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Diffusion of foraging innovations in the guppy
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The way in which novel learned behaviour patterns spread through animal populations remains poorly
understood, despite extensive field research and the recognition that such processes play an important
role in the behavioural development, social interactions and evolution of many animal species. We
conducted a series of controlled diffusions of foraging information in replicate experimental populations
of the guppy, Poecilia reticulata. We presented novel foraging tasks over 15 trials to mixed-sex groups,
made up of food-deprived and nonfood-deprived adults (experiment 1) or small, young fish and old, large
adults (experiment 2). In these diffusions, knowledge of a route to a feeder could spread through the
group by subjects learning from others, discovering the route for themselves, or, most likely, by some
combination of these social and asocial learning processes. We found a striking sex difference, with novel
foraging information spreading at a significantly faster rate through subgroups of females than of males.
Females both discovered the goal and learned the route more quickly than males. Food-deprived
individuals were faster at completing the tasks over the 15 trials than nonfood-deprived guppies, and
there was a significant interaction between sex and size, with a sex difference in adults but not young
individuals. There was also an interaction between sex and hunger level, with food deprivation having a
stronger effect on male than female performance. We suggest that information may diffuse in a similar
nonrandom or ‘directed’ manner through many natural populations of animals.
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Numerous observations of natural animal populations
report the diffusion of behavioural innovations, for
example, milk-bottle opening in birds and food washing
in macaques (Fisher & Hinde 1949; Kawai 1965). Such
novel behaviour patterns include the exploitation of new
food sources, entry into unknown spaces, or learning
to use novel tools (Itani 1965; Katzir 1982; Fragaszy &
Visalberghi 1989; Lee 1991). The key characteristic of
innovation is the introduction of a novel behaviour
pattern into a population’s repertoire. Among humans,
diffusion is defined as ‘the process by which an inno-
vation is communicated through certain channels over
time among the members of a social system’ (Rogers
1995, page 5). In other animals too, it is usually assumed
that the diffusion of innovations is the result of social
learning processes, where individuals learn by obser-
ving or interacting with other animals (Box 1984; Heyes
1994). However, this is rarely proven and asocial
learning processes may be sufficient to account for
many such phenomena (Galef 1992). Here we use the
term diffusion to refer to the increase in frequency of a
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novel learned behaviour, irrespective of the processes
involved.

Empirical scientists and theoreticians alike have tended
to assume that individuals in a population are equally
likely to learn or transmit information (Cavalli-Sforza &
Feldman 1981; Boyd & Richerson 1985; Coussi-Korbel
& Fragaszy 1995). Theoretical models predict that the
cumulative number of individuals displaying a novel
behaviour over time will follow a sigmoidal pattern
(Cavalli-Sforza & Feldman 1981; Boyd & Richerson
1985; but see Lefebvre 1995a). With notable exceptions
(Lefebvre & Palameta 1988; Fragaszy & Visalberghi 1990;
Lefebvre 1995a, b), empirical data are lacking both on
the validity of these assumptions and the dynamics of
diffusion processes. Field studies of isolated diffusions
lack replication, and are frequently based on observations
of small numbers of animals recorded over long
periods of time. As a result, such reports yield data of
questionable reliability for the study of the dynamics
of information flow.

Recently Coussi-Korbel & Fragaszy (1995) have sug-
gested that animals are likely to attend to, and learn from,
certain individuals in preference to others, a phenom-
enon they refer to as ‘directed’ social learning. There is
clear experimental evidence that individuals in many
 2000 The Association for the Study of Animal Behaviour
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species associate together in a nonrandom manner,
restricting the routes by which information is likely to
flow through the population (Coussi-Korbel & Fragaszy
1995; Griffiths & Magurran 1997; Lachlan et al. 1998).
We anticipate that factors such as sex, age, size, domi-
nance and hunger level may cause differences between
individuals in the likelihood of both learning and
transmitting information, and hence may alter the way
information diffuses.

We investigated the effects of sex, age and hunger level
on the spread of novel foraging information in two
experiments on replicate groups of guppies, Poecilia reticu-
lata. We chose guppies, small tropical fish endemic to
northeastern South America, both because experimental
evidence for social learning is strong (Sugita 1980; Laland
& Williams 1997, 1998; Lachlan et al. 1998) and because
their size and social structure (Magurran et al. 1995)
allowed us to manipulate demography and observe the
discovery and spread of novel information within the
laboratory environment over weeks rather than years.
We investigated diffusion by recording the rate at
which different individuals in groups learned to com-
plete a foraging task. The groups contained guppies that
varied with respect to sex, age and hunger level. Although
social learning is implicated in the investigation, we did
not attempt to determine the relative contributions of
social and asocial learning processes to the diffusion
dynamics.
METHODS

The methods for experiments 1 and 2 are identical. In
both cases subjects were required to swim a maze task to
find food. In each experiment we tested three groups
of guppies, with each group presented with a different
novel foraging task for 15 trials. In experiment 1 the
groups contained equal numbers of males and females,
and equal numbers of food-deprived and nonfood-
deprived fish. Hence there were three between-subject
variables (sex, hunger level and group) and one within-
subject variable (trial). Experiment 2 replicated exper-
iment 1 but used size rather than hunger level as an
independent variable. This experiment tested three
groups made up of equal numbers of males and females,
and equal numbers of small, young guppies and larger,
older fish.
Subjects and Apparatus

We used 116 guppies, 60 in experiment 1 and 56
in experiment 2, purchased from Neil Hardy Aquatics,
London, U.K. Domestic guppies were used because,
unlike wild guppies, both sexes have distinctive colour
markings, so we could identify all individuals while
avoiding stressful marking procedures. Subjects were
housed in experimental tanks of size 60�30 cm and
33 cm high. All tanks were maintained at 25�2�C, and
had a water depth of 30 cm. The fish were on a 12:12 h
light:dark schedule, with lights on at 0700 hours;
additional red lights were on continuously, so that the
change in lighting was less disturbing to the fish.

In experiment 1 we examined three groups, each of 20
fish, with each group presented with one of three mazes.
One male fish in the group presented with maze 2 was
initially mistakenly identified as female, so there were
four nonfood-deprived females and six nonfood-deprived
males in this group. Subjects in experiment 1 were not
weighed, but were composed of a broad cross-section of
adult sizes. A further three groups of fish were examined
in experiment 2, where each tank contained equal
numbers of small guppies, just old enough to determine
their sex (X�SE=0.24�0.03 g, N=27), and adult, older
guppies of a similar size to those used in experiment 1
(0.70�0.05 g, N=26). Fish categorized as large weighed
significantly more than fish categorized as small (t
test: t51=7.58, P<0.0001). Females (0.57�0.07 g, N=25)
weighed more than males (0.37�0.04 g, N=28; t test:
t51=2.33, P<0.05). In experiment 2, the group presented
with maze 1 numbered 16 fish, and the remaining two
groups initially numbered 20 fish each. Two large females
in the maze 3 group, however, were removed from the
experiment and placed in a hospital tank for treatment
when they developed fin rot. A further small female from
the maze 2 group fell ill after testing was completed, so
was not weighed. No other fish showed any health
problems either during or after the experiment.

Over 15 trials, we repeatedly presented each exper-
imental group with the same one of the three maze tasks,
with the maze introduced into the experimental tanks.
The mazes were opaque, white, uPVC dividing partitions,
each containing a hole through which the fish could
swim to the other end of the tank. A partition 10 cm
in front of the maze allowed the apparatus to be set
up while excluding the fish, with the raising of this
partition signifying the beginning of a trial. A second
partition slid directly behind the maze, being pushed
down completely to close the hole once a trial had ended.
The goal zone contained a concealed floating feeder of
red plastic 30 mm in diameter and 6 mm deep. Small
quantities (ca. eight items) of a novel high-protein food,
freeze-dried bloodworm (Chironomus spp.), were placed
in these feeders. This food was replenished throughout
each trial, a procedure that did not appear to disturb the
fish.

For maze 1 (Fig. 1a), the feeder was accessible via a
centrally located hole of 5�5 cm in the lower edge of
a white, opaque, uPVC partition. For maze 2 (Fig. 1b), the
fish found the feeder by swimming up a vertical plastic
tunnel (height 12 cm, entrance diameter 6 cm) covered in
dark green cellophane, through the same hole of 5�5 cm
and along a horizontal, clear plastic tunnel (length 8 cm,
diameter 6 cm). For maze 3 (Fig. 1c), the maze apparatus
of task 2 was turned upside down, so that the fish could
reach the feeder by swimming down and along the
tunnels. Pilot studies suggested that the three tasks were
of increasing difficulty to the fish, judging by the average
time to complete them. We used the three mazes to
ensure that the results were not biased by ceiling or floor
effects, or a consequence of very easy or very difficult
tasks.
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Procedure

The procedure was the same for both experiments,
except that half the fish of each sex in experiment 1 were
food deprived. Prior to the experiments, subjects were
held in several mixed-sex holding tanks, and fed daily on
standard tropical fish flakes. We chose subjects at random
from these stock tanks to make up the experimental
groups. In experiment 1 the experimental groups were
established 5 days prior to testing; food-deprived fish
were separated from nonfood-deprived fish by a double
opaque PVC partition and were not fed in this period, a
procedure that generated no ill effects or increased mor-
tality. Nonfood-deprived fish were fed 4 h before testing
began. In experiment 2, the experimental groups were
established 24 h before testing. From the first day of
testing, and for 5 consecutive days, we presented each
group with a novel foraging task, the location of a feeder
hidden behind a maze partition. We tested subjects at
0900, 1300 and 1700 hours each day. Prior to each trial an
opaque partition was placed in the enclosure and pushed
to a central position. The maze apparatus was then
inserted into the section of the tank containing no fish, at
a position ca. 15 cm from the end of the tank. A floating
feeder containing freeze-dried bloodworm was positioned
centrally on the other side of the maze to the fish. Each
trial began with the removal of the partition concealing
the maze, and ended 10 min (maze 1) or 20 min (mazes 2
and 3) later with the removal of the apparatus. After each
trial we fed the fish a small amount of tropical fish flake
food to minimize hunger differences between unsuccess-
ful and successful fish. We recorded the time to complete
the maze (‘latency’) for each subject on each trial.

Statistical Analysis

Although guppies are loose shoalers and not schooling
fish with coordinated movements (Seghers 1974), we
cannot assume that the fish behaved independently, as
the fish within a group do influence each other’s activity
levels, location and physical condition to some degree.
Consequently, in our analysis we adopted a hierarchically
structured ANOVA design that included a ‘group’ factor.
This factor partialled out any between-group variance
caused by the group structure, as well as accounting for
differences between groups resulting from the alternative
maze tasks. Where appropriate, data were log transformed
to meet required assumptions of homogeneity of variance
and normality of residuals.
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Figure 1. The foraging tasks. Side view of (a) maze 1, (b) maze 2 and
(c) maze 3. The shaded areas indicate dark green, plastic tunnels.
Curved arrows indicate the route fish took to complete the task. The
directions in which the opaque release partitions were removed are
indicated by straight arrows.
RESULTS

Figure 2a shows the latency to complete the foraging
tasks over 15 trials in food-deprived and nonfood-
deprived males and females. Females were significantly
faster than males (repeated measures ANOVA: F1,48=
60.35, P<0.0001) and food-deprived fish significantly
faster than nonfood-deprived fish (repeated measures
ANOVA: F1,48=4.90, P<0.05). The sexes differed in their
response to food deprivation (repeated measures ANOVA,
sex�hunger: F1,48=4.46, P<0.05), food deprivation hav-
ing a greater effect on male latency than female latency,
although the sex difference was significant in both food-
deprived and nonfood-deprived subjects (Tukey test
on log-transformed data: difference=0.95, critical Wr=
0.59, P<0.05; difference=1.70, critical Wr=0.36, P<
0.05, respectively). Mean latency to complete the task
decreased over time (trend test: F1,30=37.92, P<0.01),
apparently because of a combination of increasing num-
bers of subjects completing the task (nonparametric trend
test, corrected for ties, Ferguson 1965: Z=3.98, P<0.0002)
and a decrease in the time each subject took to complete
the maze. Subjects in the different subgroups behaved
similarly across the three mazes.

Further evidence that our results cannot be dismissed as
artefacts reflecting the reduced degrees of freedom that
would result from schooling is provided by the obser-
vation that the sex difference remained significant when
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Figure 2. Log-transformed mean latency (s) to enter goal zone
against trial for (a) food-deprived and nonfood-deprived fish and
(b) adult and juvenile fish. In (a) N=60, made up of three groups of
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Figure 3. Cumulative number of adult females and males from
experiments 1 and 2 reaching a learning criterion. Subjects that did
not reach the learning criterion within 15 trials are shown on the
right-hand side of the dashed line. N=86.
the mean latencies of each sex in each group were
analysed rather than the latencies for each individual fish
(repeated measures ANOVA: F1,8=10.20, P<0.05). To the
extent that the mean latencies for males and females
within each group are not independent of one another,
this dependence will act only to weaken any genuine sex
difference. The fact that a significant difference between
the sexes was found under this most conservative of all
measures suggests that the effect is particularly robust.

To investigate whether there were sex and hunger
differences in exploratory behaviour or innovation, we
focused on the first few trials of the experiment. If
females and hungry fish were more innovatory than
males and food-deprived fish, respectively, then they
should be more likely to discover the feeder for the first
time early in testing, and differences should be present
over the first five trials and on the first trial. Females were
significantly faster than males and food-deprived fish
significantly faster than nonfood-deprived fish during the
first five trials (repeated measures ANOVA: F1,48=30.94,
P<0.0001; F1,48=5.70, P<0.05), perhaps indicative of a
greater exploratory tendency in females and food-
deprived fish. Analysis of the first trial alone examines
exploration without learning but provides less statistical
power. None the less, there was a significant difference
for hunger level (ANOVA: F1,48=4.64, P<0.05) and the sex
difference approached significance (ANOVA: F1,48=3.42,
P<0.1).

In an attempt to separate the effects of innovation and
learning, we also carried out an analysis of the five trials
after an individual completed a task for the first time.
Once individuals had discovered the route to the feeder, if
there were no differences in latency between categories in
the trials that immediately followed, this would imply
that those differences found across all trials resulted from
differences in innovation (that is, latency to find the
feeder first) rather than in learning rate. This was not the
case. The learning measure gave a significant effect of sex
(repeated measures ANOVA: F1,48=50.28, P<0.0001),
females again showing lower latencies than males, but
not hunger level (repeated measures ANOVA: F1,48=
0.86, NS). It would seem that females were both more
innovatory, and learnt at a faster rate, than males.

We examined learning differences further using a trials-
to-criterion measure, which better illustrates the extent of
the sex difference (Fig. 3). The criterion we adopted was
completion of the task in three out of four trials in
significantly less time than the group mean for trial 1.
That is, for each subject on each trial we calculated
whether the task was completed in significantly less time
than the time taken by that group on the first trial, which
we felt could be used as an indicator that a subject had
learned the task. The more intuitive alternative approach,
that of choosing an arbitrary time below which subjects
are considered to have ‘learned’, would not account for
performance differences between mazes. As a subject may
complete the task quickly on one trial by chance or by
following another fish, we set a criterion that the subject
had completed the task within the target time on three
out of four trials to ensure we had a reasonable estimate of
when subjects had learned the task. In both experiments
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DISCUSSION

Our experiments provide clear evidence that, in guppies,
novel learned foraging information spreads through
female subgroups faster than through male subgroups.
Several processes may combine to account for these
differences. Female guppies are more innovatory and
exploratory than males in foraging tasks (Laland & Reader
1999a), and the finding of significant sex differences over
the first few trials in this study supports this conclusion.
We also found that females learn at a faster rate than
males, which may reflect a motivational difference
between the sexes. We did not set out to establish cate-
gorically whether social learning was involved in the
diffusion. However, the fact that previous studies have
found that guppies are able to learn the route to a food
source by following conspecifics through a maze (Laland
& Williams 1997) implicates social learning as a likely
factor in these diffusions.

We suggest that parental investment asymmetries in
guppies could be responsible for this sex difference. It is
well established that where males provide only sperm,
male reproductive success is mainly limited by access to
females, while female reproductive success is mainly
limited by access to resources (Trivers 1972; Davies 1991).
The more food resources a female guppy can gather, the
more offspring she can produce (Dussault & Kramer 1981;
Constanz 1989; Reznick & Yang 1993). Hence, to maxi-
mize their respective fitness payoffs, we may expect
females to place a priority on locating resources and
males on location of mates (Trivers 1972; Davies 1991).
Although exploratory behaviour may be energetically
costly and increase the risk of predation (Milinski 1993),
female fecundity in fish increases with accelerating
returns with increasing body length. In contrast, a male’s
ability to obtain matings appears to increase linearly or
with diminishing returns with body length (Sargent &
Gross 1993). This means that a conservative foraging
strategy is less likely to be adaptive in females than in
males. Males may prioritize the location of resources over
mates only when food deprived, consistent with the
observed effect of hunger on males compared with
females. The absence of a strong sex difference in younger
fish is consistent with a parental investment hypothesis
as young fish will not be expected to show investment
asymmetries, but also with alternative hypotheses such as
poor competitive ability in smaller, younger fish (Krause
1994; Laland & Reader 1999b). Since investment asym-
metries are widespread amongst mammals, birds, fish and
other animals (Clutton-Brock 1991), we anticipate many
species may show similar sex differences in the spread of
foraging innovations. An alternative hypothesis is that
female performance is enhanced, or male performance
made worse, by the presence of the opposite sex. This
might happen, for example, if females swim through the
maze in order to escape male harassment. Griffiths &
Magurran (1998) noted that male guppies are more active
than female guppies, crossing the centre of a tank (where
a shoal of same-sex conspecifics was located at either end)
more frequently than females, which makes sex differ-
ences in activity levels an unlikely explanation for the
results observed here.

Although we cannot rule out the possibility that the
domestic origin of the subjects may restrict the generality
of our conclusions, we regard it as unlikely that artificial
selection in the pursuit of fancy guppy strains would
result in the sex differences in learning described here.
Experiments comparing the behaviour of wild and
domesticated guppy strains are complicated by the great
behavioural variation between wild guppy populations
(Endler 1995; Magurran et al. 1995), but studies are
planned to confirm that similar processes operate in
groups of wild guppies in the field.

It is clear that differences in sex, age and motivational
state can affect the discovery, learning and diffusion of
novel foraging information. Information may there-
fore flow preferentially through certain subsections of
animal groups, not only as a result of the nonrandom
1 and 2, females reached the learning criterion in fewer
trials than males (censored actuarial survivorship analy-
sis, log-rank test: �2

1=16.05, P<0.0001; �2
1=4.69, P<0.05;

respectively) but no difference for hunger level or size was
found (log-rank test: �2

1=2.63, NS; �2
1=1.19, NS; respect-

ively). Figure 3 shows a compelling sex difference, with
adult females occupying the early parts of the curve
relative to adult males. In some groups there was a total
lack of overlap between the two sexes, with all of the
females learning the task before even the first male had
successfully reached criterion.

Experiment 2 reinforces these findings (Fig. 2b). Once
again females were significantly faster than males
(repeated measures ANOVA: F1,42=6.76, P<0.05).
Although there was no main effect of size (repeated
measures ANOVA: F1,42=0.55, NS), a significant sex�size
interaction was discovered (repeated measures ANOVA:
F1,42=14.02, P<0.001). Adult females were much faster
than adult males (Tukey test on log-transformed data:
difference=1.06, critical Wr=0.47, P<0.05) but no sex
difference was found in juveniles (Tukey test on log-
transformed data: difference=0.24, critical Wr=0.40, NS).
Since male guppies are typically smaller than females
(Magurran et al. 1995), the sex difference found in exper-
iment 1 cannot be explained as resulting from differences
in mass since large males showed longer, not shorter,
latencies to complete the task than small males (Tukey
test on log-transformed data: difference=0.69, critical
Wr=0.39, P<0.05). Hence if experiment 1 was conducted
with the sexes perfectly matched for size, we might
expect an even stronger sex difference. It is also implau-
sible to explain the sex difference as resulting from a
difference in activity level between the sexes. Although
activity levels were not recorded formally, casual obser-
vation suggested that males were more active than
females, and there was no evidence for males being less
active than females. Again, mean latency to complete
the task decreased over time (trend test: F1,30=14.58,
P<0.01) and the numbers of subjects completing the
task increased over time (nonparametric trend test,
corrected for ties: Z=5.67, P<0.0001). Subjects in the
different subgroups behaved similarly across the three
mazes.
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associations individuals form, but also since individuals
may differ in their propensities to innovate, learn
individually or learn from others. Past neglect of these
processes may help to explain why our diffusion curves
give a very poor fit to the sigmoidal diffusion pattern
predicted by theoretical models.
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