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Abstract
Social learning, where animals learn from other individuals, occurs in many diverse species. The influential but debated 
‘costly information’ hypothesis posits that animals will rely more on social information in high-risk contexts, such as under 
increased predation risk. We examined and compared the effects of perceived predation risk on social learning of foraging 
sites in female Trinidadian guppies from wild and domestic populations raised in common-garden environments. We used 
a demonstrator-observer pairing where a subject could observe conspecific ‘demonstrators’ feeding from one of two feed-
ers, and measured whether the observer subsequently spent more time at a demonstrated or non-demonstrated feeder. We 
manipulated perceived predation risk using alarm cue (conspecific skin extract). Stress responses and social learning dif-
fered between the two populations. Most notably, high predation risk enhanced social learning in the wild-type guppies, 
but depressed it in the domestic guppies. Thus, fish from both populations were able to socially learn, but under opposing 
contexts. These results suggest social learning propensities are the product of multiple interacting systems, and biases to 
favour social learning can emerge dependent on evolutionary history and current conditions.
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Introduction

Animals can gain low-cost, pre-tested knowledge from oth-
ers (‘social learning’; Hoppitt and Laland 2013; Olsson 
et al. 2020), instead of learning from their personal experi-
ences with the world. However, social learning also carries 
costs, such as increased competition for the same resources 
or acquisition of outdated, irrelevant or suboptimal behav-
iour patterns (Seppänen et al. 2007; Rieucau and Giraldeau 
2011). Thus, we expect individual, population and species 
differences in social learning propensities, differences that 
could emerge from evolved psychological rules that optimize 
social learning (‘social learning strategies’) and/or from past 
individual experience with social cues (Laland 2004; Kendal 
et al. 2009; Heyes and Pearce 2015; Reader 2016; Lead-
beater and Dawson 2017).

An influential, but relatively untested, ‘costly infor-
mation’ hypothesis posits that animals will learn from 

others when the costs of learning for oneself are high—a 
hypothesis now also termed ‘copy when asocial learning 
is costly’ (Boyd and Richerson 1985; Laland 2004; Ken-
dal et al. 2018). While these costs could take a number of 
forms (Rieucau and Giraldeau 2011), often costly informa-
tion is operationalized as the risks of individual exploration. 
For example, under intense predator pressure the risks of 
individual exploration for food may be greater, leading to 
the prediction that reliance on social learning is increased. 
Moreover, in such situations the benefits of group forag-
ing may be increased, because being in a group can reduce 
individual predation risk (Krause and Ruxton 2002), leading 
to an additional reason to copy others. Similar predictions 
are made by social foraging and producer-scrounger models, 
where individuals under risk benefit by joining the forag-
ing discoveries of others (Lendvai et al. 2004; Mathot and 
Giraldeau 2008).

The prediction that predation risk increases social learn-
ing propensities has been addressed with both experimen-
tal manipulations of current risk and comparative studies, 
but has received mixed support. For example, experimental 
manipulations of risk provided support for the prediction in 
fish, but not in two rodent studies (Galef and Whiskin 2006; 
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Webster and Laland 2008; Galef and Yarkovsky 2009). 
Comparative work on stickleback fish (Gasterosteidae) has 
provided evidence for species differences in social learn-
ing propensities that are replicated across populations, but 
neither population or species variation in predation risk 
consistently predicted social learning propensities (Coolen 
et al. 2003; Webster et al. 2019; Keagy et al. 2023). Thus, 
the impact of predation risk on social learning is unclear. 
Furthermore, there is considerable debate over whether dif-
ferences in social learning propensities are best explained as 
products of domain-specific adaptive specializations or as 
domain-general associative learning processes (Heyes and 
Pearce 2015; Reader 2016; Leadbeater and Dawson 2017; 
Kendal et al. 2018). That is, are social learning propensi-
ties best explained as the result of derived processes that 
can evolve and develop somewhat independently from other 
traits (the ‘adaptive specialization’ account), or as the result 
of general processes that have not evolved specifically to 
maximize the benefits of social learning (the ‘general pro-
cess’ or ‘associative’ account)?

Relevant to the costly information hypothesis are impacts 
of stress on social learning propensities. Studies manipu-
lating stress and measuring social learning in birds (zebra 
finches Taeniopygia guttata and Japanese quail Coturnix 
japonica) paint a complicated picture, with stress having 
opposing effects on social learning propensities depending 
on timing and circumstances (Boogert et al. 2013; 2018). 
Such studies, although they can be interpreted as adaptive 
responses to stress, raise the possibility that some impacts 
on social learning may be pathological, maladaptive or a 
byproduct of other processes. Moreover, they bring into 
question the extent to which social learning propensities 
vary independently of other traits (Heyes and Pearce 2015).

Here, we address the above issues in studies of the Trini-
dadian guppy (Poecilia reticulata), a small tropical fish 
that has become a model system in ecology and evolution 
(Magurran 2005). Social learning is well established in gup-
pies (Brown et al. 2011). Moreover, guppies show evolved, 
developmental and immediate responses to prevailing pre-
dation risk, which varies considerably across guppy popu-
lations (Brown and Godin 1999; Magurran 2005; Reddon 
et al. 2018; Feyten et al. 2021; Fox et al. 2024). Population 
comparisons of social learning are rare and have focused 
on wild animals (Carlier and Lefebvre 1997; Webster et al. 
2019; Heinen et al. 2021; Keagy et al. 2023). However, 
when individuals are raised over generations under com-
mon-garden conditions, population comparisons provide an 
opportunity to investigate evolved changes in social learn-
ing propensities. Here, we take such an approach and com-
pare social learning of food locations in two populations, a 
wild-type (‘Paria’: see Methods) and a domestic population, 
under high or low perceived current predation risk. Our aim 
was not to determine the causal factors underpinning any 

population difference, which would require replicate popula-
tion pairs, but instead to establish whether population differ-
ences in social learning propensities exist and how perceived 
predation risk impacts any such differences.

In the current study, subjects viewed conspecific ‘demon-
strators’ feeding at one of two feeders, then demonstrators 
were removed. If subjects socially learned, we expected them 
to learn from the demonstrators and subsequently prefer or 
avoid the demonstrated feeder. To manipulate perceived 
predation risk, we used chemical alarm cue, a skin extract 
that in the wild would be released by mechanical damage 
to the skin of conspecifics (e.g. by a predation event), thus 
providing a reliable cue of risk. Guppies respond to alarm 
substance with anti-predator behaviour (Brown and Godin 
1999). We thus examined social learning under risk, rather 
than social learning about risks (Brown 2003; Leadbeater 
and Dawson 2017; Olsson et al. 2020; Fan et al. 2022). The 
manipulation of perceived predation risk began shortly 
before subjects observed demonstrators and continued to 
the choice phase when subjects could express their feeder 
preference. We expected the two populations to show dif-
ferent responses to predation risk, allowing us to determine 
whether the impacts of stress on social learning are gener-
alizable as the costly information hypothesis might predict.

Methods

Guppy populations and experimental groups

We used laboratory bred wild-type and domestic Trinidadian 
guppies, both gifts of the Rodd Laboratory (University of 
Toronto, Canada). The wild-type guppies were descendants 
of guppies captured from a tributary of the Paria river in 
Trinidad in 2008, supplemented with guppies from the same 
location in 2016 (the “Houde” tributary; Trinidad National 
Grid System: PS 896 886). For other work on this popula-
tion see e.g. Guerrera et al. (2022) and Li et al. (2022). Their 
capture site is considered a low-predation locality (Houde 
1997; Magurran 2005; Li et al. 2022). The domesticated 
guppies were descendants of fish originating from a mix of 
commercial suppliers brought into the Rodd Laboratory in 
2015. Both populations had thus been bred under standard-
ized laboratory conditions for several generations, allowing 
us to ascribe any observed population difference to inherited 
differences. Wild Paria guppies are aggressive to conspecif-
ics and are typically observed alone (Magurran and Seghers 
1991), while domestic guppies readily shoal (Swaney et al. 
2015), thus we expected considerable social learning differ-
ences between the populations.

We housed and bred the guppies in our laboratory in 120 
L tanks, separated by population. Tanks had gravel substrate, 
artificial plants, and were maintained at 25 ± 1 °C. Each tank 
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had its own external water filter (Eheim Professionel 3, Ger-
many). The photoperiod was a 7:00–19:00 h light:dark cycle, 
mimicking guppies’ natural environment, with no natural 
light. Individuals from each population (Paria or domes-
tic) were exposed as detailed below to either alarm cue or a 
control (water), thus creating four experimental groups in a 
2 × 2 factorial design. We did not investigate domestication 
per se. Rather, we chose these two populations of very dif-
ferent evolutionary histories because we hypothesized their 
behaviour would vary considerably, and anecdotally, we had 
noted problems replicating social learning paradigms in our 
laboratory and wondered if population origin could be an 
explanation.

Training and testing tank

Approximately one week before testing, one female and one 
male were transferred from group housing to each testing 
tank, a 20 L glass tank filled with 14 L of water (Fig. 1). 
Only females were used as subjects, with males present to 
minimize isolation stress. At this stage of investigation, we 
tested a single sex to avoid any potential confounding effects 
of sex on our results. We chose females because female gup-
pies have been shown to forage longer, be more explorative, 
have stronger shoal fidelity and be more responsive to preda-
tor cues than males (Magurran and Garcia 2000; Reader 
and Laland 2000; Magurran 2005; Brusseau et al. 2023). 
A plastic mesh created two chambers separating the female 
(occupying 2/3 of tank) and male while allowing visual and 
olfactory contact. Translucent film on interior long tank 
walls prevented visual contact between tanks and guppies 
seeing their own reflection, which we previously found inter-
fered with testing. White corrugated plastic between the two 
experimental feeders created an obstacle to increase the cost 
of switching from one feeder to the other, in an attempt to 
make a feeder decision more meaningful. Sandy-coloured 
course gravel (~ 5–10 mm) covered the tank bottom. Tank 
temperatures and photoperiod were identical to the housing 
tanks, with the male chamber containing a 50W water heater 
and a sponge filter. Training and testing occurred between 
9:00–17:00 h.

Training

To familiarize the subjects with the experimental feeders, 
we fed them from these feeders for the entirety of the train-
ing session (12 trials presented to each subject over three 
consecutive days, with four trials per day). Training trials 
began with the removal of the artificial vegetation from 
the female chamber, allowing the subject to freely swim 
throughout the chamber. Both feeders were then placed at 
their respective sides of the tank (left and right) in full view 
of the subject. Assignment of food to one feeder per trial 

was pseudorandomized, so that each feeder contained food 
for half the training trials. Hence, subjects should not have 
acquired a preference for a specific feeder by the time testing 
began. A small (~ 0.2 mg) amount of food flakes (Tetramin 
flakes,  Tetra®; Melle, Germany) was placed in the chosen 
feeder with tweezers to prevent satiation between trials. We 
pretended to add food with tweezers in the empty feeder to 
prevent an association between the tweezers and reward. The 
floating feeders were designed to be visually and spatially 
distinct, one with vertical blue and yellow stripes always 
being placed to the left of the tank (from the experimenter’s 
perspective) and the other with horizontal blue and yellow 
stripes always placed to the right. We choose these colours 
because guppies can distinguish blue and yellow from other 
colours and blue and yellow are not strongly preferred col-
ours (Rodd et al. 2002; Lucon-Xiccato et al. 2019; Toure 
and Reader 2022). If the subject fed before 30 min, the trial 
was deemed successful, the time of feeding was recorded 
to the nearest 5 s, and the subject was allowed to feed for 
3 min before the trial ended. If after 30 min the subject did 
not feed, the trial ended and was deemed unsuccessful and 
the fish was awarded the maximum possible time for com-
pletion. After the trial, feeders were removed and rinsed of 
any remaining food particles, and any unconsumed food was 
removed from the tank.

The third day of training was slightly modified to more 
closely resemble the social learning test: three artificial 
leaves were placed in both feeders to slightly obscure the 
food, requiring close approach to determine whether food 
was present. Leaves were not present during the initial train-
ing to ease familiarization to the feeders.

We could not train all subjects on one day, so we trained 
fish in batches or ‘cohorts’, completing training and testing 
for one cohort before moving on to the next. 66 of 100 gup-
pies from 14 cohorts successfully completed 8 to 12 train-
ing trials (our training criterion) and were moved on to the 
social learning test. Sample sizes before training were bal-
anced between populations, treatments, and cohorts, and 
the final sample of guppies that passed the training phase 
was also balanced. The probability of success did not sig-
nificantly differ between populations (chi-square test—
domestic: 34/53 versus Paria: 32/47; χ1

2 = 0.17, p = 0.68). 
We examined whether the training performance of the 66 
subjects that passed the training phase differed between 
populations using a general linear model. We analysed the 
time to feed on the first and last training trial, including in 
the model population, trial (first or last), and the interac-
tion between population and trial. We found no signifi-
cant difference between populations  (F1,64 = 1.55, p = 0.22) 
and no significant population by trial interaction effect 
 (F1,64 = 1.15, p = 0.29). However, time to feed decreased 
from the first to last training trial (from a mean ± SE 
of 484.32 ± 56.32  s to 118.94 ± 38.20  s;  F1,64 = 29.31, 
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p < 0.0001), indicating improved performance with train-
ing. The analyses of training performance above met rel-
evant statistical assumptions. There were no significant 
differences between cohorts (0.38 < p < 0.73) on our social 
learning measure (see below) and we thus combined data 
from all cohorts.

Preparation of alarm cue

We administered an alarm cue solution of conspecific 
epidermal tissue to the treatment tanks during the social 
learning test to increase perceived predation risk (Brown 
and Godin 1999). To prepare the alarm cue, we euthanized 

Fig. 1  Experimental tank with 
female subject, male compan-
ion, and demonstrators (social 
learning test only); top view, 
not to scale. The same tank was 
used for housing during the 
experiment, feeder training, and 
the social learning test, with 
barriers, feeders and demonstra-
tors added to the tank according 
to the experimental stage
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guppies in ice water (Wilson et al. 2009), using an equal mix 
of male and female and Paria and domestic individuals. Fol-
lowing established procedures (Brown and Godin 1999), we 
prepared an alarm cue solution of 0.1  cm2 of skin / ml with 
ultra-distilled water. We prepared enough solution to add 
7 ml in each testing tank assigned the alarm cue treatment 
(control tanks received an equal volume of distilled water), 
which produced a tank alarm cue concentration similar to 
Brown & Godin (1999), and was shown in our pilot study 
in Paria guppies to increase reliance on social cues (unpub-
lished data). We prepared the alarm cue the morning of the 
social learning test and set it on ice until used. Any leftover 
alarm cue was discarded at the end of the day.

Social learning test

We based the social learning test on similar designs used 
successfully in guppies and other fish (Reader et al. 2003; 
Webster and Laland 2008). We ran the social learning test on 
the fourth day, immediately following the three consecutive 
days of feeder training. We removed the artificial vegeta-
tion from the female tank chamber, as during training, and 
removed the sponge filter to prevent alarm cue filtration. We 
then waited five minutes to allow the subject to habituate to 
the modified environment. Next, we added barriers to the 
tank (Fig. 1): an opaque black plastic barrier between the 
mesh and the male guppy to prevent visual contact with the 
subject and a second opaque barrier to prevent the subject 
from seeing the demonstrators enter the tank, placed along-
side a transparent barrier for use later on in the test. We 
waited 30 s and then added the alarm cue or control treat-
ment (water) to the subject’s chamber. So that the experi-
menter (ACF) was blind to the randomly-assigned treatment 
being administered, alarm cue and control solutions were in 
syringes covered in black tape by MFG. The experimenter 
was not blind to the population because the two populations 
could easily be visually distinguished. The experimenter 
moved out of the subject’s sight for the testing session.

Next, we immediately ran the demonstration phase 
(Fig. 1). The feeders and plastic leaves were designed to 
conceal food from the subject but to allow demonstrator 
feeding activity to be visible. A sealed transparent container 
with five demonstrator females from the same population as 
the subject was placed into the tank under one of the feeder 
locations (randomly chosen). Thus, demonstrators were not 
exposed to alarm cue. The demonstrators had been housed 
in the same tanks as subjects prior to the experiment. An 
identical chamber containing only water was placed under 
the other feeder location, resulting in an unambiguous differ-
ence in social cues between the two feeder locations. Feeders 
identical to the training feeders, each containing three plastic 
leaves, were placed in the demonstrator and control con-
tainers on the same side as during training (vertical-striped 

to the left of the tank and horizontal-striped to the right). 
Thirty seconds after treatment administration we removed 
the opaque barrier, revealing the transparent barrier and 
allowing the subject to observe the demonstrators for three 
minutes. Immediately after the barrier was lifted we added 
food in the demonstrators’ feeder and pretended to add food 
in the feeder without demonstrators. Demonstrators were 
used a maximum of three tests to ensure they were motivated 
to feed.

We then prepared the tank for the choice phase, which 
began about 90 s after the demonstration phase. We re-
inserted the opaque barrier between the subject and the dem-
onstrator to prevent the subject from seeing the demonstra-
tors and containers being removed. Next, we added new left 
and right feeders to the tank, each containing three artificial 
leaves, followed by the removal of the opaque barrier, with 
the feeders in full view of the subject. These feeders were 
placed at the end of the tank so that the divider obscured 
them from one another. New but visually identical feeders 
were used to prevent the possibility of residual odour cues 
from the demonstrators or food. No food was placed in the 
feeders so that prior social information was the only cue 
available, and not olfactory cues from food.

The choice phase of the test commenced once the trans-
parent barrier between the subject and feeders was removed, 
giving the subject access to the feeders. The “demonstrated” 
feeder previously had the demonstrator fish feeding from 
it during the demonstration phase whereas the “undemon-
strated” feeder did not. Testing lasted 10 min and we used 
a Python keypress-recording program during the test to 
record time spent near the demonstrated feeder (i.e., inside 
or within 2 cm of the feeder), time spent near the undemon-
strated feeder (inside or within 2 cm), the number of dashing 
events, and time spent freezing. Trials were also videoed 
as a backup. Dashing and freezing are types of behaviour 
indicating stress, used to assess stress responses to the alarm 
cue, along with the total time spent visiting feeders, given 
that subjects would be expected to reduce feeding and spend 
more time at the bottom of the tank when stressed (Brown 
and Godin 1999). After testing, all feeders, barriers, and 
artificial leaves were rinsed with aged tap water to remove 
odour traces that could interfere with subsequent tests.

Statistical analyses

To be included in analyses, fish had to spend at least 10 s 
visiting feeders during the test, in order to exclude transi-
tory passes unlikely to represent foraging attempts. Except 
where noted below, this exclusion of four fish had no effects 
on the pattern of significant results. Data are presented as 
means ± SE and p-values < 0.05 were considered significant. 
We analysed four measures: (1) Total time spent at feeders. 
We ran a general linear model in SAS 9.3 (Proc GLM) with 
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treatment, population, and their interaction as fixed effects. 
Our dependent variable was the sum of time spent near the 
demonstrated feeder and undemonstrated feeder. Residu-
als were normally distributed. (2) Number of dashes. We 
ran a Poisson regression model in SAS (Proc GENMOD). 
We specified a Poisson distribution because the number of 
dashes were count data. As above, we incorporated treat-
ment, population and their interaction as fixed effects in 
the model. (3) Time spent freezing. We ran a general linear 
model as for (1). Because analysis of the raw data produced 
non-normally distributed residuals and contained several 
zero values, we square-root transformed the data, which 
improved normality. (4) Feeder preference. Because total 
time spent at feeders differed between treatments and popu-
lations (see below), we divided the difference between time 
spent at the demonstrated feeder and undemonstrated feeder 
by total time spent at either feeder, which produced a per-
cent time spent at the demonstrated feeder. Positive values 
indicated that the guppy spent more time at the demonstrated 
feeder, whereas negative values indicated more time spent 
at the undemonstrated feeder, with zero indicating no pref-
erence. We ran a general linear model as for (1). Residuals 
were normally distributed. We followed up this analysis with 
one-sample t-tests (means compared to zero) for each cell 
in our 2 × 2 design to determine whether each population 
socially learned under the control and alarm cue treatments.

Results

We pretrained subjects to feeders before conducting the 
social learning test. Of the 66 guppies that successfully 
completed feeder training, 62 visited the feeders for at least 
10 s during the social learning test. Final sample sizes were: 
Domestic Alarm Cue n = 13, Domestic Control n = 18, Paria 
Alarm Cue n = 14, Paria Control n = 17. During the social 
learning test, we measured established behavioural indica-
tors of stress (see Methods) alongside social learning perfor-
mance. All demonstrators fed at every test and none showed 
dashing or freezing behaviour.

Behavioural indicators of stress

Total time at both feeders. Guppies exposed to alarm cue 
spent significantly less time at the two feeders compared 
to guppies exposed to the control cue, water  (F1,58 = 4.71, 
p = 0.03; Fig. 2A). Paria guppies spent less time at the two 
feeders than domestic guppies  (F1,58 = 4.01, p = 0.0499; 
this difference was non-significant if the four fish visiting 
the feeders for less than 10 s were included in the analysis: 
 F1,62 = 1.92, p = 0.17). There was no significant interaction 
between alarm cue treatment and population  (F1,58 = 1.66, 
p = 0.20).

Number of dashing events. Guppies exposed to alarm 
cue dashed significantly more often than guppies exposed 
to water (χ1

2 = 14.92, p = 0.0001, Fig. 2B). Paria guppies 
dashed significantly more often than domestic guppies 
(χ1

2 = 19.89, p < 0.0001). There was no significant interac-
tion between treatment and population (χ1

2 < 0.01, p = 0.99).
Time spent freezing. Guppies exposed to alarm cue spent 

significantly more time frozen during the social learning 
test than guppies exposed to water  (F1,58 = 4.90, p = 0.03; 
Fig. 2C). Paria guppies froze longer than domestic guppies 
 (F1,58 = 9.56, p = 0.003). The interaction between population 
and treatment had a p of 0.051  (F1,58 = 3.96), with Paria-
origin guppies showing higher levels of freezing with alarm 
cue present.

Social learning performance

There was no significant main effect of alarm-cue treatment 
 (F1,58 = 0.04, p = 0.84) or population  (F1,58 = 1.98, p = 0.17) 
on the guppies’ preference for the demonstrated feeder over 
the undemonstrated feeder during the social learning test 
(Fig. 3). However, there was a significant treatment by popu-
lation interaction  (F1,58 = 5.51, p = 0.02), with relative prefer-
ence for the demonstrated feeder increasing when exposed to 
alarm cue in Paria-origin guppies, but the opposite pattern in 
the domestic guppies (Fig. 3). When exposed to alarm cue, 
Paria guppies had a significantly stronger preference for the 
demonstrated feeder than did domestic guppies (t25 = 2.50, 
p = 0.02), with no significant difference between the popula-
tions when exposed to the control cue (t33 = 0.71, p = 0.48). 
There was no significant difference in feeder preference 
between alarm-cue and control treatments within domes-
tic  (t29 = 1.79, p = 0.08) or Paria-origin guppies (t29 = 1.53, 
p = 0.13). There was a significant preference for the demon-
strated over the undemonstrated feeder in Paria fish exposed 
to alarm cue  (t13 = 2.68, p = 0.02) and in the domestic fish 
exposed to the control treatment  (t17 = 2.37, p = 0.03), while 
no significant feeder preference was observed in Paria fish 
exposed to the control treatment  (t16 = 1.28, p = 0.22) or 
domestic fish exposed to alarm cue  (t12 = − 0.47, p = 0.65) 
(comparison of means to zero in Fig. 3). That is, there was 
evidence for social learning in Paria fish exposed to alarm 
cue and in domestic fish exposed to the control treatment, 
and no evidence for social learning in the other population/
treatment combinations.

Discussion

We found that two guppy populations reacted differently to 
manipulations of acute perceived predation risk (i.e., pres-
ence or absence of conspecific alarm cue). Predation risk 
had opposing effects on female social learning propensities 
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for foraging sites in domestic versus Paria wild-origin popu-
lations. In the wild-origin population, we found evidence for 
social learning of food locations only under high perceived 
predation risk (alarm cue), consistent with the predictions of 
the costly-information hypothesis and an adaptive speciali-
zation account. This finding is also consistent with explana-
tions for biases in social learning based on an associative 
learning framework (an ‘associative’ account; Heyes and 
Pearce 2015). For example, common contextual cues might 
favour recall, since acquisition (demonstrator phase) and 
recall (choice phase) were both under the same predation 

risk context (alarm cue treatment). Or, conditioned suppres-
sion could make social effects more visible (for expanded 
explanation see Heyes and Pearce 2015; Leadbeater and 
Dawson 2017), since feeder visits were suppressed under 
predation risk.

In the domestic population, however, we found evidence 
for social learning only under low perceived predation risk 
(water control). Our results thus indicate that population 
differences in social learning propensities may be context 
specific. This suggests limits on the generality of the costly 
information hypothesis, complexity in applying associative 

Fig. 2  Stress-related behav-
ioural measures during the 
10-min choice phase of the 
social learning test that followed 
administration of alarm cue 
(dark bars) or distilled water 
(control; light bars) to subjects 
of two guppy populations 
(domestic and wild-origin 
Paria). A: Time subject spent 
at or near (within 2 cm) both 
feeders. B: Number of dashing 
events. C: Time spent freezing. 
Bars represent means of raw 
data ± SE, significant differ-
ences (p < 0.05) are listed in the 
legend
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accounts, and raises challenges for the comparative study 
of social learning and for predictions for how information 
will flow through groups in different conditions. Notably, 
the population difference in social learning was only detect-
able under predation risk. Moreover, our results indicate 
that social learning propensities are not fully independent 
of phenomena such as stress responses.

To confirm that our alarm cue manipulation impacted per-
ceived risk, we used three behavioural indicators of stress, 
all anti-predator responses (Fraser and Gilliam 1987; Brown 
and Godin 1999). On all three measures, fish demonstrated 
clear stress responses to the alarm cue manipulation. Alarm 
cue increased dashing, freezing, and reduced time spent at 
feeders, compared to subjects exposed to the control treat-
ment (water). Paria-origin guppies dashed more, froze more, 
and spent less time feeding than domestic guppies, with the 
effect of alarm cue particularly notable in Paria-origin fish. 
Similar population differences in guppy stress responses 
have been previously described (e.g. Fraser and Gilliam 
1987; Swaney et al. 2015).

Notably, while stress responses to alarm cue in domes-
tic fish were less striking than in the wild-origin fish, par-
ticularly for freezing behaviour, alarm cue had an opposing 
effect on social learning propensity in domestic versus wild-
origin fish. Thus, our social learning results are not simply 

the product of reduced detection or sensitivity to stress in 
the domestic population, rather, we find the stressor had 
opposite effects on social learning depending on population 
origin, with a population difference in social learning pro-
pensity only observed under high predation risk. Since fish 
had been bred and raised in the same laboratory for multiple 
generations, this strongly suggests an evolved difference that 
impacts social learning.

A possible alternative interpretation of our social learn-
ing test is that fish remembered and returned to the former 
location of a shoal, rather than to a demonstrated feeder. 
However, because subjects experienced only a single dem-
onstration (i.e. one trial), our study demonstrates one-trial 
learning and previous work explicitly examining spatial 
learning of shoal locations in guppies and other fish sug-
gests this alternative explanation is unlikely (Webster and 
Laland 2008). For example, there was no evidence that male 
or female guppies learned the location of a mixed-sex shoal 
in a T-maze after 10 training trials (Kurvers et al. 2018), 
male guppies in a two-location task took 15 trials to learn 
the location of a female shoal (Burns and Rodd 2008), and 
male but not female guppies were able to learn a route to a 
mixed-sex shoal over 5 trials (Lucon-Xiccato and Bisazza 
2017). These sex differences were ascribed to differences 
in motivation to seek mating opportunities (Kotrschal et al. 
2015; Lucon-Xiccato and Bisazza 2017). Taken together, 
social learning of a feeder site is the most likely explanation 
for our results.

Only fish that successfully completed individual train-
ing to the feeders went on to the social learning test. This 
procedure meant that we tested fish for social learning that 
had similar experiences and individual performance prior to 
the social learning test. However, around one in three fish 
did not successfully complete training and we do not know 
whether our results would generalize to this subset of fish. 
We found no evidence that one population outperformed 
the other during training or was more likely to complete 
training.

In our design, prior to the social demonstration, fish 
were exposed to personal information that food could 
appear in one of the two feeders, each with an equal prob-
ability, and thus feeder location and appearance did not 
provide reliable cues for food location. It is possible that 
alarm cue had effects on acquisition of a feeder preference 
from demonstrators, on expression of this preference, or 
both, with two or more processes interacting. For exam-
ple, perhaps the stressor impacted attention to conspecif-
ics or the recall of food locations differently in the two 
populations (Clément et al. 2017). The Paria population 
is unusually aggressive to conspecifics, and the majority 
of individuals are observed swimming alone in the wild 
(Magurran and Seghers 1991). Demonstrators were not 
exposed to alarm cue, but it is possible that the interactive 

Fig. 3  Socially learned preferences for a demonstrated feeder when 
alarm cue was present (dark bars) versus absent (light bars) in domes-
tic and Paria wild-origin guppies. Positive preference values indicate 
that guppies spent more time at the demonstrated feeder whereas 
negative values indicate they spent more time at the undemonstrated 
feeder. Bars represent means ± SE, asterisks p < 0.05. Asterisks above 
bars indicate significant differences from zero, the asterisk above the 
bracket indicates a significant difference between populations under 
alarm cue administration
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effect on social learning we observed was partly the result 
of impacts on social affiliation. Stress can impact social 
affiliations that in turn impact social information use in 
different ways. For example, familiarity with demonstra-
tors can increase or decrease social learning, and blocking 
stress responses can facilitate social information use where 
social affiliation is stressful (Choleris et al. 1998; Swaney 
et al. 2001; Galef and Whiskin 2008; Martin et al. 2015). 
Pharmacological manipulations of stress responses (e.g. 
Boogert et al. 2018) during both acquisition and recall 
of socially learned information would provide a useful 
avenue to further explore the role of stress responses on 
social learning.

Important open questions are whether the population dif-
ferences we observed are adaptive (i.e., improve fitness), 
and, if so, under what conditions. Multiple stressors exist. 
When under stress, the costs and benefits of alternative 
forms of information gathering and use will vary with the 
type of stressor, its timing, and its predictability (Taborsky 
et al. 2021). Moreover, individuals and populations differ in 
risk sensitivity and stress responses (Taborsky et al. 2021). 
Given the numerous hypotheses concerning the impacts of 
stress (Harris 2020), it is important to consider that effects 
of stress on social learning may be a byproduct of impacts 
on other systems. Population differences may even be the 
result of adaptive processes in one population (e.g. our wild-
origin population) and a byproduct or maladaptive process 
in another (e.g. our domestic population). That said, our 
approach of manipulating perceived risk at a single time 
point, when information is being gathered and used, is valu-
able because it illustrates that populations can differ in how a 
stressor impacts social learning. Messages about how stress 
and risk impact social learning thus require considerable 
nuance. The interaction we report between current context 
(here, high or low perceived predation risk) and evolution-
ary history (here, population type) provides further illustra-
tion of the importance in considering context and individual 
experience when measuring behaviour, replicating findings 
across laboratories, and interpreting population and species 
differences (Webster and Rutz 2020).

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10071- 024- 01929-8.

Acknowledgements We thank Helen Rodd for donating fish, Aiman 
Hadif and Alexandra Berger for help with animal care and/or test-
ing, Ralf Kurvers for comments, and Antoine Houtain for the Python 
program used to quantify behaviour. Funding was provided to S.M.R. 
by the Natural Sciences and Engineering Research Council of Canada 
(NSERC; Discovery Grant #2017-04720) and the Canada Foundation 
for Innovation grant (grant #29433) and to M.F.G. by an NSERC post-
doctoral fellowship with supplements from L’Oréal and The United 
Nations Educational, Scientific and Cultural Organization (UNESCO) 
and the Alison Wilson Award from The Royal Society of Canada. The 
funders had no role in study design, data collection and interpretation, 
or the decision to submit the work for publication.

Author contributions M.F.G.: conceptualization, investigation, meth-
odology, data curation, formal analysis, visualization, writing-original 
draft and writing-review and editing; A.C.F.: investigation, methodol-
ogy, visualization, writing-original draft and writing-review and edit-
ing; S.M.R.: conceptualization, project administration, investigation, 
methodology, validation, visualization, writing-original draft and 
writing-review and editing. All authors contributed critically to the 
drafts and gave final approval for publication.

Data availability All data supporting this manuscript are available in 
the Electronic Supplementary Materials file.

Declarations 

Conflict of interest The authors declare no conflicts of interest.

Ethical approval This study was approved by the McGill University 
Animal Care and Use Committee (Protocol #7133/7708) and followed 
guidelines from the Canadian Council on Animal Care and the Ani-
mal Behavior Society/Association for the Study of Animal Behaviour 
(ABS/ASAB). All applicable international, national, and institutional 
guidelines for the care and use of animals were followed.

Open Access  This article is licensed under a Creative Commons 
Attribution-NonCommercial-NoDerivatives 4.0 International License, 
which permits any non-commercial use, sharing, distribution and repro-
duction in any medium or format, as long as you give appropriate credit 
to the original author(s) and the source, provide a link to the Creative 
Commons licence, and indicate if you modified the licensed material. 
You do not have permission under this licence to share adapted material 
derived from this article or parts of it. The images or other third party 
material in this article are included in the article’s Creative Commons 
licence, unless indicated otherwise in a credit line to the material. If 
material is not included in the article’s Creative Commons licence and 
your intended use is not permitted by statutory regulation or exceeds 
the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this licence, visit http:// creat iveco 
mmons. org/ licen ses/ by- nc- nd/4. 0/.

References

Boogert NJ, Zimmer C, Spencer KA (2013) Pre- and post-natal 
stress have opposing effects on social information use. Biol Let 
9:20121088. https:// doi. org/ 10. 1098/ rsbl. 2012. 1088

Boogert NJ, Lachlan RF, Spencer KA, Templeton CN, Farine DR 
(2018) Stress hormones, social associations and song learning in 
zebra finches. Philos Trans R Soc B 373:20170290. https:// doi. 
org/ 10. 1098/ rstb. 2017. 0290

Boyd R, Richerson PJ (1985) Culture and the evolutionary process. 
University of Chicago Press, Chicago

Brown GE (2003) Learning about danger: chemical alarm cues and 
local risk assessment in prey fishes. Fish Fish 4:227–234. https:// 
doi. org/ 10. 1046/j. 1467- 2979. 2003. 00132.x

Brown GE, Godin JGJ (1999) Chemical alarm signals in wild Trinidad-
ian guppies (Poecilia reticulata). Can J Zool 77:562–570. https:// 
doi. org/ 10. 1139/ z99- 035

Brown C, Laland KN, Krause J (eds) (2011) Fish cognition and behav-
ior, second edition. Wiley-Blackwell.

Brusseau AJP, Feyten LEA, Groves V, Felismino MEL, Denis CVT, 
Crane AL, Ramnarine IW, Brown GE (2023) Sex and background 
risk influence responses to acute predation risk in Trinidadian 
guppies. Behav Ecol 34:898–906. https:// doi. org/ 10. 1093/ beheco/ 
arad0 55

https://doi.org/10.1007/s10071-024-01929-8
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1098/rsbl.2012.1088
https://doi.org/10.1098/rstb.2017.0290
https://doi.org/10.1098/rstb.2017.0290
https://doi.org/10.1046/j.1467-2979.2003.00132.x
https://doi.org/10.1046/j.1467-2979.2003.00132.x
https://doi.org/10.1139/z99-035
https://doi.org/10.1139/z99-035
https://doi.org/10.1093/beheco/arad055
https://doi.org/10.1093/beheco/arad055


 Animal Cognition            (2025) 28:4     4  Page 10 of 11

Burns JG, Rodd FH (2008) Hastiness, brain size and predation regime 
affect the performance of wild guppies in a spatial memory task. 
Anim Behav 76:911–922. https:// doi. org/ 10. 1016/j. anbeh av. 2008. 
02. 017

Carlier P, Lefebvre L (1997) Ecological differences in social learning 
between adjacent, mixing populations of Zenaida doves. Ethol-
ogy 103:772–784. https:// doi. org/ 10. 1111/j. 1439- 0310. 1997. 
tb001 85.x

Choleris E, Valsecchi P, Wang Y, Ferrari P, Kavaliers M, Mainardi M 
(1998) Social learning of a food preference in male and female 
Mongolian gerbils is facilitated by the anxiolytic, chlordiazepox-
ide. Pharmacol Biochem Behav 60:575–584. https:// doi. org/ 10. 
1016/ S0091- 3057(98) 00005-7

Clément RJG, Vicente-Page J, Mann RP, Ward AJW, Kurvers RHJM, 
Ramnarine IW, de Polavieja GG, Krause J (2017) Collective deci-
sion making in guppies: a cross-population comparison study in 
the wild. Behav Ecol 28:919–924. https:// doi. org/ 10. 1093/ beheco/ 
arx056

Coolen I, van Bergen Y, Day RL, Laland KN (2003) Species difference 
in adaptive use of public information in sticklebacks. Proc R Soc 
B 270:2413–2419. https:// doi. org/ 10. 1098/ rspb. 2003. 2525

Fan R, Reader SM, Sakata JT (2022) Alarm cues and alarmed conspe-
cifics: neural activity during social learning from different cues 
in Trinidadian guppies. Proc R Soc B 289:20220829. https:// doi. 
org/ 10. 1098/ rspb. 2022. 0829

Feyten LEA, Crane AL, Ramnarine IW, Brown GE (2021) Predation 
risk shapes the use of conflicting personal risk and social safety 
information in guppies. Behav Ecol 32:1296–1305. https:// doi. 
org/ 10. 1093/ beheco/ arab0 96

Fox JA, Toure MW, Heckley A, Fan R, Reader SM, Barrett RDH 
(2024) Insights into adaptive behavioural plasticity from the 
guppy model system. Proc R Soc B 291:20232625. https:// doi. 
org/ 10. 1098/ rspb. 2023. 2625

Fraser DF, Gilliam JF (1987) Feeding under predation hazard: response 
of the guppy and Hart’s rivulus from sites with contrasting preda-
tion hazard. Behav Ecol Sociobiol 21:203–209

Galef BG Jr, Whiskin EE (2006) Increased reliance on socially 
acquired information while foraging in risky situations? Anim 
Behav 72:1169–1176. https:// doi. org/ 10. 1016/j. anbeh av. 2006. 
05. 003

Galef BG, Whiskin EE (2008) Effectiveness of familiar kin and unfa-
miliar nonkin demonstrator rats in altering food choices of their 
observers. Anim Behav 76:1381–1388. https:// doi. org/ 10. 1016/j. 
anbeh av. 2008. 07. 004

Galef BG, Yarkovsky N (2009) Further studies of reliance on socially 
acquired information when foraging in potentially risky situations. 
Anim Behav 77:1329–1335. https:// doi. org/ 10. 1016/j. anbeh av. 
2009. 01. 038

Guerrera AG, Daniel MJ, Hughes KA (2022) Black and orange colora-
tion predict success during male-male competition in the guppy. 
Behav Ecol 33:1196–1206. https:// doi. org/ 10. 1093/ beheco/ arac0 
93

Harris BN (2020) Stress hypothesis overload: 131 hypotheses explor-
ing the role of stress in tradeoffs, transitions, and health. Gen 
Comp Endocrinol 288:113355. https:// doi. org/ 10. 1016/j. ygcen. 
2019. 113355

Heinen VK, Pitera AM, Sonnenberg BR, Benedict LM, Bridge ES, 
Farine DR, Pravosudov VV (2021) Food discovery is associated 
with different reliance on social learning and lower cognitive flex-
ibility across environments in a food-caching bird. Proc R Soc B 
288:20202843. https:// doi. org/ 10. 1098/ rspb. 2020. 2843

Heyes C, Pearce JM (2015) Not-so-social learning strategies. Proc R 
Soc B 282:20141709. https:// doi. org/ 10. 1098/ rspb. 2014. 1709

Hoppitt W, Laland KN (2013) Social learning: An introduction to 
mechanisms, methods, and models. Princeton University Press, 
Princeton

Houde AE (1997) Sex, color, and mate choice in guppies. Princeton 
University Press, Princeton, New Jersey

Keagy J, Lehto W, Minter R, Machniak S, Baird O, Boughman JW 
(2023) Repeated parallel differentiation of social learning differ-
ences in benthic and limnetic threespine stickleback fish. Biol Let 
19:20230208. https:// doi. org/ 10. 1098/ rsbl. 2023. 0208

Kendal RL, Coolen I, Laland KN (2009) Adaptive trade-offs in the 
use of social and personal information. In: Dukas R, Ratcliffe JM 
(eds) Cognitive Ecology II. University of Chicago Press, Chicago, 
pp 249–271

Kendal RL, Boogert NJ, Rendell L, Laland KN, Webster M, Jones PL 
(2018) Social learning strategies: bridge-building between fields. 
Trends Cogn Sci 22:651–665. https:// doi. org/ 10. 1016/j. tics. 2018. 
04. 003

Kotrschal A, Corral-Lopez A, Amcoff M, Kolm N (2015) A larger 
brain confers a benefit in a spatial mate search learning task in 
male guppies. Behav Ecol 26:527–532. https:// doi. org/ 10. 1093/ 
beheco/ aru227

Krause J, Ruxton GD (2002) Living in groups. Oxford University 
Press, Oxford

Kurvers RHJM, Drägestein J, Hölker F, Jechow A, Krause J, Bierbach 
D (2018) Artificial light at night affects emergence from a refuge 
and space use in guppies. Sci Rep 8:14131. https:// doi. org/ 10. 
1038/ s41598- 018- 32466-3

Laland KN (2004) Social learning strategies. Learn Behav 32:4–14
Leadbeater E, Dawson EH (2017) A social insect perspective on the 

evolution of social learning mechanisms. Proc Natl Acad Sci USA 
114:7838–7845. https:// doi. org/ 10. 1073/ pnas. 16207 44114

Lendvai AZ, Barta Z, Liker A, Bokony V (2004) The effect of energy 
reserves on social foraging: hungry sparrows scrounge more. Proc 
R Soc B 271:2467–2472. https:// doi. org/ 10. 1098/ rspb. 2004. 2887

Li AN, Richardson JML, Rodd FH (2022) Shoaling in the Trinidadian 
guppy: costs, benefits, and plasticity in response to an ambush 
predator. Behav Ecol 33:758–766. https:// doi. org/ 10. 1093/ beheco/ 
arac0 38

Lucon-Xiccato T, Bisazza A (2017) Sex differences in spatial abilities 
and cognitive flexibility in the guppy. Anim Behav 123:53–60. 
https:// doi. org/ 10. 1016/j. anbeh av. 2016. 10. 026

Lucon-Xiccato T, Manabe K, Bisazza A (2019) Guppies learn faster 
to discriminate between red and yellow than between two shapes. 
Ethology 125:82–91. https:// doi. org/ 10. 1111/ eth. 12829

Magurran AE (2005) Evolutionary ecology: The Trinidadian guppy. 
Oxford University Press, Oxford

Magurran AE, Garcia M (2000) Sex differences in behaviour as an 
indirect consequence of mating system. J Fish Biol 57:839–857. 
https:// doi. org/ 10. 1111/j. 1095- 8649. 2000. tb021 96.x

Magurran AE, Seghers BH (1991) Variation in schooling and aggres-
sion amongst guppy (Poecilia reticulata) populations in Trinidad. 
Behaviour 118:214–234

Martin LJ, Hathaway G, Isbester K, Mirali S, Acland EL, Nieder-
strasser N, Slepian PM, Trost Z, Bartz JA, Sapolsky RM, Stern-
berg WF, Levitin DJ, Mogil JS (2015) Reducing social stress elic-
its emotional contagion of pain in mouse and human strangers. 
Curr Biol 25:326–332. https:// doi. org/ 10. 1016/j. cub. 2014. 11. 028

Mathot KJ, Giraldeau LA (2008) Increasing vulnerability to predation 
increases preference for the scrounger foraging tactic. Behav Ecol 
19:131–138. https:// doi. org/ 10. 1093/ beheco/ arm114

Olsson A, Knapska E, Lindstrom B (2020) The neural and computa-
tional systems of social learning. Nat Rev Neurosci 21:197–212. 
https:// doi. org/ 10. 1038/ s41583- 020- 0276-4

Reader SM (2016) Animal social learning: associations and adapta-
tions. F1000Research (Faculty Reviews). https:// doi. org/ 10. 1268/ 
f1000 resea rch. 7922.1

Reader SM, Laland KN (2000) Diffusion of foraging innovations in 
the guppy. Anim Behav 60:175–180. https:// doi. org/ 10. 1006/ anbe. 
2000. 1450

https://doi.org/10.1016/j.anbehav.2008.02.017
https://doi.org/10.1016/j.anbehav.2008.02.017
https://doi.org/10.1111/j.1439-0310.1997.tb00185.x
https://doi.org/10.1111/j.1439-0310.1997.tb00185.x
https://doi.org/10.1016/S0091-3057(98)00005-7
https://doi.org/10.1016/S0091-3057(98)00005-7
https://doi.org/10.1093/beheco/arx056
https://doi.org/10.1093/beheco/arx056
https://doi.org/10.1098/rspb.2003.2525
https://doi.org/10.1098/rspb.2022.0829
https://doi.org/10.1098/rspb.2022.0829
https://doi.org/10.1093/beheco/arab096
https://doi.org/10.1093/beheco/arab096
https://doi.org/10.1098/rspb.2023.2625
https://doi.org/10.1098/rspb.2023.2625
https://doi.org/10.1016/j.anbehav.2006.05.003
https://doi.org/10.1016/j.anbehav.2006.05.003
https://doi.org/10.1016/j.anbehav.2008.07.004
https://doi.org/10.1016/j.anbehav.2008.07.004
https://doi.org/10.1016/j.anbehav.2009.01.038
https://doi.org/10.1016/j.anbehav.2009.01.038
https://doi.org/10.1093/beheco/arac093
https://doi.org/10.1093/beheco/arac093
https://doi.org/10.1016/j.ygcen.2019.113355
https://doi.org/10.1016/j.ygcen.2019.113355
https://doi.org/10.1098/rspb.2020.2843
https://doi.org/10.1098/rspb.2014.1709
https://doi.org/10.1098/rsbl.2023.0208
https://doi.org/10.1016/j.tics.2018.04.003
https://doi.org/10.1016/j.tics.2018.04.003
https://doi.org/10.1093/beheco/aru227
https://doi.org/10.1093/beheco/aru227
https://doi.org/10.1038/s41598-018-32466-3
https://doi.org/10.1038/s41598-018-32466-3
https://doi.org/10.1073/pnas.1620744114
https://doi.org/10.1098/rspb.2004.2887
https://doi.org/10.1093/beheco/arac038
https://doi.org/10.1093/beheco/arac038
https://doi.org/10.1016/j.anbehav.2016.10.026
https://doi.org/10.1111/eth.12829
https://doi.org/10.1111/j.1095-8649.2000.tb02196.x
https://doi.org/10.1016/j.cub.2014.11.028
https://doi.org/10.1093/beheco/arm114
https://doi.org/10.1038/s41583-020-0276-4
https://doi.org/10.1268/f1000research.7922.1
https://doi.org/10.1268/f1000research.7922.1
https://doi.org/10.1006/anbe.2000.1450
https://doi.org/10.1006/anbe.2000.1450


Animal Cognition            (2025) 28:4  Page 11 of 11     4 

Reader SM, Kendal JR, Laland KN (2003) Social learning of foraging 
sites and escape routes in wild Trinidadian guppies. Anim Behav 
66:729–739. https:// doi. org/ 10. 1006/ anbe. 2003. 2252

Reddon AR, Chouinard-Thuly L, Leris I, Reader SM (2018) Wild and 
laboratory exposure to cues of predation risk increases relative 
brain mass in male guppies. Funct Ecol 32:1847–1856. https:// 
doi. org/ 10. 1111/ 1365- 2435. 13128

Rieucau G, Giraldeau LA (2011) Exploring the costs and benefits 
of social information use: an appraisal of current experimental 
evidence. Philos Trans R Soc B 366:949–957. https:// doi. org/ 10. 
1098/ rstb. 2010. 0325

Rodd FH, Hughes KA, Grether GF, Baril CT (2002) A possible non-
sexual origin of a mate preference: are male guppies mimicking 
fruit? Proc R Soc Lond B 269:475–481. https:// doi. org/ 10. 1098/ 
rspb. 2001. 1891

Seppänen J-T, Forsman JT, Mönkkönen M, Thomson RL (2007) Social 
information use is a process across time, space, and ecology, 
reaching heterospecifics. Ecology 88:1622–1633. https:// doi. org/ 
10. 1890/ 06- 1757.1

Swaney W, Kendal J, Capon H, Brown C, Laland KN (2001) Familiar-
ity facilitates social learning of foraging behaviour. Anim Behav 
62:591–598. https:// doi. org/ 10. 1006/ anbe. 2001. 1788

Swaney WT, Cabrera-Alvarez MJ, Reader SM (2015) Behavioural 
responses of feral and domestic guppies (Poecilia reticulata) to 
predators and their cues. Behav Proc 118:42–46. https:// doi. org/ 
10. 1016/j. beproc. 2015. 05. 010

Taborsky B, English S, Fawcett TW, Kuijper B, Leimar O, McNamara 
JM, Ruuskanen S, Sandi C (2021) Towards an evolutionary theory 

of stress responses. Trends Ecol Evol 36:39–48. https:// doi. org/ 
10. 1016/j. tree. 2020. 09. 003

Toure MW, Reader SM (2022) Colour biases in learned foraging pref-
erences in Trinidadian guppies. Ethology 128:49–60. https:// doi. 
org/ 10. 1111/ eth. 13237

Webster MM, Laland KN (2008) Social learning strategies and pre-
dation risk: minnows copy only when using private information 
would be costly. Proc R Soc B 275:2869–2876. https:// doi. org/ 10. 
1098/ rspb. 2008. 0817

Webster MM, Rutz C (2020) How STRANGE are your study 
animals? Nature 582:337–340. https:// doi. org/ 10. 1038/ 
d41586- 020- 01751-5

Webster MM, Chouinard-Thuly L, Herczeg G, Kitano J, Riley R, 
Rogers S, Shapiro MD, Shikano T, Laland KN (2019) A four-
questions perspective on public information use in sticklebacks 
(Gasterosteidae). Royal Soc Open Sci 6:181735. https:// doi. org/ 
10. 1098/ rsos. 181735

Wilson JM, Bunte RM, Carty AJ (2009) Evaluation of rapid cooling 
and tricaine methanesulfonate (MS222) as methods of euthanasia 
in zebrafish (Danio rerio). J Am Assoc Lab Anim Sci 48:785–789

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1006/anbe.2003.2252
https://doi.org/10.1111/1365-2435.13128
https://doi.org/10.1111/1365-2435.13128
https://doi.org/10.1098/rstb.2010.0325
https://doi.org/10.1098/rstb.2010.0325
https://doi.org/10.1098/rspb.2001.1891
https://doi.org/10.1098/rspb.2001.1891
https://doi.org/10.1890/06-1757.1
https://doi.org/10.1890/06-1757.1
https://doi.org/10.1006/anbe.2001.1788
https://doi.org/10.1016/j.beproc.2015.05.010
https://doi.org/10.1016/j.beproc.2015.05.010
https://doi.org/10.1016/j.tree.2020.09.003
https://doi.org/10.1016/j.tree.2020.09.003
https://doi.org/10.1111/eth.13237
https://doi.org/10.1111/eth.13237
https://doi.org/10.1098/rspb.2008.0817
https://doi.org/10.1098/rspb.2008.0817
https://doi.org/10.1038/d41586-020-01751-5
https://doi.org/10.1038/d41586-020-01751-5
https://doi.org/10.1098/rsos.181735
https://doi.org/10.1098/rsos.181735

	Current predation risk has opposing effects on social learning of foraging locations across two guppy populations
	Abstract
	Introduction
	Methods
	Guppy populations and experimental groups
	Training and testing tank
	Training
	Preparation of alarm cue
	Social learning test
	Statistical analyses

	Results
	Behavioural indicators of stress
	Social learning performance

	Discussion
	Acknowledgements 
	References


