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Abstract
Within the same population, individuals often differ in how they respond to changes in their environment.
A recent series of models predicts that competition in a heterogeneous environment might promote
between-individual variation in behavioural plasticity. We tested groups of sticklebacks in patchy foraging
environments that differed in the level of competition. We also tested the same individuals across two
different social groups and while alone to determine the social environment’s influence on behavioural
plasticity. In support of model predictions, individuals consistently differed in behavioural plasticity when
the presence of conspecifics influenced the potential payoffs of a foraging opportunity. Whether individuals
maintained their level of behavioural plasticity when placed in a new social group depended on the
environmental heterogeneity. By explicitly testing predictions of recent theoretical models, we provide
evidence for the types of ecological conditions under which we would expect, and not expect, variation in
behavioural plasticity to be favoured.
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INTRODUCTION

Consistent individual differences in behaviour are difficult to explain
because we expect natural selection to favour a single optimal
behavioural strategy. These average differences in behaviour among
individuals (i.e. personality) are now well documented across many
taxa and appear to be driven by a number of ecological factors with
important consequences (Reale et al. 2007; Smith & Blumstein
2008). In addition to variation in personality, there is now growing
evidence that individuals vary in the extent to which they adjust
their behaviour according to the environment, including the social
environment (i.e. behavioural plasticity, Dingemanse et al. 2010;
Mathot et al. 2012; Dingemanse & Wolf in press). For example, some
individuals within a population might be more likely to exploit new
food patches, while other individuals consistently forage in old
patches, regardless of the behaviour of others. Interest in between-
individual variation in behavioural plasticity has triggered two key
questions: First, are there adaptive reasons why individuals differ in
plasticity? And second, what is the influence of changes in the envi-
ronment on behavioural plasticity?
A growing number of models have provided ‘proof of principle’

support for the first question, showing that under certain condi-
tions, variation in plasticity can be adaptive (reviewed in Dinge-
manse & Wolf in press). Adaptive mechanisms that might generate
and/or maintain between-individual differences are state variable
differences (Houston & McNamara 1999; Clark & Mangel 2000),
temporal and spatial variation in environmental conditions (Wolf
et al. 2008; Dubois et al. 2010) and repeated social interactions
(Wolf et al. 2011). In these models, the presence of conspecifics
can alter the payoff of the behavioural choices available to an indi-
vidual (i.e. game theoretic dynamics). These competitive interac-

tions can generate negative frequency-dependent payoffs to plastic
individuals, thereby promoting between-individual variation in
behaviour (e.g. Wolf et al. 2008, 2011), a prediction which has
empirical support in anti-predator behaviour (Mathot et al. 2011).
This mechanism could also be at work in other contexts; for
example, in a patchy foraging context, individuals arrange them-
selves in a way that maximises their own food intake, which gen-
erally is proportional to the food input at each patch (‘ideal free
distribution’, Fretwell & Lucas 1970). If a new food patch sud-
denly becomes available, a plastic individual may be able to take
advantage of this opportunity more quickly than a less plastic indi-
vidual. This should increase the payoff to the plastic individual,
but also the non-plastic individual as the level of competition
within a patch is reduced, increasing the likelihood of their using
the same tactic again (i.e. positive feedback, Wolf et al. 2008).
However, behavioural plasticity is assumed to carry a cost (DeWitt
et al. 1998) and the advantage to a plastic individual is highest
when it is rare in the population (Wolf et al. 2008). If all individu-
als in the population are plastic and constantly respond to changes
in their environment, a non-plastic individual might do well if it
can behave appropriately on average and not have to pay the costs
associated with plasticity (Wolf et al. 2008). In this way, between-
individual variation in behaviour might be maintained when indi-
viduals have a mutual interest in avoiding competition in a hetero-
geneous environment.
As suggested by these models, social dynamics can play a key

role in promoting variation in plasticity; however, it is still
unknown how changes in the social environment might influence
behavioural plasticity (Reale et al. 2007; Stamps & Groothuis 2010).
Individuals may be strongly influenced by the social composition
and therefore exhibit context-specific behaviours that change as the
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context or social environment changes (sensu Coleman & Wilson
1998). For example, individual birds maintained a consistent pro-
ducer or scrounger strategy in one social group, but switched strat-
egies when they were placed in a new social group (David et al.
2011; Morand-Ferron et al. 2011). Alternatively, individuals might
exhibit very domain-general (sensu Coleman & Wilson 1998) behav-
iours that do not change when placed in a new context. Hyper-
aggressive water striders maintained high levels of aggression
regardless of the composition of the social group, even though
their hyper-aggressiveness decreased mating success (Sih & Watters
2005). If behaviours are domain-general, then the behaviour of an
individual in a non-social situation is predictive of an individual’s
behaviour in a social situation, and individuals maintain their
behaviour across different social groups (e.g. Beauchamp 2000;
Magnhagen & Bunnefeld 2009). However, given the dynamism
and unpredictability of social interactions, we might also expect
individuals to exhibit context-specific behaviours for each social
environment.
Therefore, in this study, we (1) tested the prediction that there is

more between-individual variation in plasticity in a social environ-
ment when there is the opportunity to avoid competition and (2)
tested the influence of changes in the social environment on
between-individual variation in plasticity in threespined sticklebacks
(Gasterosteaus aculeatus). Sticklebacks are a small fish known for their
variation in behaviour (Huntingford 1976; Bell 2005; Dingemanse
et al. 2007). In addition, individual sticklebacks differ in their
resource use (Bolnick et al. 2003) and how they behave in a patchy
foraging environment (Milinski 1984, 1994), suggesting that some
individuals may be more sensitive to changes in food availability
than others. Therefore as a measure of behavioural plasticity, we
measured how quickly individuals within social groups responded to
a newly available food patch in a two-patch foraging environment.
This method quantifies plasticity as a single variable: the speed with
which an individual moves into a newly available food patch, allow-
ing us to gather repeated measures of behavioural plasticity on the
same individuals relatively quickly.
To alter the level of competition, we created two competitive

regimes that differed in the number of food patches available at any
one time: the ‘simultaneous patch’ regime had two patches available
simultaneously, which gave plastic individuals the opportunity to
reduce within-patch competition by moving into a newly available
patch. The ‘sequential patch’ regime only had one patch available at
a time therefore only one foraging opportunity was ever available.
Given that most environments do not have perfectly reliable food
patches, both regimes present ecologically relevant challenges with
obvious fitness consequences (food payoff). To determine the role
of the social environment on individual behaviour, we measured
individuals’ behaviour in two different social groups and we also
measured a subset of the individuals while alone (not in a social
group).

MATERIALS AND METHODS

All fish were wild-caught females from Putah Creek, CA, a freshwa-
ter stream. Fish were housed in large groups (~ 30 individuals) in
the laboratory for six months prior to experiments. Fish were fed
an ad libitum diet of bloodworms, mysis and brine shrimp daily. Fish
were permanently marked with subcutaneous UV elastomer (North-
west Marine Technologies, Inc., Shaw Island, WA) at least 1 week

prior to testing. Three days prior to testing, fish were also marked
with a small plastic tag on their dorsal spine to allow visual identifi-
cation (Webster & Laland 2009). All experimental procedures were
approved by the University of Illinois’s Institutional Animal Care
and Use Committee protocol #09204.

Measuring behavioural plasticity under two different competitive
regimes

We created a feeding arena (113 9 30 9 35.5 cm) with two food
patches to which food could be added independently (Fig. S1).
Food was dropped into the patches by means of a conveyer belt
with small cups; as the belt advanced, a cup upended into the patch.
If the patch was receiving food, the cup contained a single small
(~ 1 cm) bloodworm in a small amount of distilled water (~ 2 mL);
if not, the cup only contained distilled water. Each patch was
located on either end of the long axis of the aquarium and the
aquarium was divided into three zones: two patches (30 cm long
each) with a neutral zone (53 cm long) in between.
We created six groups of six non-reproductive, size-matched (42–

45 mm) sticklebacks. We never detected an influence of body size
on any behavioural measure (data not shown). Each group was
tested in two trials per day on five consecutive days to assess the
repeatability of behaviour. Groups were tested in one of two com-
petitive regimes that differed in the level of within-patch competi-
tion (Fig. 1). In the ‘simultaneous patch’ regime, food was first
added to one patch (12 bloodworms min!1) for 5 min and then at
an equal rate to both patches for 5 min (6 bloodworms min!1). In
this regime, individuals could reduce within-patch competition by
switching to the new patch. In the ‘sequential patch’ regime food
was first added to one patch for 5 min (12 bloodworms min!1) and
then only to the other patch for 5 min (12 bloodworms min!1). In
this regime, only one patch was available at a time, which forced
foragers to switch patches and maintain a similar level of competi-
tion. In both regimes, the side that received food first was randomly
assigned on the first trial of the day; however, the same side could
not receive food first for more than two consecutive days. To con-
trol for potential side biases, on the second trial of the day, the
opposite patch received food first.

Figure 1 Experimental design. 18 individuals were tested in the ‘simultaneous

patch’ regime and 18 individuals were tested in the ‘sequential patch’ regime.

The three original groups within each regime are represented with different

patterns. All individuals were first tested in an original group and then randomly

reassigned and tested in a shuffled group. Individuals from the ‘simultaneous

patch’ regime were then also tested while alone (see Methods). Each group was

tested in 10 trials over 5 days.
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Influence of the social environment on behavioural plasticity

We assessed the influence of changes in the social environment by
measuring individual behaviour in two different social groups: their
‘original’ social group (described above) and a ‘shuffled’ social group.
We randomly shuffled the fish from their original groups into three
new groups with the restriction that only two individuals from each
original group went into any one shuffled group. Fish were tested in
the same regime in both their original and shuffled groups (Fig. 1).
Each shuffled group was tested in 10 trials as before.
We also tested whether individual behaviour while in a group was

related to individual behaviour while alone. To do this, we mea-
sured the behaviour of individuals from the ‘simultaneous patch’
regime while they were alone (Fig. 1). Preliminary observations of
lone sticklebacks suggested that individuals were unwilling to move
into a new patch if the old patch was still receiving food, and if an
individual switched to the new patch, it usually did so within 2 min.
Pilot experiments showed that single fish became satiated after con-
suming ~ 25 bloodworms. Therefore in the ‘alone’ trials, individuals
were tested in a modified regime where one patch received food for
2 min (5 bloodworms min!1) and then the other patch received
food for 2 min (5 bloodworms min!1).
To test individuals while alone, a group was placed in the feeding

arena where it remained for the week of testing. For this assay, two
opaque dividers were lowered on either end of the feeding arena
during testing (Fig. S1), but remained up at other times so that fish
could swim freely around the aquarium when a trial was not in ses-
sion. When a trial began, all individuals except one were gently
herded behind one divider. We then measured the behaviour of the
remaining individual in the feeding arena. Then, this fish was gently
herded under the opposite divider. A new individual was gently
herded from under the other divider into the arena and tested. This
continued until all fish had been tested in one trial. We waited
15 min and repeated the process until all fish had been tested a sec-
ond time. This method allowed us to minimise stress to the fish
from excessive netting and isolation from their group mates. Fish
were tested for five consecutive days and were performed two
months after tests in the original and shuffled groups.

Data collection

Each trial was video-recorded with a high-definition JVC Everio
camcorder and the videos were coded using JWatcher (Blumstein,
Daniel & Evans; UCLA & Macquarie University). In all trials, we
never observed overt aggressive interactions among group mates
suggesting that behavioural differences were not simply the result of
differences in dominance. We measured 18 individuals in each
regime in the original groups (n = 36); however, one individual in
the ‘sequential patch’ regime and two in the ‘simultaneous patch’
regime died before they could be tested in their shuffled group
(n = 33). They were replaced with other fish to maintain the same
group size but we did not include the extra fish’s behaviour in the
dataset. The two fish that died in the ‘simultaneous patch’ regime
also meant that our sample size was n = 16 for the ‘alone’ trials.
In each trial, we recorded three variables for each fish. First, we

recorded switch delay: the latency of an individual to move into the
newly available food patch. If an individual never switched to the
newly available food patch they were given a maximum switch delay of
5 min; if an individual was already within the new food patch before

food was added, we could not assess whether they would have
switched quickly or not at all so they were not given a switch delay for
that trial. Second, we measured the number of food items an individual
consumed in a single trial. Finally, we recorded an individual’s sam-
pling behaviour as the number of times an individual moved from
one patch to another. We restrict our results and discussion to varia-
tion in switch delay as we interpret this as a measure of behavioural
plasticity in response to a change in the environment; sampling behav-
iour occurred throughout the trial before and after the change in
food availability and therefore we could not determine whether this
was in direct response to the change in food. Sampling behaviour
results are in the Supporting Information (Appendix S1).

Data analysis

We used Bayesian statistics with Markov Chain Monte Carlo simula-
tions using the MCMCglmm package (Hadfield 2010) in R 2.15
(http://www.r-project.org/). We first tested for differences in aver-
age behaviour between competitive regimes by including Regime as
a fixed effect. To account for the non-independence of observa-
tions, we included Group and Individual (nested within Group) as
random effects. For all analyses, we used non-informative proper
priors (Hadfield 2010) with 500 000 iterations, thinning of 10 itera-
tions and a burn-in of 1000 iterations (Appendix S2).
To address our first research question of whether the opportunity

to avoid competition promotes greater between-individual variation
in behavioural plasticity, we estimated the repeatability of switch delay
(our measure of behavioural plasticity) over the entire trial week
within each of our regimes. Then, to determine whether between-
individual variation in plasticity increased with time spent in the
social group, we estimated repeatability of switch delay using only the
first two, and the last two days of the trial week in each regime.
Throughout all the following analyses, we mean-centred and scaled
the variance to one for all our variables within each regime, although
we present raw values in the figures for ease of interpretation.
Repeatability (r) is the proportion of total variation that can be attrib-
uted to between-individual differences and we estimated ‘r’ using
MCMC simulations which reports 95% credibility intervals which we
use to interpret significance (Nakagawa & Schielzeth 2010; Dinge-
manse & Dochtermann 2013). We did not include any fixed effects
in our models but rather only Group and Individual (nested within
Group) as random effects. As all individuals were exposed to the
same levels of any potential fixed effect (e.g. trial day), variation
attributable to these factors would remain in the residual variance,
thereby providing a conservative repeatability estimate (Nakagawa &
Schielzeth 2010). Preliminary analysis showed that inclusion of the
fixed effects had little effect on our estimates of repeatability (< 0.02
change in r estimate and no change in CI interpretation, data not
shown); therefore, we provide the non-‘adjusted’ repeatability esti-
mates to allow for broader generalisation of our results (Nakagawa &
Schielzeth 2010; Dingemanse & Dochtermann 2013).
To determine how food intake and behaviour were related, we

used bivariate mixed models to estimate the covariance between food
items and switch delay (Dingemanse & Dochtermann 2013). We ran a
separate model for each regime and included Group and Individual
(nested within Group) as random effects. This method allowed us to
partition the covariance between the two behaviours at the between-
(i.e. Individual covariance; e.g. individuals that switched quickly on
average, ate more food, on average) and within-Individual level (i.e.
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residual covariance; e.g. when an individual switched more quickly
during a trial, it ate more food compared to other trials).
Our second research question was whether individuals maintain

their behaviour when placed in a new social environment. We used
a bivariate mixed model where we considered each individual’s
switch delay in the original and shuffled groups as separate response
variables and estimated the covariance between these variables
(Dingemanse & Dochtermann 2013).

RESULTS

The opportunity to avoid competition promotes between-
individual variation in behavioural plasticity

Across both competitive regimes, individuals switched to the new
patch in, on average, 120 " 6 (SE) seconds, but there was individ-
ual variation in switch delay: some individuals switched within 2.4 s,

whereas others never switched (Fig. 2a,b). We did not detect a dif-
ference in switch delay between regimes [‘sequential patch’:
114 " 8 s; ‘simultaneous patch’: 127 " 9 s; posterior Regime esti-
mate = 9.75 (!13.7, 34.6)].
In support of our hypothesis, individuals in the ‘simultaneous

patch’ regime exhibited consistent individual differences in switch
delay [repeatability ‘r’ = 0.18, 95% CI: (0.05, 0.38), Fig. 2a]. Individu-
als in the ‘sequential patch’ regime exhibited very low between-indi-
vidual variation (Appendix S1), resulting in a repeatability estimate
of 0 [95% CI: (3.0 9 10!10, 6.6 9 10!9), Fig. 2b). Importantly, the
CI’s of the Individual variance (Appendix S1) and repeatability esti-
mates of switch delay in each regime do not overlap demonstrating
that there is greater between-individual variation in switch delay in the
‘simultaneous patch’ regime than in the ‘sequential patch’ regime.
Moreover, the repeatability of switch delay in the ‘simultaneous patch’
regime significantly increased later in the testing week [first 2 days:
r = 0.006 (0.0009, 0.015); last 2 days: r = 0.20 (0.05, 0.42)], driven
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Figure 2 Individuals consistently differed in switch delay in the ‘simultaneous patch’ regime (a) and while alone (c), but not the ‘sequential patch’ regime (b). Each line

represents a different individual and the panels show different original groups within each regime. The value (95% CI) in the upper right of each panel represents the
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days 4 and 5 in the second panel of (a). One cause of a low estimate of repeatability is when there is little between-individual variation, for example, in (b).
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by a significant increase in the Individual variance component
(Appendix S1), which is consistent with positive feedback increasing
between-individual differences. This pattern was not apparent in the
‘sequential patch’ regime; the Individual variance component
(Appendix S1) and repeatability of switch delay was always nearly zero
[first 2 days: r = 0.00 (1.9 9 10!10, 4.5 9 10!9); last 2 days:
r = 0.00 (1.2 9 10!12, 3.7 9 10!11)].
We suspected individuals in the ‘sequential patch’ regime might

be more influenced by their group mates than individuals in the
‘simultaneous patch’ regime. To assess this, we compared the
amount of variation explained by the Group variance component.
Over the entire week, in the ‘sequential patch’ regime, ~ 21% of
the variance could be attributable to variation among Groups [0.23
(0.04, 0.56)], whereas only 3% of the variance was attributable to
variation among Groups [0.05 (0.009, 0.12)] in the ‘simultaneous
patch’ regime, a suggestive, but not significant difference. However,
by the end of the week, the Group variance component explained
significantly more variation in the ‘sequential patch’ regime [0.38
(0.007, 0.94)] than in the ‘simultaneous patch’ regime [0.00
(< 0.001, < 0.001), Appendix S1].
We found evidence for within-individual correlations across trials

in how many food items an individual consumed and their switch delay,

though in opposite directions in the two regimes. In the ‘simulta-
neous patch’ regime, when individuals took longer to switch (larger
switch delays), they consumed more food items in that trial [residual
covariance = 0.15 (0.02, 0.29), Fig. 3a). Not surprisingly, the oppo-
site pattern was apparent in the ‘sequential patch’ regime [residual
covariance = !0.37 (!0.54, !0.22), Fig. 3b] as only individuals that
switched would receive food in the second period of the trial. While
we found no evidence for a significant covariance between an indi-
vidual’s average switch delay and average food items in either regime,
this may have been influenced by the relatively small sample size of
our study [Individual covariance: ‘simultaneous patch’ = 0.03
(!0.14, 0.21); ‘sequential patch’ = !8.9 9 10!5 (!2.2 9 10!5,
2.3 9 10!5)].

Individuals maintain behavioural plasticity across two social
environments in the ‘simultaneous patch’ regime

We evaluated whether individuals were influenced by changes in
their social environment by measuring individual switch delay in their
original group and in a new shuffled group. We observed between-
individual variation in switch delay within the original social groups in
the ‘simultaneous patch’ regime and there was significant covariance
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between an individual’s switch delay in their original group and their
switch delay in the shuffled group [Individual covariance = 0.12
(0.003, 0.28), Fig. 4a]. In contrast, in the ‘sequential patch’ regime,
we could not accurately estimate covariance between individual
switch delay across the two social groups, as there was essentially zero
variation in individual behaviour within the original groups (Fig. 2b,
Appendix S1), which further supports that there is little carryover
in behaviour from one social context to the other.
As only individuals in the ‘simultaneous patch’ regime exhibited

significant between-individual variation in switch delay, we also mea-
sured these individuals while alone. We found that these individuals
also exhibited significantly repeatable variation in switch delay while
alone [r = 0.26 (0.07, 0.52)]. While not strongly supported, we did
find evidence for cross-context repeatability in individual behaviour
while alone and in a social group as there were positive covariances
between individual switch delay while alone and in their original groups
[Individual covariance = 0.10 (!0.10, 0.31)] and while alone and in
their shuffled groups [Individual covariance = 0.10 (!0.02, 0.24)].
The fact that the CI’s overlapped zero should be interpreted cau-
tiously but this still suggests that individuals with shorter switch delays
while alone tended to have shorter switch delays in the social groups.
Not surprisingly, when tested while alone, individuals that

switched more quickly during a trial also received more food during
that trial [residual covariance = !0.30 (!0.45, !0.18)]. Individuals
that switched more quickly on average, tended to get more food
overall, although this was not not strictly significant [Individual
covariance = !0.16 (!0.43, 0.05)].

DISCUSSION

While there is evidence that limited behavioural plasticity can con-
strain optimal behaviour (Sih et al. 2004; Johnson & Sih 2005; Sih
& Watters 2005), recent models have shown that individual varia-
tion in plasticity can be adaptive under some circumstances (e.g.
Wolf et al. 2008, 2011). Some of the most intriguing models have
shown that competitive interactions among individuals might
promote between-individual variation in behaviour, including plas-
ticity, when there is environmental heterogeneity (e.g. Wolf et al.

2008, 2011; McNamara et al. 2009; Dubois et al. 2010). These mod-
els predict that individual differences in plasticity are most likely to
emerge when access to foraging opportunities is temporally and/or
spatially variable and these opportunities are limited by the presence
of competitors. In this article, we provide strong support for this
prediction by showing that consistent individual differences in switch
delay were only apparent in the ‘simultaneous patch’ regime, that is,
under conditions where individuals that quickly switched to the new
food patch could exploit a different foraging opportunity than non-
plastic individuals. In addition, under these conditions (‘simultaneous
patch’ regime), between-individual variation in switch delay increased
the longer a group had been together, consistent with positive feed-
back, which is another prediction of these models (Wolf et al. 2008,
2011). We also showed that the relative success of this behaviour
depended on the competitive regime, suggesting that ecological fac-
tors such as food availability and predictability might influence varia-
tion in plasticity. Finally, we showed that the influence of the social
environment on individual behaviour depended on the competitive
regime: individuals in the ‘simultaneous patch’ regime exhibited simi-
lar behaviour across two social groups and while alone, whereas
individuals in the ‘sequential patch’ regime did not.
The Ideal Free Distribution theory predicts that groups of forag-

ing animals arrange themselves among patches to avoid competition
and increase individual payoffs (Fretwell & Lucas 1970). We showed
that this pattern might be driven by only a few individuals in the
group that consistently respond more quickly than others to new
foraging opportunities. Recent models argue that the presence of
plastic individuals reduces within-patch competition: as plastic indi-
viduals utilise a new patch and the non-plastic individuals stay at
the old patch, the payoffs to all individuals increase (Wolf et al.
2008). Because of this increase in payoff, all individuals, including
non-plastic individuals, should be more likely to use the same strat-
egy again (Wolf et al. 2008, 2011). The repeatability of switch delay
increased later in the week, demonstrating that between-individual
variation in this behaviour increased the longer the group had been
together, suggestive of positive feedback. However, this positive
feedback could be caused by several potential mechanisms. One
possibility is that individuals became familiar with the patchiness of
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the competitive regime; as food at one patch became unavailable or
reduced, they learned to quickly search for another. Alternatively,
increasing familiarity among group mates may have caused positive
feedback. As individuals learned their group mates’ reputation for
patch use, they were able to avoid competition because individuals
could be relied upon to behave in a certain way (e.g. Dall et al.
2004; McNamara et al. 2009). A promising future research direction
is to determine if familiarity with the competitive regime or familiar-
ity among group mates is the cause of the positive feedback.
Comparing the two competitive regimes revealed that how

quickly an individual exploited a new patch influenced individual
payoffs, but the direction of the relationship depended on the varia-
tion in food availability. In the ‘sequential patch’ regime, when an
individual quickly responded to the change in food availability
(faster switch delay), it received more food during that trial compared
to other trials; however, in the ‘simultaneous patch’ regime the
opposite pattern was the case. In this regime, when an individual
quickly switched to the new food patch, it did worse during that
trial (Fig. 4). The fact that individuals that quickly responded did
worse in the ‘simultaneous patch’ regime suggests that there is a
cost associated with behavioural plasticity, which is a crucial
assumption of these models (Wolf et al. 2008, 2011). The most
obvious cost under these conditions is travel time between patches,
however, other costs have been suggested (e.g. maintenance and
production costs, DeWitt et al. 1998; Wolf et al. 2008). Determining
how costs maintain variation in behavioural plasticity is a promising
topic for further work. The Wolf et al. (2011) model suggests that
plastic individuals might be favoured whenever individuals vary in
their average behaviour and our results suggest that the benefits of
plasticity can also depend on variation in abiotic environmental fac-
tors, such as resource availability. Similar results have been found
elsewhere that demonstrated that the success of different behaviour-
al types depended on the distribution and abundance of resources
(Dingemanse et al. 2004; Morand-Ferron et al. 2011). Environmental
heterogeneity is pervasive in natural populations and along with
maintaining variation in personality, might play a role in maintaining
variation in behavioural plasticity within and across populations as
well. Whether this extends to the maintenance of genetic variation
in plasticity in sticklebacks is an obvious question for future work.
While adaptive models explain the origin and maintenance of varia-

tion in behaviour over evolutionary time, another outstanding ques-
tion is the extent to which current social conditions influence
behaviour within the individual’s lifetime (e.g. Stamps & Groothuis
2010; Dingemanse & Wolf in press). Multiple studies have demon-
strated the impact of changes in the social environment on individual
behaviour (e.g. Sih & Watters 2005; Magnhagen & Bunnefeld 2009),
and here we offer insight into how changes in social group composi-
tion influence an individual’s reaction to foraging opportunities. One
extreme view might be that behaviour is context-specific and there-
fore the most important influence on an individual’s behaviour is their
current environment. Therefore, we would expect to see little carry-
over in behaviour from one situation to the next. In contrast, another
view suggests that behaviour is most heavily determined by innate fac-
tors such as genetics and therefore we would expect individuals to
exhibit very domain-general behaviours across multiple environments.
In our study, we found evidence for both perspectives: the relative
importance of the social environment varied between regimes.
Individuals in the ‘simultaneous patch’ regime maintained a simi-

lar level of behavioural plasticity across two different social contexts

(original and shuffled groups), supporting the domain-generality of
this behaviour. If individuals do not change their behaviour accord-
ing to their social group, this might favour social selection, that is,
for individuals to choose the ‘best’ group to join (e.g. Saltz 2011).
There is support for this in sticklebacks: sticklebacks prefer to asso-
ciate with familiar individuals (Barber & Ruxton 2000; Ward et al.
2002), groups of familiar sticklebacks find more food overall (Ward
& Hart 2005) and share food more equitably with each other than
non-familiar sticklebacks (Utne-Palm & Hart 2000). We also found
tentative support that individual switch delay while alone was related
to their switch delay while in a social group; however, this result was
not strictly significant, potentially due to our low sample size. This
suggests that individuals may inherently differ in their response to a
new food source, but that the presence of conspecifics may alter
the benefits of this type of plasticity.
In contrast, results from the ‘sequential patch’ regime supported

the hypothesis that behaviour is strongly context-specific. Individu-
als in this regime did not display consistent individual differences
in switch delay between the two social groups, demonstrating that
the current social situation heavily influenced behaviour. The fail-
ure to detect variation in plasticity in the ‘sequential patch’ regime
was caused by low levels of between-individual variation in switch
delay: individuals may have been displaying consistent levels of
plasticity over time (low within-individual variation), but they did
not consistently differ from one another (Fig. 2). All individuals
appeared to switch quickly, as would be expected given experience
with the competitive regime as only individuals that switched
would receive food in the second period of the trial. Interestingly,
differences among the three original groups accounted for a signif-
icant portion of variation, suggesting that individuals may also
have been using social cues from one another about when to
switch. Similar among-group behavioural differences have been
found in other studies (Mathot et al. 2011) and might be expected
as sticklebacks are a schooling fish and behavioural synchrony
within social groups is often vital for species that rely on social
defenses against predation (Magurran & Pitcher 1987; Webster &
Hart 2006).
Although there is accumulating evidence that between-individual

variation in behavioural plasticity is common, we still know little
about the ecological factors contributing to its evolution. Our study
provides strong evidence that competition can play a key role in
promoting variation in behavioural plasticity. The field of animal
personality will continue to progress as more studies test the predic-
tions of models that articulate when and why we expect to observe
consistent individual differences in behaviour.
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