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Fish pool their experience to solve problems 
collectively
Mike M. Webster1*, Andrew Whalen1, 2 and Kevin N. Laland1

Access to information is a key advantage of grouping. Although experienced animals can lead others to solve problems, less is 
known about whether partially informed individuals can pool experiences to overcome challenges collectively. Here we provide 
evidence of such ‘experience-pooling’. We presented shoals of sticklebacks (Gasterosteus aculeatus) with a two-stage foraging 
task requiring them to find and access hidden food. Individual fish were either inexperienced or had knowledge of just one of 
the stages. Shoals containing individuals trained in each of the stages pooled their expertise, allowing more fish to access the 
food, and to do so more rapidly, compared with other shoal compositions. Strong social effects were identified: the presence 
of experienced individuals increased the likelihood of untrained fish completing each stage. These findings demonstrate that 
animal groups can integrate individual experience to solve multi-stage problems, and have implications for our understanding 
of social foraging, migration and social systems.

Group-living provides animals with both ready access to valu-
able social information and the potential, by processing infor-
mation through social interactions, to achieve solutions to 

cognitive problems that might lie beyond the reach of lone individu-
als1–11. Information processing by groups can occur through several 
different mechanisms, and distinguishing between these is a key 
challenge faced by researchers10. Such mechanisms include swarm 
intelligence, facilitation and pool-of-competence effects. Swarm 
intelligence refers to improved cognitive performance that stems 
from distributed, self-organized decision making, with decisions 
emerging from repeated local interactions between individuals12,13. 
The ‘many-wrongs’ principle of collective navigation is an example 
of swarm intelligence. Here, individuals’ motivation to follow their 
varied and imperfect estimates of the correct travel direction inter-
acts with their drive to remain in close proximity to their neighbours, 
resulting in a group-level compromise on preferred direction that is 
more accurate than the separate estimates of most individuals14,15. 
A second mechanism, facilitation, occurs when necessary costs 
such as vigilance for predators are shared among group members, 
allowing individuals to allocate more effort to other problems, such 
as searching for resources11. Finally, pool-of-competence describes 
effects arising from group size and diversity, with larger groups being 
statistically more likely to include more experienced, motivated, per-
sistent or bold individuals that are more likely to solve problems and 
from which others in the group can acquire information10,16.

Our study is concerned with one aspect of the pool-of-competence  
effect, specifically variation in experience amongst group mem-
bers. It is often likely to be the case in nature that within a given 
group, members will hold different information about the envi-
ronment, with some individuals possessing relevant experience in 
solving a particular challenge that other members lack. This may 
be especially so in populations with fission–fusion social structure 
and in those where group fidelity is low, resulting in high turnover 
of group membership and frequent disbandment and formation of 
groups. Research has demonstrated that minorities of experienced 
individuals can lead their uninformed groupmates17–20. Here, lead-
ership may emerge as an outcome of the experienced individuals’ 

attraction to the target and the mutual social attraction between 
these and their naive groupmates3,17,21, without any communication 
or direct transmission of information about the target from leader 
to follower. Often, different group members might have partial but 
complementary information about the component parts of a par-
ticular task that can be broken down into a number of ‘stages’ or ele-
ments. They might be familiar with different sections of a navigation 
route, for example, or some might know where to find food whereas 
others might know how to access it. Plausibly, groups of animals 
may be able to overcome such multi-stage problems through social 
interactions that combine the separately held information possessed 
by individuals, allowing them to reach integrative solutions that 
lie beyond the grasp of single individuals5. Here we set out to test 
whether groups of partially informed individuals could indeed pool 
their knowledge about the separate components of a task to solve 
complex problems in this manner.

We presented shoals of sticklebacks (Gasterosteus aculeatus) with 
a two-stage navigation and foraging task (see Methods) that required 
them first to locate a hidden patch of food within a mesh feeder box 
by swimming through a structured environment towards a light cue 
(stage 1), and then to access the box by swimming through a small 
hole to obtain the food (stage 2). Some subjects were given prior expe-
rience of solving the navigation component of the task, and others  
experience of accessing food from the food-box, but no single fish 
had prior experience of both components of the task. We varied the 
prior experience possessed by individual fish and arranged these into 
four different combinations, performing ten replicates per combina-
tion. One combination consisted solely of individuals with no prior 
training (knowledge of neither stage 1, nor stage 2). Two combina-
tions consisted of a majority of untrained fish plus a minority of indi-
viduals that had been trained either to complete the navigation part 
of the task, or to access food from the feeder box (knowledge of either 
stage 1, or stage 2). Finally, one combination consisted of shoals con-
taining equal numbers of untrained fish, navigation-trained fish and 
feeder-trained fish (knowledge of both stage 1 and stage 2). We pre-
dicted that fish in this latter group would access the food patch most 
rapidly and that more individuals overall would be successful.
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Results
The composition of the group (treatment) strongly influenced the 
number and rate of entries to both the goal area and the feeder 
(Supplementary Fig. 1).

Numbers of group members entering goal area and feeder.  
More fish entered the green-light goal area in groups that contained 
trained fish (light-trained, Wald test Z-score =  7.37, P <  0.01; feeder-
trained, Wald Z =  3.6, P <  0.01; combined feeder-trained and light-
trained, Wald Z =  6.36, P <  0.01) than in shoals of untrained fish. 
Fish in the combined and light-trained groups entered the goal area 
more often than those in the feeder-trained groups (light-trained 
compared with feeder-trained, Wald Z =  − 4.63, P <  0.01; combined 
compared with feeder-trained, Wald Z =  − 4.9, P <  0.01). More fish 
entered the feeder unit in groups with training (light-trained, Wald 
Z =  3.17, P <  0.01; feeder-trained, Wald Z =  3.31, P <  0.01; combined 
Wald Z =  7.2, P <  0.01) than in untrained groups. As predicted, 
we observed elevated rates of entry in the combined groups com-
pared with other treatments (light-trained, Wald Z =  − 5.07, P <  0.01; 
feeder-trained, Wald Z =  − 4.94, P <  0.01, Fig. 1a).

When we focused only on the proportion of naive fish from each 
group that entered the goal area and the feeders, we saw a simi-
lar pattern of results. There was an increased number of entries by 
naive fish into the goal area for shoals containing fish with any type 
of training (light-trained, Wald Z =  6.23, P <  0.01; feeder-trained, 
Wald Z =  3.07, P <  0.01; combined, Wald Z =  4.74, P <  0.01) than for 
untrained groups. We also saw an increased rate of entry into the 
feeder by naive fish in treatments with training (light-trained, Wald 
Z =  3.01, P <  0.01; feeder-trained, Wald Z =  1.96, P <  0.05; com-
bined, Wald Z =  4.96, P <  0.01).

Rate of entry. The time for the first fish in each group to enter 
the green-light goal area was lower in the combined and light-
trained groups than it was in the feeder-trained and untrained 
groups (Cox regression: Wald Z =  4.05, P <  0.001 (combined ver-
sus feeder-trained), and Wald Z =  4.39, P <  0.001 (combined versus 

untrained)). The entry times of the first fish in the combined group 
did not differ from that of the light-trained treatment groups (Wald 
Z =  0.93, P =  0.35). Regarding entry times into the feeder, as pre-
dicted, the first fish in the combined group were faster than for all 
of the other treatment groups (untrained, light-trained and feeder-
trained: Wald Z =  5.42, P <  0.001; Wald Z =  4.13, P <  0.001; and 
Wald Z =  4.16, P <  0.001 respectively, Fig. 1b).

An identical pattern was seen when we only considered rates of 
entries by naive fish from each group into the goal area and the feeders.  
For goal area entries, there was no difference between the light-
trained and combined groups in the rate at which untrained fish 
first entered the goal area (Wald Z =  0.64, P =  0.52). The first fish 
from the untrained and feeder-trained groups took longer to enter 
the goal area compared with the combined groups (Wald Z =  2.60, 
P =  0.009 and Wald Z =  2.21, P =  0.027). As predicted, the first naive 
fish from the combined groups to enter the feeder did so sooner 
than the first fish from the untrained, light-trained and feeder-
trained groups (Wald Z =  3.73, P <  0.001; Wald Z =  1.96, P =  0.049 
and Wald Z =  2.72, P =  0.007 respectively).

Hazard models. Following these analyses, we also ran two propor-
tional hazard models to understand the factors that contributed to 
the fish entering each area (Fig. 2).

We first ran a set of models that analysed the rate of entry with-
out explicit consideration of the effect of social information. We 
found that fish that had prior light-training entered the goal area 
faster than those without it (Wald Z =  4.62, P <  0.01), and that fish 
in the presence of conspecifics with light-training entered the goal 
area faster than those without (Wald Z =  10.37, P <  0.01). A similar, 
but weaker, effect on rate of entering the goal area was observed 
for feeder-trained fish (Wald Z =  2.1, P =  0.04), and fish in a group 
with feeder-trained fish (Wald Z =  3.15, P <  0.01). We also found 
that prior feeder-training (Wald Z =  3.09, P <  0.01), but not prior 
light-training (Wald Z =  1.55, P =  0.12), increased the rate at which 
fish entered the feeder, and that the presence of feeder-trained fish 
in the group significantly increased the rate at which all fish entered 
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Figure 1 | Number and rate of goal zone and feeder entries. a, The number of fish in each group to enter the green-light goal area and the feeder (mean 
± 95% confidence interval, CI). b, Survival plots showing the time for the first fish in each group to enter the goal area and feeder. 9U: nine untrained fish; 3L,6U: 
three light-trained and six untrained fish; 3F,6U: three feeder-trained and six untrained fish; 3L,3F,3U, three feeder-trained, three light-trained and three untrained fish.
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the feeder (Wald Z =  2.81, P <  0.01). Interestingly, the presence of 
light-trained fish significantly reduced the rate at which other fish 
entered the feeder (Wald Z =  − 2.72, P <  0.01).

Extended models that incorporated social information in more 
complex ways revealed that previous training to approach the 
green light (Wald Z =  5.67, P <  0.01), the number of light-trained 
fish (Wald Z =  5.05, P <  0.01) and the number of feeder-trained 
fish (Wald Z =  3.19, P <  0.01) all positively increased the rate at 
which fish entered the goal area. We also found a strong positive 
effect of having had a shoalmate enter the goal area in the previous  
10 seconds (Wald Z =  19.25, P <  0.01), but no effect of having 
had a shoalmate leave in the previous 10 seconds (Wald Z =  0.48, 
P =  0.63). Overall, the number of fish in the goal area was associated 
with a decrease in the rate of entry for other fish to enter the goal 
area (Wald Z =  − 2.79, P <  0.01).

We found a similar pattern of results when analysing entry of 
the feeder. Prior feeder-training significantly increased the rate that 
fish entered the feeder (Wald Z =  2.84, P <  0.01), and fish were dis-
proportionately more likely to enter the feeder within 10 seconds 
of a shoalmate doing so (Wald Z =  12.83, P <  0.01). We did not find 

a significantly increased rate for fish entering the feeder within  
10 seconds of another fish leaving it (Wald Z =  1.53, P =  0.13). Overall, 
the number of fish currently in the feeder was associated with  
a decrease in the rate at which other fish entered the feeder (Wald 
Z =  − 5.39, P <  0.01). Model coefficients for the goal area and the 
feeder hazard models can be found in Supplementary Tables 2 and 3.

Discussion
This experiment provides clear evidence of experience-pooling, 
with groups of partially informed fish integrating their experience 
to solve a two-stage foraging problem collectively. A greater propor-
tion of group members gained access to the food patch, and did so 
sooner, in the mixed groups that contained some fish experienced in 
the navigation part and others in the feeder-access aspect of the task 
compared with fish in other treatments that contained members  
experienced in only one or in neither of the two components of the 
task. Moreover, naive fish in the mixed groups also benefited by 
accessing the food sooner than did naive fish in the other groups.

Both experience and social information were significant in 
affecting entries into the goal area, the first stage of the task. We saw  
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Figure 2 | Proportion of naive fish entering the goal and feeder areas. a, The proportion of fish for each level of training to enter the green-light goal  
area, broken down by treatment group. b, The proportion of fish for each level of training to enter the feeder area, broken down by treatment group.  
c, The proportion of fish for each level of training who entered the goal area and then entered the feeder area, broken down by treatment group. In each 
case, mean ± 95% CI is shown. 9U: nine untrained fish; 3L,6U: three light-trained and six untrained fish; 3F,6U: three feeder-trained and six untrained fish; 
3L,3F,3U, three feeder-trained, three light-trained and three untrained fish.
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that light-trained fish entered the goal area at a greater rate than 
did untrained fish, as expected, but also that feeder-trained fish did 
too. This latter effect possibly arose because the fish were able to see 
the feeder as they came close to the goal area and, having learned 
an association between the feeder and food, were more motivated 
to approach it and enter the goal area than were fish untrained 
in either task. At the group level, fish in the light-trained, feeder-
trained and combined groups were more likely to enter the goal area 
than were those in the untrained treatment group. Fish with prior 
feeder-training, and those that were grouped with feeder-trained 
fish, entered the feeder at a greater rate, but we also found a negative 
effect of the presence of light-trained fish on feeder entries. This 
may have resulted from the fact that light-trained fish were given 
experience of feeding beneath the green lights, but not in the feeder 
itself. They may therefore have anticipated finding food beneath 
the lights, causing them to remain in this area, where they attracted 
other group members, delaying their entry into the feeder.

Further analyses that incorporated social transmission in more 
nuanced ways revealed that a fish entering the feeder or goal area 
substantially increased the likelihood that other fish did so in the 
next 10 seconds. This is consistent with both past experimental 
findings analysing the following behaviour of fish22,23 and theory 
predicting that individuals that are both motivated to move towards 
a particular location and socially attracted to their groupmates may 
be able to entrain the group and move them towards the target, a 
principle termed ‘leading according to need’17,18,20,21. We found no 
evidence that the rate at which fish entered the goal area increased 
immediately after a fish left either the feeder or the goal area, sug-
gesting that this effect is mediated by following rather than atten-
tion to cues or locations. Such following effects were also identified 
in a study of recruitment of naive fish to prey patches by experi-
enced shoalmates23, in which the effects were termed ‘untransmitted  
social effects’.

Interestingly, in both hazard models, we saw that the number 
of fish in the goal and feeder areas was associated with a decrease 
in the rate of entry for other fish into those areas. The reason for 
this effect is unclear. One possibility is that it was due to trained 
individuals entering the goal or feeder areas sooner, with naive fish 
either entering quickly after this (fish were more likely to enter the 
goal and feeder areas if a group mate had entered within the past 
10 seconds), or else taking much longer to find or access the patch 
because they had been left behind.

Taken together, our analyses, when considered alongside other 
studies17,18,20,21, suggest that leadership arising from the balance 
between goal-orientedness and social attraction may be sufficient 
to generate collective problem-solving.

Several factors potentially contribute to the ability of groups to 
process information and solve problems, including facilitation, pool-
of-competence effects and swarm intelligence, with these mecha-
nisms potentially acting in concert10,16. For example, among flocks of 
songbirds, larger groups of naive birds were more likely to obtain food 
from novel feeding devices. The presence in the group of a knowl-
edgeable bird further increased the likelihood of the group accessing 
food, and larger groups were more likely to contain such individu-
als than smaller ones16. Moreover, birds had more success when they 
were in larger groups and when the feeding devices were closer to 
cover than when they were further away, suggesting that facilitation 
through reduced predation risk might also affect problem-solving. In 
our study, we directly manipulated the experience of group members 
while holding group size constant, allowing us to show that informa-
tion held by the group could be pooled. This approach also allowed 
us to rule out other mechanisms, although it does not discount the 
possibility that multiple effects might operate together under natural 
conditions, as was observed in previous work16.

Our findings indicate that for groups of ecological generalists 
negotiating variable environments, diversity in experience and a 

distributed knowledge base across a group may be of critical impor-
tance, potentially more so than the presence of ‘omniscient’ indi-
viduals with full knowledge of the challenges24. Experience pooling 
might be especially important within populations that exhibit fis-
sion–fusion social structures, for which, at any point, current group 
members might be expected to possess a greater range of experience 
than those of more stable groups that have travelled and experi-
enced the same conditions together. We anticipate that experience-
pooling, underpinned by leader–follower interactions similar to 
those seen in our study, might be found in groups of animals fac-
ing challenges ranging from learning how to exploit new foods and 
avoid new predators, to navigating between ephemeral resources 
and tracing long migration routes.

Methods
Subjects. Threespine sticklebacks (N =  360) were collected with hand nets from the 
Kinnessburn steam in St Andrews, UK, in July 2012, and housed in the laboratory 
in groups of 40 in 90-l aquaria. Each aquarium contained a layer of sand and 
artificial plants, and was connected to an external filter. The temperature in the 
laboratory was held at 8 °C, and the lights were on for 12 hours per day. The fish 
were fed daily with frozen bloodworms, unless otherwise stated below. We used 
fish measuring 30–35 mm in length that showed no signs of being in reproductive 
condition. Fish were not sexed.

Overview. The experiment presented 40 groups of nine fish with a two-stage 
navigation task. To access a food reward, the fish first had to travel to the far end of 
a large structured arena, where a feeder box containing the food was hidden behind 
an opaque screen, and to gain access to the food in the feeder box by entering 
through one of two small holes. The end of the arena with the feeder box and food 
reward contained two green lights. We tested groups of fish that contained different 
combinations of individuals trained to approach green lights, trained to enter the 
feeder box through the target holes, or not trained in either task. Fish that were not 
trained to the green lights or to the feeder box were nevertheless exposed to these 
during training, so as to remove any neophobic responses to the stimuli that might 
otherwise have confounded their behaviour in the experiment proper. The training 
procedure and two pilot experiments designed to test the efficacy of the training 
are described in the Supplementary Material. All procedures were reviewed and 
approved by the departmental ethics committee.

Experimental arena. The arena (Supplementary Fig. 2) consisted of a black plastic 
box measuring 160 cm long, 100 cm wide and 40 cm tall. It contained a 2-cm-deep 
layer of fine sand, and was filled with water to a depth of 25 cm. The feeder box 
was placed 10 cm from one end of the arena, 40 cm from each long wall. It was 
suspended 10 cm above the sand substrate. The feeder box was 20 cm long by 
10 cm tall and wide. It consisted of a 2-mm-wide plastic frame around which was 
stretched a fine nylon mesh. A square hole (2 cm ×  2 cm) was cut in each end  
of the feeder box, which enabled fish to swim inside and access the food reward  
(20 dead bloodworms placed in the centre of the feeder box). The use of a mesh 
feeder had the advantage that olfactory cues emanating from the food would 
diffuse through the sides and would not provide an odour gradient leading to  
the entrance hole. The food was also visible through the mesh walls and floor  
of the feeder box, leaving the fish highly motivated to solve the task. However, the 
fish could not find the food simply by swimming towards the sight or smell  
of it, and previous experiments have shown that this arrangement makes finding  
the entrance a challenging task25.

A white plastic screen measuring 40 cm ×  40 cm was placed 10 cm in front of 
the feeder box and 30 cm from each of the long walls of the arena. This prevented 
the group of fish, which began the experiment at the other end of the arena, 
from being able to see the feeder box. To reach it, they had to swim either side 
of this barrier. On each side of the feeder box, we placed a green light-emitting 
diode (LED) unit (Trimble, Milton Keynes, UK). These consisted of a circle of 24 
individual LEDs set within a case with a diameter of 5 cm. A green filter was taped 
over each LED unit. Each unit was suspended 10 cm above the surface of the water, 
20 cm either side of the feeder box and 20 cm from each longwall of the arena. The 
light produced by the LED units was visible to the fish at the far end of the arena 
at the beginning of the experiment. A high-definition webcam (Logitech C920, 
Logitech International SA, Lausanne, Switzerland) was mounted 80 cm above the 
feeder box. This was used to film the end of the arena immediately behind the 
barrier, which was designated the ‘green-light goal area’.

At the other end of the arena, we placed a holding unit constructed from 
colourless, perforated plastic. This measured 20 cm ×  20 cm wide and 40 cm tall. 
The bottom and top of the holding unit were open. It was placed directly on the 
sand substrate, 5 cm from the back wall and 40 cm from each long side wall of the 
arena. This was used to house the fish at the beginning of the experiment.

In the middle section of the arena, we placed four artificial plants. These were 
approximately 10 cm tall and 10 cm in diameter. One pair of plants were placed 
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20 cm apart, 30 cm from each long wall of the arena and 40 cm from the end of the 
arena where the fish holding unit was placed. The second pair of plants were placed 
20 cm from these and 50 cm from the white plastic barrier. The plants provided 
cover for the fish once they were released into the main arena at the beginning of 
the trial, and aided movement throughout the centre of the arena.

Experimental groups. Fish were allocated using a random number algorithm to 
replicate groups in four treatments that differed in the experience (that is, prior 
training) possessed by constituent members. Each group contained nine fish, and 
we ran ten replicates in each of the four treatments. The first treatment consisted  
of groups of nine naive (non-trained) fish. In the second, each group contained 
three fish that had been trained to approach the green light and six naive fish.  
The third treatment comprised shoals that contained three fish that had been 
trained to enter the feeder box and six naive fish, and the fourth contained shoals 
with three fish from each training regime plus three naive fish. Hereafter, these 
treatment groups respectively are referred to as ‘untrained’, ‘light-trained’, ‘feeder-
trained’ and ‘combined’. For clarity, individual fish that had not been trained are 
referred to as naive, while the treatment consisting entirely of naive fish is referred 
to as untrained. Because familiarity has been shown to affect social foraging 
interactions in this species26, within each group each fish was drawn from a 
separate holding tank, ensuring that all were equally unfamiliar to one another. 
Within each group, every fish was fitted with a non-invasive, colour-coded circular 
tag on its first dorsal spine27. These were fitted on the last day of training, and 
the day before the experiments were performed. This allowed us to recognize 
each individual fish in the videos. Sample sizes were informed by an earlier social 
foraging experiment conducted in our laboratory26.

Experimental procedure. For each trial, the experimental arena was established  
as above, and food items (20 dead bloodworms) added to the feeder box.  
The experimental group was added to the holding unit and allowed to acclimate 
for 15 minutes, before the holding unit was raised 15 cm using a pulley, releasing 
the fish and beginning the trial. The trial ran for a further 45 minutes. From the 
webcam footage, we recorded the identity of each fish as it entered the green-light 
goal area. For every second of the trial, we recorded whether each fish was inside  
or outside the goal area, and inside or outside the feeder box. We performed five 
such trials each day (see Supplementary Table 1 for schedule). Following each trial, 
we replaced the water, sand substrate and feeder box prey in the arena.  
The experimenter was not blind with respect to treatment group.

Statistical analysis. We analysed the total proportion of fish and the proportion of 
untrained fish that entered the green-light goal area and the feeder box during the 
trial using a binomial model. We examined the time at which the first fish entered 
each area for different groups using Cox regressions, focusing on the entry times 
of the first fish (irrespective of training) and the first naive fish from each group. 
We then used Cox proportional hazard models to model all entries in the group 
and gain a finer temporal resolution of the factors that predict whether and when 
fish enter either the goal area or the feeder, and the frequency at which they enter 
the areas. We examined the rate at which fish entered the feeder and goal area 
predicted by their previous training, previous time spent in the goal area during the 
trial, the number of light-trained fish, the number of feeder-trained fish, and three 
social cues: the number of fish that had entered the goal/feeder area in the previous 
10 s, the number of fish that had exited the goal/feeder area in the previous 10 s and 
the total number of fish in the goal/feeder area. Our data met the assumption of 
proportional hazards expected by these tests. All proportional hazard models were 
run in the R programming environment28 using the ‘survival’ package29.

Data availability. The datasets analysed during the current study are available 
from the corresponding author on request.
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