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ARTICLE

Social transmission in the wild can reduce
predation pressure on novel prey signals
Liisa Hämäläinen 1,2,3� , William Hoppitt 4, Hannah M. Rowland 1,5,6, Johanna Mappes 3,7,

Anthony J. Fulford1, Sebastian Sosa8 & Rose Thorogood1,7,9

Social transmission of information is taxonomically widespread and could have profound

effects on the ecological and evolutionary dynamics of animal communities. Demonstrating

this in the wild, however, has been challenging. Here we show by� eld experiment that social

transmission among predators can shape how selection acts on prey defences. Using arti� cial

prey and a novel approach in statistical analyses of social networks, we� nd that blue tit

(Cyanistes caeruleus) and great tit (Parus major) predators learn about prey defences by

watching others. This shifts population preferences rapidly to match changes in prey prof-

itability, and reduces predation pressure from naïve predators. Our results may help resolve

how costly prey defences are maintained despite in� uxes of naïve juvenile predators, and

suggest that accounting for social transmission is essential if we are to understand coevo-

lutionary processes.

https://doi.org/10.1038/s41467-021-24154-0 OPEN

1Department of Zoology, University of Cambridge, Cambridge, UK.2 Department of Biological Sciences, Macquarie University, Sydney, NSW, Australia.
3 Department of Biological and Environmental Sciences, University of Jyväskylä, Jyväskylä, Finland.4 School of Biological Sciences, Royal Holloway, University
of London, Egham, UK.5 Max Planck Institute for Chemical Ecology, Jena, Germany.6 Institute of Zoology, Zoological Society of London, London, UK.
7 Research Programme in Organismal and Evolutionary Biology, Faculty of Biological and Environmental Sciences, University of Helsinki, Helsinki, Finland.
8 Université de Strasbourg, CNRS, IPHC, UMR 7178, Strasbourg, France.9 HiLIFE Helsinki Institute of Life Science, University of Helsinki, Helsinki, Finland.
� email: liisa.hamalainen@mq.edu.au

NATURE COMMUNICATIONS|         (2021) 12:3978 | https://doi.org/10.1038/s41467-021-24154-0 | www.nature.com/naturecommunications 1

12
34

56
78

9
0(

):
,;

http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-021-24154-0&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-021-24154-0&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-021-24154-0&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-021-24154-0&domain=pdf
http://orcid.org/0000-0002-3766-915X
http://orcid.org/0000-0002-3766-915X
http://orcid.org/0000-0002-3766-915X
http://orcid.org/0000-0002-3766-915X
http://orcid.org/0000-0002-3766-915X
http://orcid.org/0000-0003-0815-5720
http://orcid.org/0000-0003-0815-5720
http://orcid.org/0000-0003-0815-5720
http://orcid.org/0000-0003-0815-5720
http://orcid.org/0000-0003-0815-5720
http://orcid.org/0000-0002-1040-555X
http://orcid.org/0000-0002-1040-555X
http://orcid.org/0000-0002-1040-555X
http://orcid.org/0000-0002-1040-555X
http://orcid.org/0000-0002-1040-555X
http://orcid.org/0000-0002-1117-5629
http://orcid.org/0000-0002-1117-5629
http://orcid.org/0000-0002-1117-5629
http://orcid.org/0000-0002-1117-5629
http://orcid.org/0000-0002-1117-5629
mailto:liisa.hamalainen@mq.edu.au
www.nature.com/naturecommunications
www.nature.com/naturecommunications


Traditional models of coevolution assume that interacting
species exert selection on each other by in� uencing the
� tness of alternative phenotypes1, but rarely consider how

behavioral interactions within species may drive coevolutionary
dynamics. Work over the last decade has generated an explosion
of interest in demonstrating how ecological change alters evolu-
tionary change and vice versa, and how this can in� uence com-
munity dynamics and coevolution2,3. While this is a major
advance, there is little research investigating how interactions
within species drive eco-evolutionary feedbacks in coevolving
systems. This is surprising, given increasing evidence of social
transmission of information in a wide range of taxa4. Gene-
culture coevolution models suggest that socially transmitted
information could in� uence coevolutionary processes by altering
selection pressures in the environment5,6. For example, if social
information about enemies in the environment spreads rapidly in
one species, it can intensify local defenses and select for counter-
offenses in the interacting enemy species7. The effects for inter-
acting species might be particularly important if social informa-
tion is transmitted across generations, as it allows more rapid
acquisition of behaviors than could be achieved through the
spread of alleles6. Here we take advantage of a key paradigm in
evolutionary biology, predators versus chemically defended prey,
to test how social transmission alters predators’ foraging beha-
vior, and whether this rapidly changing predator environment
can alter predation pressure on novel prey signals.

Prey have evolved many defense strategies to avoid predation,
including aposematism, where individuals display their unpro-
� tability (e.g., distastefulness or toxicity) with conspicuous
warning signals8,9. However, conspicuous prey are an easy target
for naïve predators who have yet to associate the warning signal
with unpro� tability. This creates a problem for the evolution of
warning signals10,11, and for the maintenance of aposematic prey
that need to survive repeated outbreaks of naïve individuals in
each predator generation12. The existence of undefended Batesian
mimics that gain protection from predators by resembling
aposematic model species makes the situation even more complex
as mimics may weaken predator avoidance learning13,14. Tradi-
tionally, research on aposematism and mimicry has focused on
predators learning by personal experience9, and possible
mechanisms explaining the evolution and maintenance of
aposematism include dietary conservatism of predators15, kin
selection16, and high attack survival of aposematic prey17. How-
ever, there is extensive literature showing that animals can
acquire food preferences and aversions via social effects (reviewed
in ref.18), and a number of studies with avian predators have now
demonstrated that individuals also learn to avoid unpro� table
food by observing the foraging events of others19–25.

This social transmission has the potential to alter selection for
prey defenses: social information about prey unpro� tability might
reduce predation on novel aposematic prey and therefore facil-
itate the evolution of aposematism22–25, whereas social infor-
mation about palatable mimics might increase predators’
likelihood to sample both mimics and their defended models24,26.
However, almost all previous studies have been conducted in
captivity where predators face less complex foraging costs and
fewer distractions than occur in nature and very few studies have
investigated how educated predators use social information when
food pro� tability changes and learned food preferences need to be
reversed24,27,28. In the wild, social transmission of avoidance has
been demonstrated only in a vervet monkey population where the
majority of individuals were already trained to avoid unpalatable
food29. How social information about food unpro� tability
spreads among naïve predators, therefore, remains untested in
� eld conditions where individuals have opportunities to observe
both conspeci� cs and heterospeci� cs20,25 and learn from both

positive and negative feeding events of others (feeding on prof-
itable/ unpro� table prey, respectively).

Here, we investigate how social information about defended
prey and their palatable mimics spreads in a wild blue tit and great
tit population. We use arti� cial prey, a well-established experi-
mental method to test how predators learn about novel prey
signals10,23,30–32 and combine this with technological advances
that now make it possible to identify individuals’ foraging
choices33. Our aim is to test (1) how quickly birds learn to dis-
criminate novel palatable and unpalatable food and whether they
use social information about positive and/or negative foraging
experiences of others during this learning process, and (2) whether
informed birds reverse their learned avoidance towards previously
unpalatable food (defended‘models’) and if this is in� uenced by
the observation of others consuming similar but palatable food
(edible‘mimics’). This represents a situation where predators learn
to avoid novel aposematic prey and then encounter a population
of palatable mimics that do not co-occur with their aposematic
models. In our experiment, we used colored almond� akes as
arti� cial prey items because these were novel to the birds. Almond
� akes were offered to birds at three feeding stations. Although
aposematic prey can be solitary, aggregated aposematic prey, such
as hemipteran or lepidopteran larvae, have provided classic
examples in studies of the evolution of aposematism34. The
experiment was conducted at an established� eld site in Madingley
Wood, Cambridgeshire during summer when juveniles were
abundant and aposematic prey suffer from high predation12. Blue
tits and great tits were� tted with RFID tags (approximately 89%
of the birds visiting the feeders, see“Methods” section) and
antennas at feeding stations enabled us to record each individual’s
visits. Based on these records, we constructed a social network of
the bird population35 (Fig. 1a) and then used this to estimate
opportunities for learning from others when novel foods were
presented that varied in pro� tability. Our results show that birds
use social information to discriminate unpalatable and palatable
food. This suggests that social transmission among predators can
in� uence attack rates on defended prey and their mimics, and
therefore shape the selection environment experienced by prey.

Results
Avoidance learning experiment. We� rst investigated avoidance
learning by offering birds differently colored palatable and
unpalatable almond� akes using a paired-feeder design dis-
tributed across the study area (Fig.1b). This was replicated with
three different color pairs during the summer: red/green, blue/
purple, and yellow/orange (unpalatable/palatable, Fig.1c). Log-
gers at all of the feeders enabled us to record each individual’s
foraging choices between the color pairs. A total of 191 RFID
tagged birds (blue tits:n = 79, great tits:n = 112) visited the
feeders during the experiments (75% juveniles; Fig.1a), and in
each experiment (i.e., color pair) birds learned to discriminate
palatable and unpalatable almonds within 8 days, by which time
the proportion of visits to the unpalatable feeder decreased below
0.1 (Fig.2a). This suggests that avoidance learning was similar in
each experiment, although color pairs might have differed in their
discriminability. Our main goal was to investigate social infor-
mation use; therefore, as each color pair was distinguishable
(see Supplementary Information), any visual differences among
replicates should not in� uence our conclusions. There was no
evidence of species-level differences in learning but we found that
adults decreased their consumption of unpalatable almonds at a
faster rate than juveniles (day2 × age (juvenile): estimate=
� 17.734 ± 3.593,Z = � 4.935, p< 0.0001; day × age (juvenile):
estimate= 5.296 ± 3.853,Z = 1.374, p= 0.17; Fig.2a; Supple-
mentary Table 1).
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We next investigated whether birds used social information
during avoidance learning. If social avoidance learning occurs, we
would expect birds to learn to avoid unpalatable food after
observing the negative experience of close social af� liates. We
devised a method to test this hypothesis by using social network
analysis to estimate the number of times an individual was
expected to have observed a social af� liate visiting the unpalatable
feeder. The association network (Fig.1a) was constructed based
on social associations at the feeders outside the learning
experiments (when birds were presented with uncolored
almonds; Fig.1c), with the associations estimating the probability
that two individuals were in the same group at a given time35. If
birds learned socially to avoid the unpalatable food and/or prefer
the palatable food by observing the choices of others, we expected
avoidance of the unpalatable option (relative to the palatable
option) to follow the connections of the association network,

since this should re� ect opportunities for members of each dyad
to observe one another. We, therefore, reasoned that the
probability that theith individual observed a speci� c feeding
event by another individual,j, was proportional to the network
connection between them,aij. In each avoidance learning
experiment (i.e., color pair), we calculated the expected number
of negative feeding events the individual had observed, prior to
each choice as

O� ;i tð Þ ¼� jN� ;j tð Þaij ð1Þ

whereN� ;j tð Þwas the number of timesj had visited unpalatable
almonds prior toi’s choice at timet, and summation was across
all birds in the network. The expected number of positive events
was calculated in an analogous manner using the number of visits
to palatable almonds. We then modeled each choice that the birds
made (each visit to a feeder) and investigated how social
information (expected number of observed positive and negative
feeding events) and individuals’ personal experience (previous
visits to the palatable and unpalatable feeder) predicted their
foraging decisions. To investigate whether a demonstrator’s
identity affected social information use, we further split the
expected number of observed feeding events to observations of
adults and juveniles, and to conspeci� cs and heterospeci� cs, and
tested these effects separately. However, these social effects might

a)

b)

Blue �t: adult (n = 24)
Blue �t: juvenile (n = 55)
Great �t: adult (n = 23)
Great �t: juvenile (n = 89)

c)

1. Red unpalatable

3. Both palatable

n = 86
(ad: 20
juv: 66)

n = 90
(ad: 22
juv: 68)

n = 118
(ad: 28
juv: 90)

n = 167
(ad: 43 
juv: 124)

n = 191

5 … 17 July 21 … 30 July

2.  Blue unpalatable

3 … 13 Aug 24 Aug … 3 Sept

4. Yellow unpalatable

Uncoloured Uncoloured

UncolouredUncolouredUncoloured

5 June … 4 July 18 … 20 July

31 July … 2 Aug 14 … 23 Aug 4 … 17 Sept

Fig. 1 Summary of the experiments. aThe social network of the bird
population was constructed based on the recorded associations outside the
learning experiments. Nodes in the networks represent individual birds
(adult blue tits= dark blue; juvenile blue tits= light blue; adult great tits=
orange; juvenile great tits= yellow), and lines (edges) their associations in
the network.b In each experiment, we had three feeding stations where
birds were presented with a choice of two feeders with differently colored
almonds.c Throughout the summer, we conducted three avoidance
learning experiments with different color pairs (red/green, blue/purple,
yellow/orange), and a reversal-learning experiment where both colors
(blue/purple) were palatable. Between the learning experiments, birds
were offered plain (palatable and uncolored) almond� akes to collect
information on their foraging associations.

Fig. 2 Learning across days.The proportion of visits (a) to the unpalatable
feeder in the avoidance learning experiments (n= 189 birds) and (b) to the
feeder with palatable mimics in the reversal learning experiment (n= 118
birds). Graphs show the mean (±s.e.) proportion of visits across the days of
the experiment (number of visits to each feeder divided by the total number
of visits). All three avoidance learning experiments (red/green, blue/
purple, and yellow/orange) are combined in the graph (a). Circles indicate
the foraging choices of adults and triangles show the choices of juveniles
(blue: blue tits, black: great tits). The plotted data were derived from the
generalized linear mixed-effects models.
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be detected even if the effects were homogeneous within the
population. This means that social learning may occur, but it does
not follow the association network (i.e., all birds have the same
probability of observing each other), which would provide weaker
evidence of social transmission. Therefore, we further tested
whether social effects estimated from our network differed from
homogeneous effects, i.e., whether these effects followed our
social network. A null distribution was generated by simulation
assuming homogenous social learning and then compared to the
social effects estimated from our network (see“Methods” section
for full model speci� cation and Supplementary Information for
model validation).

The results of the avoidance learning models provided evidence
of a social effect on birds’ foraging choices, consistent with social
learning resulting from observations of others consuming

unpalatable almonds. After a greater number of expected
observations of negative feeding events (as predicted by the
network), individuals were less likely to choose the unpalatable
color, and this effect was consistent across all three color pairs
(Table1). We also found that these effects followed our observed
network (Table 1), which indicates the estimates from our
network were a better predictor than estimates from a network
where the observed effect was homogenized across all birds. In
other words, this suggests that birds were more likely to learn
from individuals that were closely associated with them in the
social network, rather than having the same probability of
learning from any individual, which strengthens our evidence of
social transmission in the bird population. The effect of observing
others consuming unpalatable almonds was similar whether birds
observed conspeci� cs or heterospeci� cs, and we, therefore, pooled

Table 1 Summary of the asocial and social effects in three avoidance learning experiments.

The probability of choosing the unpalatable option was analyzed using generalized linear mixed-effects models with a binomial error distribution.All observations of negative foraging experiences were
pooled in the same social effect, but observations of positive foraging experiences were split between conspeci� cs and heterospeci� cs.
aThe simulationp-value (ps) tests whether the putative social effect follows the social network as opposed to operating homogeneously among the birds. Signi� cant asocial effects and social effects found
to follow the network (p< 0.05, ps < 0.05) are shaded gray.
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