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In shaping how individuals explore their environment and interact with
others, personality may mediate both individual and social learning. Yet
increasing evidence indicates that personality expression is contingent on
social context, suggesting that group personality composition may be key
in determining how individuals learn about their environment. Here,
we used recovery latency following simulated predator attacks to identify
Trinidadian guppies (Poecilia reticulata) that acted in a consistently bold or
shy manner. We then employed network-based diffusion analysis to track
the spread of a novel foraging behaviour through groups containing
different proportions of bold and shy fish. Informed associates promoted
learning to a greater extent in bold individuals, but only within groups
composed predominately of bold fish. As the proportion of shy fish
within groups increased, bold individuals instead emerged as especially
effective demonstrators that facilitated learning in others. Individuals were
also more likely to learn overall within shy-dominated groups than in
bold-dominated ones. We demonstrate that whether and how individuals
learn is conditional on group personality composition, indicating that selec-
tion may favour traits enabling individuals to better match their behavioural
phenotype to their social environment.
1. Introduction
Evidence for consistent individual differences in behaviour (referred to as animal
personalities) suggests that animals will often show limited flexibility in how
they acquire and use ecologically relevant information [1,2]. Bolder (more risk-
prone) individuals may be more likely to directly sample the environment [3–6],
and thereby act as ‘information producers’ within groups [2,3,7]. Furthermore,
because boldness often correlates with leadership during collective movements
[3,7–9], these individuals may also be more likely to transmit acquired knowledge
tonaive followers.Conversely, risk-averse tendencies (i.e. shyness) havebeen linked
to increased social information use ([5,10]; though see [11,12]), possibly resulting
either from increased attraction [7,13–15] or responsiveness towards group mates
[9,16], or because these individuals weight social information more heavily [5,10].

Because reliance on social information enables individuals to avoid costs typi-
cally associated with exploration [17]—such as increased predation risk and
greater time and energy costs—this body of work suggests that the costs of learn-
ing may systematically differ between bold and shy phenotypes. Yet how
personality is expressed can be strongly dependent on the social environment
[2]. For example, both leadership effectiveness and risk-taking behaviour are con-
tingent not only on an individual’s own personality type, but on that of its group
mates [3,9,18,19], while collective outcomes may be shaped by the personality
traits of key individuals [20]. Accordingly, group personality composition
may determine the dominant pathways of information flow by influencing how
individuals interact with their environment and with one another.

Here, we evaluate this hypothesis by tracking the spread of a novel
foraging behaviour through groups of Trinidadian guppies (Poecilia reticulata)
that contained different proportions of bold and shy fish, where boldness
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was measured as the speed at which individuals resumed
activity following simulated predator attacks. We formed
groups composed primarily of either bold or shy individuals
or that contained an even mix of the two and presented
them with a novel foraging task. We then performed a
network-based diffusion analysis (NBDA) [21,22] to investi-
gate whether group personality composition influenced the
dominant social learning pathways operating within guppy
shoals and the relative importance of social versus individual
learning for acquiring the foraging task solution.
rnal/rspb
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2. Methods
(a) Study subjects
Trials were conducted September 2015–May 2016 using labora-
tory-reared descendants of wild-caught fish (Trinidad, 2003).
Fry were collected en masse from four 208 l stock tanks, each
containing several hundred fish, and haphazardly assigned to
48 rearing tanks (37.9 l). To ensure similar developmental
experiences (electronic supplementary material) and to control
for sex-based differences in shoaling behaviour and foraging
motivation [23,24], only females raised to maturity within the
rearing tanks were used in the experiment.

(b) Boldness assay
On day 1, an experimental trial was initiated by collecting 32
non-gravid females from separate rearing tanks and placing
them in 500 ml water in separate opaque containers. This
permitted individual identification during boldness assays
without requiring marking. On day 2, females were exposed indi-
vidually to a simulated aerial predator attack (design adapted from
[25]). Assays were carried out from 8 : 00 to 13 : 00. A female was
introduced into the assay tank (electronic supplementary material,
figure S1) and allowed 8 min acclimation. Immediately afterwards,
a cardboard piecewas released, allowing it to travel down amono-
filament line above the tank. As it passed beneath a light source, a
shadow swept across the tank, eliciting a startle response (erratic
dashes prior to freezing) in all guppies tested. Boldness was quan-
tified from video recordings as latency to resume movement,
defined as moving at least one body length from where that indi-
vidual froze. Individuals that did not move for 3 min were given
scores of 180 s. Afterwards, individuals were returned to their
holding container. Following every other assay, the water within
the tank was replaced completely. Individuals were tested again
on day 3, enabling repeatability of latency scores to be estimated.
Testing order was counterbalanced, such that each individual
was tested once as both the first and second fish following a
water change.

(c) Experimental procedure
Experimental groups were constructed on day 4. Individuals
with a mean latency to resume movement less than 40 s and
more than 60 s were labelled as bold and shy, respectively. In
addition, no single latency score was more than 50 s for bold
individuals, nor less than 50 s for shy ones. Subjects failing to
meet these criteria were returned to the stock tanks and not
used in the experiment. Our rationale behind these cut-offs was
to identify sets of individuals that consistently differed in risk-
taking behaviour. An experimental group was then constructed
with one of three compositions: bold-dominated groups (n = 12
groups) which contained eight bold and two shy fish; shy-
dominated groups (n = 12 groups) which were made up of
two bold and eight shy fish and mixed groups (n = 12 groups)
which contained five of each type. Individuals were
size-matched (≤3 mm standard length) within each group
(mean ± s.d.) standard length: 1.79 ± 0.11 cm). Mean (±s.d.) bold-
ness scores were 18.5 ± 8.9 s for bold fish (n = 179 individuals)
and 140.1 ± 31.3 s for shy fish (n = 180 individuals). See the
electronic supplementary material, figure S2 for distributions of
mean latency scores for all individuals tested (n = 853) and for
those in the experimental groups.

To permit individual identification, individuals were anaes-
thetized with buffered MS-222 and injected with two elastomer
tags (Northwest Marine Technologies, Inc.). Following this
procedure, groups were observed for 1 h. No mortalities occurred
during this time. Groups were then introduced into the test
arena (electronic supplementary material, figure S3): a black
rectangular tank (84 × 51 cm) containing black gravel substrate
(water depth: 7 cm). Water temperature was maintained at
26–27°C. Seventeen black plastic partitions (10 × 10 cm) were
arranged to break up sight lines within the arena. Trials were
recorded from above the arena. Black cloth around the arena
minimized external visual disturbance. One hour following
introduction, groups were fed flake food ad libitum; uneaten
food was removed 1 h later. Groups were then left within the
arena overnight.

Trials commenced at 13.00 on day 5. Groups were recorded
for 120 min to collect shoaling association data following
methods described in [26]. Briefly, focal individuals were ran-
domly selected and observed for 4 min. Every 10 s, we
recorded whether that individual was alone (no group mates
within four body lengths [27]) or shoaling. If the latter, the iden-
tity of its nearest neighbour was recorded (measured from the
centre of their heads). Focal individuals’ elective group size
[27] was also recorded every 60 s, where a group included all
individuals within four body lengths of at least one other
group member. After 4 min, a new focal was randomly selected
until all individuals had been observed in this way. This process
was repeated twice more to provide 72 nearest-neighbour and 12
elective group size observations per individual.

After 120 min, a novel foraging device was gently intro-
duced. This was a PVC tube (height: 8.6 cm; diameter: 8.9 cm)
with a plastic base and a hole (diameter: 2 cm) near the bottom
to permit entry. The cylinder was stocked with 32 freeze-dried
blood worms; these floated on the water’s surface and were
not visible from the outside. Groups were filmed for a further
20 min, during which we recorded individual latencies to enter
the device. Most individuals (285 out of 359) entered the
device at least once during this period. Following testing,
groups were returned to the stock tanks. One bold individual
in a bold-dominated group died prior to testing, meaning one
group of nine fish was included in the analysis; similar results
are obtained when this group is excluded from the analysis
(see the electronic supplementary material).

This 5 day procedure was carried out 27 times to generate the
36 experimental groups (it was occasionally possible to construct
and test two experimental groups simultaneously).

(d) Statistical analyses
(i) Repeatability of boldness
Repeatability of boldness scores was estimated using rptR in R
[28]. A generalized linear mixed-effects model (GLMM) with
a Poisson error distribution and log-link function was fitted
with boldness score as a dependent variable and individual
identity and testing cohort as random effects. In addition, an
observation-level random effect was included to account for
overdispersion. Repeatability was calculated from variance esti-
mates extracted from the individual identity random effect and
random error terms as described in [28]. Parametric bootstrap-
ping (104 simulated datasets) was used to obtain 95%
confidence intervals (CIs). Repeatability was estimated across
all females that underwent boldness assays, regardless of
whether they were used to form the experimental groups.
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Figure 1. Partitioning networks based on boldness. In the complete network (above), all connections are undirected and either reflect shoaling associations (proxi-
mity networks) or were set to 1 between all group members (group-membership networks). In order to assess whether the strength of social learning (s) varied
across different types of social connection, networks were partitioned into four sub-networks, each of which included only a particular type of social connection
(e.g. B→ S indicates connections from bold to shy individuals). Though connections were undirected in the complete network, connections in the sub-networks
were directed with strength equal to that of the undirected edge. This allowed for teasing apart how boldness impacts the transfer of social information versus its
reception. (Online version in colour.)
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(ii) Mean elective group size
Individuals’ mean elective group size was included as the
response variable in a linear mixed-effects (LMM) model fitted
with restricted maximum likelihood using lme4 in R [29]. As one
group contained only nine individuals, mean elective group sizes
were divided by the maximum elective group size possible. Expla-
natory variables included group composition (bold-dominated/
mixed/shy-dominated), individual personality (bold/shy), the
interaction between these terms and body length. Categorical
input variables were mean-centred, while body length was centred
within each group. Group identity was included as a random inter-
cept term. Inspection of residuals revealed no model specification
issues. Statistical significancewas assessed via likelihood ratio tests.

(iii) Solving probability and entry rate
We modelled individual probabilities of solving the foraging
task using a binomial GLMM fit with lme4 [29]. For those individ-
uals that solved the task, we further modelled the number of
times an individual entered the device by fitting a truncated
Poisson GLMM with glmmTMB [30], including as an offset the
time remaining in the trial once an individual was informed. The
same set of explanatory variables and random effects used in the
analysis of mean elective group size was considered here.
GLMMvalidation was carried out using DHARMA [31]. Statistical
significance was assessed via likelihood ratio tests.

(iv) Network-based diffusion analysis
We used NBDA to evaluate the relative strength of social influ-
ences on task solving rate and to identify the typical social
learning pathways within the experimental groups [21,22].
NBDA infers social learning if the rate at which naive individuals
acquire a behavioural innovation increases with connectedness
to informed individuals, taken here as those that entered the fora-
ging device. Specifically, we used a stratified order-of-acquisition
analysis [32], taking as data the order in which individuals
across all groups solved the foraging task and including all indi-
viduals in a single network with all between-group connections
set to 0. Treating the data in this way increases the power to
detect social learning while simultaneously requiring that fewer
assumptions be made about how learning rates change over time
(see the electronic supplementary material for more details).

We considered two social network types in the NBDA:
proximity networks and group-membership networks. Inclusion
of the proximity networks allowed us to evaluate whether social
learning rates were predicted by how often individuals were
observed as nearest-neighbours of one another. Alternately,
support for the group-membership networks (in which all group
members are equally connected) would indicate that social learn-
ing was not constrained by nearest-neighbour associations. For
details of how proximity networks were constructed, see the
electronic supplementary material.

The standard NBDA model takes only a single network
as input and so cannot infer whether social learning rates (esti-
mated by the parameter s) vary across different classes of social
connection. Here, we used a recently developed multiple-
network NBDA [33] that allows for partitioning a social network
into multiple pathways of information flow (see the electronic sup-
plementary material for details). Networks for each group were
deconstructed into four sub-networks (figure 1), each including
only a specific connection type (e.g. connections from bold
to shy fish, B→ S). We then considered the following ways
in which social learning rates may have differed across these
pathways: (i) social learning rates, s, did not depend on either
demonstrator or observer boldness: sB→B = sB→S = sS→B = sS→S;
(ii) demonstrators’ boldness influenced how effectively they
facilitated learning in others: (sB→B = sB→S)≠ (sS→B = sS→S);
(iii) observers’ boldness influenced their rates of social learning:
(sB→B = sS→B)≠ (sS→S = sB→S); and (iv) social learning rates
depended on both demonstrator and observer boldness: sB→B≠
sS→B≠ sS→S≠ sB→S. Following [32], we use demonstrator and obser-
ver to refer to informed and naive individuals respectively, without
assuminganyparticular social learningprocess.Note that although
the number of connections varied across sub-networks (e.g. within
a bold-dominated group, there are 16 B→ S and two S→ S con-
nections), NBDA estimates social transmission rates per unit of
network connection. For example, in the group-membership
networks, s is estimated per informed group member. As such, s
can be meaningfully compared across sub-networks, despite
mismatches in the number or strength of connections [22].
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NBDA also allows for inclusion of individual-level variables
(ILVs) that can modify asocial and/or social learning rates
[22,32]. We included group composition (bold-dominated/
mixed/shy-dominated), individual personality (bold/shy) and
body length (continuous; mean-centred within groups) as ILVs
that could modify asocial learning rates. We further considered
the influence of body length on social learning rates; potential
impacts of group composition and individual personality on
social learning were captured through constraints on s.

We employed an information-theoretic approach [34], fitting
all possible models (electronic supplementary material, table S1)
and using Akaike’s information criterion corrected for sample
size (AICc) to obtain Akaike weights (wi) for each model [34].
The overall support for each network type, social learning path-
way and ILV was obtained by summing Akaike weights, Σwi,
across all relevant models. Model-averaging [34] was conducted
across all models that incorporated the group-membership
network, owing to the strong support it received. Profile likeli-
hood techniques were used to obtain CIs for s, as these tend to
be highly asymmetric [22,35]. Model-averaged 95% CIs were
obtained across those models that included the best-supported
network and social learning pathway (electronic supplementary
material, table S1). Model-averaged estimates for differences in
social transmission rates were also conditional on this model
subset. For ILVs, 95% Wald CIs were constructed using uncondi-
tional standard errors [34]. The estimated percentage of learning
events attributable to social learning were obtained as described
in [36]. The NBDAwas conducted in R using the NBDA package
v.0.9.4 [37].
3. Results
Across all groups, 285 out of 359 individuals solved the task by
entering the device. There were 78 solvers in bold-dominated
groups (mean solvers group−1 = 6.5; range = 0–10), 96 solvers
in mixed groups (mean solvers group−1 = 8; range = 0–10)
and 111 solvers in shy-dominated groups (mean solvers
group−1 = 9.25; range = 8–10) (figure 2). Bold individuals
were not disproportionately likely to be the first to solve the
task: among groups that solved the task, the initial solver
was bold in 8 out of 11 bold-dominated groups, 7 out of 11
mixed groups and 2 out of 12 shy-dominated groups. The
median (interquartile range) gap between consecutive solving
events was 15.95 s (5.14–59.56 s; n = 67) in bold-dominated
groups, 15.1 s (4.19–53.39 s; n = 85) in mixed groups and
27.44 s (5.69–70.51 s; n = 99) in shy-dominated groups. Feeding
strikes were observed for nearly all individuals that entered the
device (283 individuals). Of those individuals, 93%began feed-
ing during their first entry (mean ± s.d. latency from initial
entry to first feeding strike: bold individuals: 11.1 ± 24.4 s,
n = 134; shy individuals: 14.4 ± 37.4 s, n = 149).

(a) Repeatability of boldness
Boldness scores were repeatable across consecutive days
(n = 853, link-scale: R (95% CI) = 0.33 (0.27, 0.39); original-
scale: R (95% CI) = 0.21 (0.17, 0.26); electronic supplementary
material, table S2). Furthermore, a pilot study established that
scores were repeatable over a 5 day period (electronic sup-
plementary material, table S2), suggesting that individual
differences in risk-taking remained consistent during trials.
Within the experimental groups, there was evidence of a
weak positive relationship between body size and mean bold-
ness score—i.e. smaller fish tended to be bolder (Pearson’s
r = 0.10, p = 0.06, n = 359).
(b) Mean elective group size
Therewas little evidence that individuals’mean elective group
size depended on group composition (χ22 = 2.38, p = 0.30), body
length (x21 ¼ 0:68, p = 0.41), nor on an interaction between
group composition and individual personality (x22 ¼ 2:01,
p = 0.37). There was at best a weak relationship between
personality type and mean elective group size (x21 ¼ 3:39,
p = 0.07): shy individuals occupied groups 1.06× larger on aver-
age than those occupied by bold fish. See the electronic
supplementary material, table S3 for parameter estimates.
(c) Solving probability and entry rate
We did not detect statistically significant effects of body length
(x21 ¼ 0:31, p = 0.58), personality type (x21 ¼ 1:83, p = 0.18), nor
an interaction between group composition and personality
(x22 ¼ 1:62, p = 0.45) on individuals’ overall likelihood of sol-
ving the foraging task (whether via individual or social
learning). Solving probability varied across different group
compositions (x22 ¼ 7:37, p = 0.03). Individuals were most
likely to solve the task within shy-dominated groups and
least likely within bold-dominated ones (task solving prob-
ability (95% CI): bold-dominated: 0.69 (0.41, 0.88); mixed: 0.90
(0.71, 0.97); shy-dominated: 0.97 (0.88, 0.99)). See the electronic
supplementary material, table S4 for parameter estimates.

Informed individuals entered the device 0.62 times min−1

(s.d. = 1.1) on average, although substantial variation was
present within and across groups (electronic supplementary
material, figure S3). There was little evidence that the number
of times an individual entered the device varied as a function
of group composition (x22 ¼ 0:36, p = 0.84) or its interaction
with personality (x22 ¼ 1:59, p = 0.45). However, there was
weak evidence linking more frequent entry with increasing
body length (x21 ¼ 3:49, p = 0.06) and a bold personality type
(x21 ¼ 3:15, p = 0.08). See the electronic supplementarymaterial,
table S5 for parameter estimates.
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(d) Network-based diffusion analysis
The NBDA indicated overwhelming support for knowledge-
able group members increasing the rate at which naive
individuals solved the foraging task (models with social
effects: Σwi > 0.999), providing clear evidence of social learn-
ing [32]. Rather than solving events occurring at regularly
spaced intervals (as would be expected in the absence of
social influences), diffusion curves reveal that group mem-
bers tended to solve in collective bursts (figure 3). There
was little evidence that the spread of the task solution fol-
lowed the proximity networks (Σwi = 0.001). Rather, there
was strong support for the group-membership networks
(Σwi = 0.999), in which all group members were connected
by ties of equal strength, indicating that social information
flow was not constrained by nearest-neighbour preferences.

Social learning pathways were shaped by individual per-
sonality, contingent on group composition (table 1). Within
bold-dominated groups, the majority of evidence (Σwi = 0.56;
table 1) favoured models in which an individual’s social learn-
ing rate depended on its boldness. Specifically, informed
individuals promoted learning in bold groupmates to a greater
degree than in shy ones (table 2), with the model-averaged
difference (sB/S→B – sB/S→S) estimated at 1.36 (95% CI: 0.08,
3.07). Put another way, the addition of a single informed indi-
vidual meant that a bold fish of average lengthwas expected to
solve the task 3.4–3.7× sooner than before, whereas a shy indi-
vidual was expected to solve the task only 2.3–2.5× sooner
(table 2). Conversely, within mixed and shy-dominated
groups, models in which social learning rates depended on
the risk-taking tendency of informed demonstrators instead
received the most support (mixed groups: Σwi = 0.40; shy
groups: Σwi = 0.53; table 1). Moreover, the best-supported
models constrained social learning rates to be equal across
mixed and shy-dominated groups. Together, these findings
indicate that the dynamics of information flow were similar
within mixed and shy-dominated groups, with bold demon-
strators more strongly accelerating the rate at which other
group members solved the task than shy demonstrators
(model-averaged difference: sB→B/S– sS→B/S = 2.49; 95% CI:
0.29, 5.89). However, models of undifferentiated social learning
received nearly as much support withinmixed groups as those
in which s varied according to demonstrator boldness (table 1).

The NBDA did not detect differences in the rate of individ-
ual learning across different group compositions (Σwi = 0.189;
table 3), nor between bold and shy individuals (Σwi = 0.267;
table 3). Although group composition shaped the predominant
pathways of social learning, it did not impact the relative impor-
tance of individual versus social learning at the group level. Of
the 78 solving events in bold-dominated groups, the NBDA
estimated that 25.9% (95% CI: 21.4–33.6%) occurred indepen-
dently of any social influences. Likewise, of the 96 solves in
mixed groups and 111 solves in shy-dominated groups, 17.9%
(95% CI: 10.3–28.9%) and 19.2% (95% CI: 11.2–30.8%), respect-
ively, were attributed to individual learning alone. In other
words, the NBDA predicts that most individuals solved the
foraging task at least partly through social learning.
4. Discussion
Variation in personality has previously been linked to differ-
ences in how individuals acquire and use information
[4,5,10,11], but how personality is expressed frequently
depends on the social environment [2,18,19]. Using NBDA,
we found that individual variation in boldness impacted how
social information spread within guppy shoals, but these
effects varied across different group compositions. Specifically,
as the proportion of shy group members increased, bold indi-
viduals transitioned from being the primary users of social
information to those mainly responsible for promoting its
spread. In addition, group personality composition influenced
the overall probability that individuals would learn how to
exploit a novel foraging opportunity. Taken together, these
findings suggest that group personality composition may be
a key factor in determining whether and how individuals
acquire information relevant for adaptive decision-making.

Consistent with previous work in bird flocks and fish
shoals [3,7], we found that under certain circumstances,
informed bold individuals facilitated learning in others.
However, this effect was observed only within mixed and
shy-dominated groups, suggesting that a certain number of
risk-averse group mates needed to be present before bold
individuals emerged as effective demonstrators. Within
groups containing relatively few shy individuals, boldness
was instead associated with higher social learning rates,
potentially reflecting a greater likelihood of interacting with
the device once other group mates had begun to do so [11].
These results indicate that the dominant pathways of social
learning shifted according to the ratio of risk-prone to risk-
averse group members. Indeed, although the top-ranked
models suggest that similar social learning pathways oper-
ated within mixed and shy-dominated groups, the overall
support for personality-based differences in observer learn-
ing rates and demonstrator effectiveness in mixed groups
was intermediate between bold- and shy-dominated groups
(table 1). This may also explain the relatively strong support
for undifferentiated social learning in mixed groups
(table 1)—i.e. increased effectiveness of bold demonstrators
may have been partly offset by bold observers retaining an
elevated social learning rate within mixed groups, relative
to shy observers (table 2). Social learning is thought to be



Table 1. Total strength of support (Σwi) for alternative social learning pathways operating within the experimental groups, contingent on group personality
composition. (Undifferentiated social learning refers to a scenario in which social learning rates (s) do not depend on the boldness of either demonstrator or
observer (sB→B = sB→S = sS→B = sS→S). Alternately, s may depend on demonstrator boldness, (sB→B = sB→S)≠ (sS→B = sS→S); observer boldness, (sB→B =
sS→B)≠ (sS→S = sB→S) or the boldness of both demonstrator and observer, sB→B≠ sS→B≠ sS→S≠ sB→S.)

social learning pathway bold-dominated mixed shy-dominated

undifferentiated social learning 0.194 0.358 0.233

s depends on demonstrator boldness 0.084 0.397 0.525

s depends on observer boldness 0.556 0.156 0.11

s depends on demonstrator and observer 0.165 0.089 0.132

Table 2. Social transmission rates (95% CI) across different group compositions. (The parameter s provides the rate at which an individual acquires information
per unit of network connection, relative to the average asocial learning rate (set here as the learning rate for a shy individual of average body length in a bold-
dominated group) [22]. Model-averaged 95% CIs were obtained using profile likelihood techniques [35] across all models that included the group-membership
networks and best-supported social learning pathway (indicated in bold in the electronic supplementary material, table S1). This pathway constrained certain s
parameters and their associated CIs to be equal (e.g. across mixed and shy-dominated groups).)

social connection bold-dominated mixed shy-dominated

sB→B 2.35 (1.37, 4.68) 4.63 (2.88, 9.76) 5.28 (2.88, 9.76)

sB→S 1.47 (0.35, 2.85) 4.55 (2.88, 9.76) 4.79 (2.88, 9.76)

sS→S 1.33 (0.35, 2.85) 3.48 (1.47, 5.22) 2.86 (1.47, 5.22)

sS→B 2.70 (1.37, 4.68) 3.67 (1.47, 5.22) 3.01 (1.47, 5.22)

Table 3. Strength of support and parameter estimates for individual-level variables (ILVs). (ILVs modify either the baseline learning rate (asocial effect) or social
learning (social effect). ILV estimates provide the linear effect on the log scale: e.g. bold individuals had an asocial learning rate exp(0.02) = 1.02× that of shy
individuals. Unconditional standard errors were used to construct 95% Wald CIs for ILVs [34].)

individual-level variable support (Σwi) model-averaged estimate (95% CI)

mixed group membership: asocial effect 0.189 −0.04 (−0.16, 0.09)
shy-dominated group membership: asocial effect 0.189 0.05 (−0.11, 0.22)
bold personality: asocial effect 0.267 0.02 (−0.09, 0.13)
body length (cm): asocial effect 0.288 −0.34 (−3.65, 2.97)
body length (cm): social effect 0.292 −0.15 (−0.75, 0.45)

royalsocietypublishing.org/journal/rspb
Proc.R.Soc.B

287:20201871

6

advantageous in that it allows individuals to forgo the
greater costs typically associated with individual exploration
[17,32]. Accordingly, by determining the typical pathways of
social learning, group personality composition may also
govern the costs of acquiring information for different
behavioural phenotypes.

The greater effectiveness of bold demonstrators in mixed
and shy-dominated groups may have resulted from bold fish
generating more opportunities for social learning by interact-
ing with the device more often [4,38]. Although there was no
indication that bold fish were more likely to solve the task
than shy individuals, they tended to enter the device more
frequently once they were informed (though evidence for
this latter effect was fairly weak). Alternately, bold individ-
uals may have facilitated information transfer through more
effective leadership, potentially enabled by stronger social
attractive tendencies in shy individuals [7–9,13–16]. Although
there was only a weak relationship at best between shyness
and grouping tendencies, group sizes were recorded prior
to the device’s introduction. If interacting with the novel
device was perceived as potentially risky, this may have pro-
moted more cohesive shoaling behaviour [8], particularly in
more risk-averse individuals.

Despite previous work linking boldness to increased
reliance on individual exploration [3–6], the NBDA did not
detect a difference in the rate of individual learning between
bold and shy fish, nor did individual learning account for
substantially more solving events in bold-dominated groups
relative to mixed or shy-dominated ones. Within the group
sizes used here, latencies to approach and interact with
the devicemay have beendeterminedmore by collective behav-
iour than individual risk-taking tendencies [6,8]. For example,
boldness determines how rapidly sticklebacks (Gasterosteus
aculeatus) approach feeding sites when alone, whereas within
groups of 10, approach latency is governed by consensus
decision-making [8]. Nonetheless, the probability of solving
the task (through either individual or social learning) increased
with the proportion of risk-averse group mates. If shy
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individuals were more likely to form larger or more cohesive
shoals in response to the device’s introduction, such conditions
could enable reduced investment in threat-sensitive behaviours
(e.g. vigilance and refuging), a concomitant increase in activity
and exploration [2], and ultimately increase the likelihood of
solving the task. The extent to which variation in personality
composition may alter collective responses to environmental
challenges is an interesting area for further work.

In principle, our findings might be explained by bolder
individuals entering the device first, with apparent differences
across group compositions in the pathways of information
flow simply reflecting the availability of potential learners.
Put another way, rather than bolder individuals being
more effective demonstrators in shy-dominated groups, it
may be that they simply happened to enter the device first,
such that subsequent solving events are largely consistent
with social transmission from bold to shy individuals.
However, our data do not support this interpretation for sev-
eral reasons. The NBDA found no evidence that bolder
individuals solved the task more rapidly through asocial
means, nor were bold individuals disproportionately likely to
be the first in a group to solve the task. Furthermore, there
was little evidence that the overall likelihood of solving the
task differed between bold and shy individuals. Instead, the
results of the NBDA are more consistent with personality-
based differences in social responses that shifted according to
group personality composition.

In summary, both the likelihood of acquiring novel fora-
ging information and the typical social learning pathways
operating within guppy shoals depended on the ratio of risk-
prone to risk-averse group members. By directing the spread
of social information, group personality composition may
alter the costs of learning, contingent on individual phenotype,
suggesting that individuals may enhance their fitness by
associating with groupmates whose personalities complement
their own [2]. Determining whether such effects may drive
evolutionary responses—e.g. in grouping mechanisms, behav-
ioural plasticity or social influence—remains a key next step
[39]. Finally, it is important to note that we manipulated
group composition solely in terms of risk-taking tendency,
whereas in reality, groups vary along multiple behavioural
axes [1,40]. By enabling fine-scale, multidimensional character-
ization of individual- and group-level behavioural variation,
advances in high-resolution tracking offer a promising means
to better capture this reality and elucidate the functional
consequences of group personality composition.
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