoids to which a female
responded positively) during their first mating opportunity
than their second (0.31 ± 0.04 versus 0.19 ± 0.03;
t47 = 4.03, p # 0.001). During the first mating opportunity
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Figure 1. Relative female responsiveness to the second male
(responsiveness to second male ! responsiveness to first
male) across the four treatments. Larger values of relative
female responsiveness indicate that the female was, on
average, more responsive to the second male than to the first
male within the particular treatment.

there was no relationship between female responsiveness
and the amount of male orange coloration (on the first
day: r2 = 0.01, F1,48 = 0.12 and p = 0.73; the second day:
r2 = 0.03, F1,48 = 1.4 and p = 0.24; during the first two
days combined: r2 = 0.05, F1,48 = 0.13 and p = 0.71).
Thus, virgin females did not initially seem to respond dif-
ferently to males based on the amount of orange color-
ation they possessed. During the second mating trial,
however, female responsiveness was affected by the differ-
ence in orange area between the two males. There was
significant variation in relative female responsiveness to
the second male among the four treatments (ANOVA
F3,48 = 12.1 and p # 0.001; figure 1). Females in the
plain/showy dyads were more responsive to the second
male than the females in the plain/plain and showy/plain
dyads (Tukey tests: p # 0.01 each). Females in the
showy/showy dyads were also more responsive to the
second male than were the females in the showy/plain
dyads ( p = 0.03). None of the other comparisons was sig-
nificant ( p $ 0.1 for each). When analysed using a linear
regression, we found that, across all four treatments,
female relative responsiveness to the second male
increased as a function of the difference in orange color-
ation between the two males (r2 = 0.26, F1,48 = 16.1 and
p # 0.001; figure 2). When relative female responsiveness
was analysed in relation to the difference in orange color-
ation between the first and second male and the amount
of orange coloration on the second male using a multiple
linear regression, we found that there was no independent
effect of the amount of orange on the second male
(difference in orange: % = 0.48 and p = 0.005; orange on
the second male: % = 0.18 and p = 0.17). This multiple
regression indicates that females did not simply prefer
more colourful males, regardless of their previous mate.
Finally, we also found that for the showy/showy and
plain/plain treatments, female responsiveness to the initial
male and relative female responsiveness between the two
male dyad combinations did not differ significantly (first
male: t22 = 1.6, p = 0.13; second male: t22 = 1.2, p = 0.24),
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Figure 2. The relationship between relative female
responsiveness to the second male (responsiveness to second
male ! responsiveness to first male) and differences in
relative orange coloration between the two males (orange
area of second male ! orange area of first male). The
equation of the line is: female relative responsiveness
= 4.1039 × difference in orange area ! 0.127. The symbols
represent the four treatments: showy/plain (filled diamonds);
showy/showy (filled circles); plain/plain (filled triangles); and
plain/showy (filled squares).

suggesting that females preferred relatively more colourful
second males, regardless of their population origin.

The paternity data confirmed a significant positive
relationship between relative female receptivity and second-
male paternity (r2 = 0.24, F1,16 = 4.8 and p = 0.045). Thus,
our behavioural measure was indicative of male repro-
ductive success. Across the two treatments for which we
had paternity data, the number of male offspring produced
per female was, on average, 8.5 ± 0.8 (range of 4–16).
There was no difference between the showy/plain and
plain/showy treatments in the number of offspring scored
for paternity (7.6 ± 0.9 versus 9.3 ± 1.3; t15 = !1.02,
p = 0.32). We also found no indication of a male-biased
sex ratio in the broods between the two treatments
(proportion of males: 0.48 ± 0.02 versus 0.53 ± 0.03;
t15 = !1.26, p = 0.23), nor did we find a significant differ-
ence in the paternity of second males in first and second
broods (0.72 ± 0.08 versus 0.58 ± 0.08; paired t-test:
t12 = 0.52, p = 0.61).

The number of stripped sperm did not differ between
the plain and showy males (3.5 ± 0.4 × 106 versus
4.3 ± 0.3 × 106; paired t-test: t16 = 1.57, p = 0.14), nor
between first and second males (4.5 ± 0.4 × 106 versus
3.9 ± 0.5 × 106; paired t-test: t16 = 1.19, p = 0.25). Further-
more, the randomization test revealed no association
between relative sperm load and P2 within either of the two
treatments (showy/plain: p = 0.43; plain/showy: p = 0.39).

The mean paternity of the second male (P2) was
0.69 ± 0.07 (range of 0–1; figure 3) for the combined
plain/showy and showy/plain treatments. In the plain/
showy treatment, the mean P2 was 0.79 ± 0.08 (range of
0.25–1), whereas in the showy/plain treatment it was only
0.57 ± 0.10 (range of 0–1). However, this difference was
not significant (t16 = 1.65, p = 0.1). Across both treat-
ments, the mean paternity of the showy male was larger
than the paternity of the plain male, irrespective of mating
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Figure 3. Observed distribution of paternity for the
plain/showy and showy/plain dyads (first male/second male).
Paternity estimates could not be obtained for seven male
dyads because females did not produce broods.

Table 1. Results from a weighted multiple linear regression of
showy male paternity.
(Variables tested were mating order of the showy male (first
or second), relative female responsiveness for the showy male
(responsiveness to showy male ! responsiveness to plain male)
and relative sperm load of the showy male (showy male/[showy
male " plain male]). Log10 (brood size) was used as the
weighting factor to account for differences in the quality of the
paternity data among families. % is the standardized regression
coefficient and reflects the direction and magnitude of the
effect and p refers to corresponding significance.)

sourcea % p

mating order 0.73 0.016
female responsiveness 0.59 0.058
sperm number !0.34 0.179

a Overall model: r 2 = 0.44, F3,17 = 3.44, p = 0.049.

order (0.63 ± 0.08 versus 0.38 ± 0.08; t32 = 2.22, p = 0.033;
figure 2). Showy males obtained higher paternity when
they mated second as opposed to when they mated first
(0.79 ± 0.08 versus 0.43 ± 0.11; t15 = 2.48, p = 0.03; figure
3), as did plain males (0.57 ± 0.11 versus 0.20 ± 0.08;
t15 = 2.37, p = 0.032; figure 3). Overall, the weighted mul-
tiple linear regression revealed that mating order of the
showy male had a significant effect on his paternity (PS),
relative female responsiveness to the showy male had a
nearly significant effect, and relative sperm number had
no effect (table 1).

4. DISCUSSION

Our experiment provides support for the trade-up
hypothesis. The responsiveness of female guppies to a
second male was an increasing function of the degree to
which that male was ornamented relative to her first mate.
These data are consistent with two previous behavioural
tests of the trade-up hypothesis (Gabor & Halliday 1997;
Bateman et al. 2001). In contrast to these previous studies,
we also demonstrate that this bias in responsiveness trans-
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lates into paternity: females were more likely to sire off-
spring with more-attractive second males.

The first prediction of the trade-up hypothesis is that
virgin females should be relatively indiscriminate during
their first mating opportunity to ensure a sperm supply
(Halliday 1983). Our data support this prediction; virgin
females did not discriminate between highly ornamented
and drab males during their first 2 days of exposure. By
contrast, Houde (1987) demonstrated discrimination
based on male coloration by virgin female guppies in the
laboratory. Females in our study may have been especially
responsive and therefore indiscriminate to the first male
because of our rearing protocol. Females had been held
for four to six months in the absence of males, and hence
their estimate of future opportunities to gain sperm may
have been especially low. It is unknown how the mate
preferences of virgin females in the wild develop since they
would usually mature in the presence of at least a few
adult males.

The second prediction of the trade-up hypothesis is that
females should only be responsive to a potential mate
when he is more attractive than her first mate. We found
that female guppies were more likely to respond positively
to a second male if he was more ornamented than the first
male that they mated (figure 1). If the second male had
similar or reduced ornamentation compared with the first
male, the female significantly reduced her sexual respon-
siveness. A female’s responsiveness should be related to
the benefits obtained from the increased quality of the
second male, the proportion of offspring that he can be
expected to sire and the cost of mating with the male. The
cost of mating may be particularly important because it
can be substantial for several species (see, for example,
Rowe 1994), including guppies (risk of parasite infection:
Lyles 1990; Houde & Torio 1992; increased risk of pre-
dation: Magurran & Seghers 1994; Godin & Briggs 1996;
Magurran 2001; Godin & McDonough 2003). Thus, a
female presented with a second male of higher quality than
her first mate may still be reluctant to mate when the cost
of mating is relatively high (or his relative paternity is likely
to be low). We found that females were generally unre-
sponsive to a second male when that male was similar to
her first mate in attractiveness, suggesting a possible cost
to mating (figure 1). Finally, a more refined test of the
trade-up hypothesis might predict that female responsive-
ness to a second male should increase as he becomes
increasingly ornamented relative to the first male; by con-
trast, female responsiveness should decrease as the second
male becomes less ornamented than the first. Our data
demonstrate such a continuous response (figure 2).

In the initial formulation of the trade-up hypothesis,
Halliday (1983) specified that there must be last-male
sperm precedence. However, females may gain some
advantage when a second male of higher genetic quality
gains at least some paternity, even if he does not gain a
majority (Gabor & Halliday 1997). Despite its importance
to the trade-up hypothesis, previous studies have not esti-
mated the paternity of the males involved, and therefore
the potential benefit of trading up for females. While some
degree of last-male sperm precedence has been demon-
strated in guppies (Evans & Magurran 2001), we show
that second-male paternity is variable and appears to
depend on differences in female responsiveness (as a result
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of differences in attractiveness) between the first and
second male. Showy males clearly exhibited a second-male
mating advantage (ca. 80%) when females were mated to
plain males first (figure 3): by contrast, last-male pre-
cedence of drab males was much less pronounced
(ca. 60%) when females were mated to showy males first.
Thus, both mating order and female preference contribute
to the outcome of paternity. The observed variation in last
male paternity is potentially attributable to

(i) the frequency of mating with each male;
(ii) the duration of copulations (which presumably influ-

ences the number of sperm deposited);
(iii) the post-copulatory female manipulation of sperm

use (e.g. sperm ejection or sperm choice);
(iv) other means by which attractive males successfully

deposit more sperm (e.g. more sperm per ejaculate;
Pitcher & Evans 2001; Pilastro et al. 2002); and/or

(v) higher-quality sperm with greater fertilization ability
(see Evans et al. 2003).

While it is known, for males from the showy population,
that males with more orange coloration possess relatively
more sperm (Pitcher & Evans 2001), the actual sperm fea-
tures that confer a reproductive advantage remain to be
quantified and provide an interesting avenue for future
research.

Although we provide evidence that female guppies trade
up for attractive males, we did not assay offspring fitness.
Therefore, we cannot confirm that indirect (i.e. genetic)
benefits assumed in the trade-up hypothesis are occurring
in this system. The nature of the indirect benefits from
mating with attractive males in guppies remains to be fully
explored, though some relevant data exist. Previous stud-
ies of guppies have demonstrated that preferred males (i)
sire more attractive sons (Houde & Endler 1990; Houde
1992, 1994); (ii) sire offspring with higher viability or
growth (Nicoletto 1991; Reynolds & Gross 1992; Evans &
Magurran 2000; but see Brooks 2000); or (iii) have more
or higher quality sperm (Pilastro et al. 2002; Pitcher &
Evans 2001; Evans et al. 2003).

Finally, many recent studies have focused on post-
copulatory mechanisms that females may use to bias
paternity towards one male over another. Only a few stud-
ies have found evidence to support a post-copulatory
mechanism (Wilson et al. 1997; Tregenza & Wedell
2002), whereas other studies find no evidence of any such
mechanism (Stockley 1997; Cunningham & Cheng 1999).
The trade-up strategy provides a pre-copulatory mech-
anism that would allow females to have some control over
paternity without evoking post-copulatory mechanisms
such as ‘sperm choice’. The trade-up hypothesis suggests
that multiple paternity in some mating systems may simply
be a by-product of female trading-up behaviour and may
therefore help to explain the predominance of female mul-
tiple mating patterns in nature.
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