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Male color index

FiG. 3. Relationships between the visual conspicuousness (color
index) of the body color pattern of individual male guppies (n = 40)
and (a) their respective level of boldness, measured independently as
the frequency of approaches initiated toward a model of a pike cichlid
fish (Experiment 2), and (b) their respective flight initiation distance
from an approaching pike cichlid model (Experiment 3). The partial
Spearman rank correlation, with fish body length statistically con-
trolled for, and significance value (df = 37, one-tailed) are shown for
cach relationship separately.

stalk was therefore similar for all guppies. Guppy behavior was
filmed using an overhead video camera, and the distance
separating it and the approaching model at the onset of its
escape (rapid flight toward the rear of the container) was
measured using a frame-by-frame analysis of the videotape.
Forty similar-sized males (the same ones used in Experiment
2) were tested separately, and their flight initiation distances
were subsequently correlated with the color index (obtained
from Experiment 2) of their respective body color pattern.
Males were tested blindly of their body coloration index value.

After statistically controlling for male body length, the
distance at which individual male guppies initiated their escape
from a “stalking” pike cichlid model was significantly posi-
tively correlated with their respective color index (Fig. 3b).
That is, the more colorful males fled sooner from the ap-
proaching predator, and thus at a greater distance, than less
colorful males.

Experiment 4. Female guppies have opportunities to ob-
serve males inspecting predators in nature (29, 31). More
specifically, in the Quaré River, males and females have been
observed (March 1991) to initiate 32% and 68% of recorded
inspections (n = 404) toward a pike cichlid predator model,
respectively; these proportions are not significantly different
(G = 1.72,df = 1, P > 0.20, G-test) from those expected based
on their relative abundance in the river (35% male, 65%
female; J.-G.J.G. and S. A. Davis, unpublished data). In the
laboratory (n = 10 trials, each using a different group of 2
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males and 2 females), Quaré River males made 52% of the
recorded inspections toward the same predator model, with
the remainder of the inspections made by females and mixed-
sex shoals (J.-G.J.G. and S. A. Davis, unpublished data). Given
the above and the fact that guppies can recognize individual
conspecifics and remember their identity (43, 44), this exper-
iment investigated whether female guppies use observed dif-
ferences in boldness toward predators among males in making
mate choices. To do this, we experimentally uncoupled the
observed positive correlation between male boldness and the
conspicuousness of their color pattern (see Fig. 3a) in con-
secutive simulated male predator-inspection trials and female
mate-choice trials.

The apparatus for simulating predator inspection behavior
consisted of a Plexiglas tank (67 cm X 20 cm X 24 cm) divided
into three adjacent compartments separated by clear Plexiglas
partitions. The two smaller compartments (10 X 20 X 24 cm
and 12 X 20 X 24 cm), at opposite ends of the tank, housed
a live cichlid fish predator (only in the predator-present
treatment) and a test female, respectively; they were thus
separated by a distance of 45 cm. The larger middle compart-
ment had a Plexiglas track system mounted overhead and along
its diagonal, from which two small clear plastic cylinders (33
mm long, 7 mm inside diameter), each containing a male
guppy, were suspended via clear plastic rods (2 mm diameter).
Because the dimensions of these cylinders closely approxi-
mated the body length and depth of the males, the latter could
hardly move at all within the cylinders. One of these tubes
could be moved remotely along the length of the overhead
track, toward and away from the predator compartment,
whereas the other tube always remained fixed near (2 cm from)
the female compartment. Water was 15 cm deep and main-
tained at 24-26°C. Overhead illumination was provided with
a Sun-Glo fluorescent tube (28 wE/m?/s).

A typical simulated predator inspection trial consisted of
first placing a virgin female into her end compartment in the
tank, and allowing her to acclimate for 2 h with her view of the
remainder of the tank blocked by an opaque Plexiglas parti-
tion. About 15 min prior to the onset of the trial, one brightly
colored male (16.0 = 0.3 mm) was placed in one tube and a
similar-sized drabber male (16.1 = 0.3 mm) was placed in the
other tube. The order of placement in the tubes was random-
ized. Initially, the males were placed stationary, 10 cm apart,
and broadside 2 cm in front of the female compartment. The
opaque partition was then raised and the test female allowed
to view (from her compartment) for 10 min the paired males,
either in the presence of a live pike cichlid located 45 cm away
or in its absence (empty predator compartment). One of the
males remained stationary and broadside near the female
compartment, and was thus rendered “timid.” The other male
was rendered “bold” by simulating its inspection of the pred-
ator or empty predator compartment, depending on the ex-
perimental treatment. A simulated inspection consisted of
remotely moving the bold male (with its head always facing in
the direction of movement), starting from its broadside posi-
tion in front of the female, toward the predator compartment
in a series three consecutive steps of 10 cm, interspersed by 1-s
pauses. After a 3-s pause 5 cm from the predator compartment,
the male’s cylinder was rotated 180°, moved continuously back
to its starting position in front of the female (lasting about
25 s), and turned broadside. Such a simulated inspection visit
was repeated six times over the 10-min viewing period.

Immediately following this viewing period, all guppies were
removed from the apparatus, placed into a binary mate-choice
apparatus, and the female’s preference for either of the males
tested after a 15-min acclimation period. Female mating
preference was assessed in two consecutive 10-min tests,
separated by 15 min. In the first test, the males were still in their
plastic tubes and thus could not court, whereas they were
removed from their tubes and thus could swim freely and court
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(with sigmoid displays, see ref. 20) the females in the second
test. The binary mate-choice apparatus used and protocol for
the mating preference test are similar to those described in
Godin and Dugatkin (23). In brief, the apparatus consisted of
a female choice arena and two small Plexiglas end chambers,
each containing one male, juxtaposed against either end of the
choice arena. The sides of the entire apparatus were covered
with tan paper to provide a uniform background. During each
10-min test, we recorded the amount of time the female spent
near (=10 cm)-and facing each male, during which she typically
responded to male courtship displays with sexual “gliding™
motions (see ref. 20). This time was then expressed as a
percentage of the sum of the times she spent near both males.
If the female spent more than 55% of her time near (and
facing) one of the males, she was considered to have “pre-
ferred” that particular male. By this criterion, a preference for
a particular male was shown only if the times spent by the
female near each of the two males differed by at least 10%
(e.g., refs. 23 and 45). The mating preference of individual
females determined by such a choice test correlates positively
with their choice of mate when actual mating is allowed in the
guppy (45, 46), and is consequently used here as an indicator
of female mate choice. :

Each test female was presented with a different pair of
males. The bright male could either be the simulated bold
individual and the paired drab male the timid one, or vice versa,
with treatment order determined at random. Each of these two
treatments was replicated with 20 females (18.6 = 0.3 mm
standard length) in both the presence and absence of the
predator, for a total of four treatments.

The above experiment was repeated by presenting virgin test
females (18.5 = 0.4 mm, n = 18) with similar-sized juvenile
stimulus females, instead of paired males, in the tubes in the
presence of the predator. The aim of this series of trials was to
control for the possibility that a test female might simply choose
to associate with any conspecific, irrespective of sex, that she had
previously seen (apparently) inspecting a predator nearby.

After having viewed the simulated boldness and timidity of
the paired males toward the cichlid predator, female guppies
significantly preferred the bold male (inspector) over the timid
one (noninspector) as a potential mate, irrespective of their
color pattern,; this preference was consistent whether the males
were still restrained in their plastic tubes and thus not able to
court the female (Fig. 4a) or free-swimming and able to court
(Fig. 4b) in the choice tests. However, when the females had
previously viewed the males in the absence of a predator, they
subsequently preferred the more brightly colored of the paired
males, irrespective of the positions of the males relative to the
empty predator compartment and whether they were able to
court the female (Fig. 4d) or not (Fig. 4c). Therefore, female
guppies preferred to mate with the apparently bolder male
(which tend also to be more colorful, see Experiment 2), but
only when the threat of predation had been imminent; other-
wise, they preferred to mate with the more colorful male
regardless of the differences in male activity. Female mate
choice was apparently not influenced by male courtship.

When this experiment was repeated with the predator
present and with similar-sized and similar-colored females in
the tubes, instead of paired males, test females (r» = 18) showed
no preference for either the simulated bold female or the timid
female when the latter were still restrained in their tubes (8 vs.
10, respectively; P > 0.80, two-tailed binomial test) or when
free swimming (8 vs. 10; P > 0.80). Therefore, the preferences
shown in Fig. 4 are indeed mating preferences and not simply
shoaling responses by the females toward the apparently more
active males irrespective of the predation or sexual contexts.

DISCUSSION

We have demonstrated for the first time that the visual
conspicuousness of the color pattern of male guppies corre-
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FiG. 4. Mating preferences of female guppies when given a choice
between either a bright male inspector (bold individual) and a drab
male noninspector (timid individual) or a drab male inspector and a
bright male noninspector, whom they had previously observed either
in the presence of a live fish predator or in its absence. (n = 20 different
females for each of the above four mate-choice comparisons; P values
shown were obtained using the binomial test, with random choice as
the null hypothesis.)

lates positively with their boldness toward a natural fish
predator. The respective boldness levels of paired bright and
drab males differed only when a threat of predation was
imminent (i.e., predator present) and when a female guppy was
nearby; the more brightly colored males were significantly
bolder than the paired drabber males in both situations.
However, the more colorful males did not increase their
absolute frequency of predator inspection visits in the presence
of a female, as would be expected if they were directly
advertising their boldness to females. Nonetheless, brightly
colored males were relatively bolder toward the predator and,
thus, were apparently willing to incur greater costs (predation
risk and lost mating opportunities) than drabber males in the
presence of a female, owing to the latter’s reduction in
predator inspection for greater attentiveness toward the fe-
male. Given that cichlid fish predators preferentially attack
colorful male guppies (J.-G.J.G. and H. A. Anderson, unpub-
lished data; see also refs. 9, 16, and 19) and that inspection
behavior in guppies can deter cichlid predator attack (8), the
brightly colored males may have maintained a higher rate of
predator inspection than drabber males in the presence of
females to counter their greater attractiveness to predators.
Therefore, the differential inspection behavior of male guppies
in the face of predation hazard potentially provides nearby
female guppies information about the males’ relative boldness,
and perhaps their viability (cf. ref. 8), which they may later use
in making mate-choice decisions.

We also found that the visual conspicuousness of the color
pattern of male guppies correlates positively with their escape
distance from a stalking pike cichlid model predator; that is,
the more colorful males fled sooner from the approaching
predator, and thus at a greater distance, than less colorful
males. Conspicuously colored male guppies may thus be better
at escaping fish predators than less colorful ones, as the risk of
a prey being captured is generally greater when it is closer to
the predator at the instant of attack in fishes (42). This result
is novel and as expected if brightly colored male guppies are
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at greater risk of being attacked by predators (refs. 9, 16, and
19; unpublished data), and of higher quality (9, 26-28, 45, 47,
48), than drabber males.

It has been previously shown that the amount and brightness
of orange color (carotenoid pigments) on male guppies reveals
quality, as brightly colored males are more vigorous behaviorally
(27, 45, 47, 48) and are likely to be less parasitized (28) and better
foragers (9, 26) than drabber individuals. A male’s boldness could
also reliably indicate his overall quality, as relatively bold fish tend
to be better informed about potential predators (6), more likely
to survive encounters with them (8), and feed at higher rates or
more persistently (refs. 49-51; but see ref. 52) than more timid
fish. Bright coloration and boldness in male guppies thus appear
to be correlated honest signals of quality, which are difficult to
cheat because of their costs (6, 7, 9).

Our study has experimentally shown that Quaré River
female guppies can use information about the relative boldness
of males whom they have seen interacting with predators in
their subsequent mate-choice decisions. They independently
preferred colorful and bold males as mates. Such cognitive
ability in the guppy has been shown in other behavioral
contexts, in which individuals recognized other conspecifics
individually, remembered their identity, and subsequently
modified their behavior toward each other based on past
interactions (43, 44). Although female guppies have opportu-
nities to observe males inspect fish predators (see references
and data in the methods of Experiment 4), these opportunities
may be rare, because encounters with predators are relatively
infrequent in nature (personal observations). Therefore, fe-
males likely use male color pattern more often than male
boldness as a direct proximate criterion for mate choice,
notwithstanding their known use of additional (correlated)
cues in assessing potential mates (45, 48). Nonetheless, when-
ever the opportunity arises, our results suggest that female
guppies may use observed differential boldness toward pred-
ators among males, rather than the differences in their col-
oration, in making mate-choice decisions. Boldness may there-
fore be a more reliable indicator of male viability than body
coloration, but the opportunities for its use by females as a
proximate cue in mate choice may be limited in nature.

By preferentially mating with colorful males, female guppies
are thus choosing on average relatively bold individuals,
because these two male traits are positively correlated. In
doing so, they may be selecting for highly viable males and, to
the extent that viability is heritable, thus gaining indirect
fitness benefits by producing offspring with greater viability
than otherwise, as proposed by the “good-genes” model of
sexual selection (cf. ref. 3). This remains to be demonstrated
experimentally. Although bright coloration in male guppies
may have evolved as a correlated response to female prefer-
ences for such a trait (21, 22, 24), bright male coloration in this
species could equally, or in combination, have evolved as a
quality-dependent trait selected by adaptive female choice
(i.e., good-genes process). The results of the current study and
others on the guppy (26-28, 45, 47, 48) are consistent with the
latter good-genes process, since they support its basic assump-
tion of a preferred elaborated trait (coloration) in males that
is quality-dependent and correlated with viability (see also ref.
53 for additional support using another trait, body size, in male
guppies). Further distinction between this and other evolu-
tionary processes of sexual selection (cf. refs. 1-4) in the guppy
and in other species will require more knowledge about the
fitness consequences of mate choice and the heritability of
male viability components, such as foraging ability, boldness,
parasite resistance, and antipredator responses.
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