
ORIGINAL PAPER

Space-use and sociability are not related to public-information
use in ninespine sticklebacks

M. M. Webster1 & K. N. Laland1

Received: 30 July 2014 /Revised: 9 March 2015 /Accepted: 9 March 2015
# Springer-Verlag Berlin Heidelberg 2015

Abstract There has been much recent interest in both public
information use, and the evolutionary origins and ecological
consequences of animal personalities but surprisingly little
integration of these two fields. Personality traits may impact
upon the extent to which individuals respond to public infor-
mation in a number of different ways. As a first step towards
addressing some of these questions, in this study, we asked
whether personality traits predicted public information use in
ninespine sticklebacks (Pungitius pungitius). Over a 33-day
period, subjects were scored twice for a number of behaviour-
al traits, including measures of activity, exploration and
shoaling tendency, and were exposed multiple times to a pub-
lic information use foraging task, in which they were required
to select the richer of two prey patches based upon the forag-
ing success of two demonstrator groups. The repeatable (r=
0.38–0.58) behavioural traits were reduced to two principle
components describing space use and sociability. Neither of
these was found to be related to either of two measures of
public information use. While the personality traits that we
considered did not co-vary with public information use in this
species, they may well indirectly affect opportunity for expo-
sure to public information, and this is an obvious avenue for
further research.

Keywords Behavioural syndrome . Bold-shy . Innovation .

Producer-scrounger . Social learning strategies . Temperament

Introduction

Animals can acquire public information about their surround-
ings through observing or interacting with other individuals
(Heyes 1994; Hoppitt and Laland 2008). The use of public
information, and social learning, has been described in many
animal species representing a diverse range of taxa (Avital and
Jablonka 2000; Leadbeater and Chittka 2007; Hoppitt and
Laland 2013). It is thought that such behaviour may benefit
animals by allowing them to minimise the costs associated
with sampling the environment, enabling them to acquire in-
formation about the distribution and nature of resources, trav-
elling routes, mates, competitors or threats efficiently (Heyes
and Galef 1996; Galef and Giraldeau 2001; Valone and
Templeton 2002; Danchin et al. 2004; Dall et al. 2005; Valone
2007).

Given the apparent adaptive advantages of social learning,
there is currently significant research interest in the costs and
benefits of public information use and the conditions that de-
termine when individuals should copy the behaviour of others
(Laland 2004; Laland et al. 2011; Rendell et al. 2011; Rieucau
and Giraldeau 2011; Hoppitt and Laland 2013). While the
majority of these studies have considered only the effects of
external conditions, such as those pertaining to the physical
and social environment perceived by the individual, a number
of researchers have begun to investigate the role of individual
behavioural variation, including personality traits, in deter-
mining individual’s propensity to use public information
(Nomakuchi et al. 2009; David et al. 2011; Webster and Ward
2011; Aplin et al. 2013; Jolles et al. 2013). Personality refers
to stability or consistency in the expression of one or more
behavioural traits over a given time period. Much as for social
learning, personality traits have been described in a diverse
range of different species, and their evolutionary origins and
their fitness consequences are currently receiving a great deal
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of interest from researchers (Wilson et al. 1994; Wilson 1998;
Gosling and John 1999; Sih et al. 2004a, b; Réale et al. 2007;
Sih and Bell 2008; Bell et al. 2009; Conrad et al. 2011).

Broadly speaking, personality might affect public informa-
tion use in two ways. First, personality traits might affect the
opportunity to acquire public information. Most obviously,
more sociable individuals, who spend more time with their
group mates, or which interact widely with many individuals,
may be more likely to be exposed to public information than
individuals which do not frequently spend time near or
interacting with others (Sih and Bell 2008). Other personality
traits, such as activity levels or tendency to explore, might also
affect exposure to public information, by influencing the like-
lihood that individuals will encounter others as they move
through the environment. Second, personality traits might pre-
dict the use of public information once the animal is exposed
to it. Though the mechanisms linking personality traits and
tendency to use public information are not clear, such effects
have been documented in some species. In great tits (Parus
major) for example, individuals that were independently
categorised as ‘faster explorers’ were found to be more likely
to visit feeders where they saw conspecifics feeding compared
to ‘slower explorers’, suggesting a link between exploration
and scrounging behaviour (Marchetti and Drent 2000). In bar-
nacle geese (Branta leucopsis), neophobia was seen to be
related to scrounging behaviour, with more neophobic indi-
viduals being more likely than less neophobic conspecifics to
scrounge the food discoveries of others (Kurvers et al. 2010a).
Individual neophobia measures were also found to be posi-
tively correlated with social information use under binary
choice conditions in this species (Kurvers et al. 2010b).

In the current study, we focused upon the second of these
two ideas that personality traits might be related to the use of
public information. Focussing upon ninespine sticklebacks
(Pungitius pungitius), we specifically sought to determine
whether public information use about foraging patches, assayed
multiple times for each individual, was related to individual
behavioural variation in other contexts under conditions in
which all individuals had equal exposure to public information
cues. We focussed upon four behavioural measures: activity,
thigmotaxis (a measure of cover use), a measure of exploration
rate and time spent grouping with conspecifics. These behav-
ioural measures were selected because, together, they allow us
to quantify how the animals move through space and, by ex-
tension, how likely they are to encounter resources and other
conspecifics. We used the ninespine stickleback, an emerging
model organism in behavioural ecology and evolution (Merilä
2013), because they are facultatively social and are known to
use public information when foraging (Laland et al. 2011;Web-
ster and Laland 2011, 2012, 2013). Furthermore, this species
has been used as a study system for exploring inter- and intra-
population variation in personality traits (Herczeg et al. 2009;
Webster et al. 2009).

We made no explicit predictions as to how these behav-
iours might be related to public information use, instead fo-
cussing on two broad aims. Our first aim was to identify any
correlations between public information use and person-
ality traits that might form the basis for future research
into potential social foraging strategies used by animals.
Our second aim was to identify relationships between
personality traits and the weighting given to different
sources of information—here more recently available
public information versus earlier-acquired private infor-
mation—when the two conflict with one another. To
achieve this, we tested one set of subjects that were
naïve to the distribution of resources in the public-
information test, and another set of experienced sub-
jects, that had pre-existing information about the distri-
bution of resources that conflicted with the public infor-
mation that they received in the public-information test.
These aims fall within our broader interest in social
foraging and the conditions which influence how ani-
mals use public information.

Methods

Subjects

Ninespine sticklebacks were collected from Melton Brook,
Leicestershire, UK (52° 39′ 43″ N, 1° 06′ 49″ W) in August
2011 (pilot study and the first four of six batches tested in the
experiment proper) and again in August 2012 (the final two
batches). In the laboratory, they were initially held in groups
of 30 in 90-L aquaria. Each aquarium contained a layer of
coarse sand, an external filter and artificial vegetation for cov-
er. The light/dark regime was held at 12:12 h, and the temper-
ature was maintained at 8 °C. The fish were fed daily with
frozen bloodworms.

Sixty fish were used as test subjects, and around 80 more
were used as demonstrators or stimulus fish in the experiments
described below. A further 40 fish were used in a pilot study,
also described below. Testing took place between September
2011 and November 2012. Neither test subjects nor stimulus
fish were sexed, and no fish were tested while in reproductive
state. Reproductive state can be inferred from the presence of
nuptial colouration in males and the presence of an egg mass
in females. Previous research has shown that gravid females
and reproductive males differ from one another and from non-
reproductives in their use of public information, while non-
reproductive males and females do not differ in this regard
(Webster and Laland 2011). In the closely related threespine
stickleback (Gasterosteus aculeatus), no sex differences in
boldness, sociality or social-exploratory behaviour were de-
tected between non-reproductive males and females (Ward
et al. 2004).
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General methods

For each of 60 ninespine sticklebacks, we quantified PI use on
three occasions, and shoaling and (within the same assay)
activity, thigmotaxis and exploration on two occasions each.
The PI use, sociability and activity, thigmotaxis and explora-
tion assays are described in detail in the subsections below. Of
the 60 test subjects, 30 were given prior experience (‘pre-
training’) of finding food in only one of two artificial feeder
units. In the subsequent PI-use assays, they were given con-
flicting public information, in that the feeder to which they
had been trained to expect food was manipulated so as to yield
less food than it yielded in the PI-use assay, whilst the other
(hitherto unproductive) feeder was demonstrated to be the
richer of the two. The other 30 fish were fed from both feeders,
with one feeder randomly selected to yield food on each day
(‘sham-training’). Following pre-training/sham training, the
two treatment groups are referred to as experienced and naïve.
More details of these training procedures are given below.

Fish were tested according to the schedule in Table 1. Test
subjects were selected at random from the housing tanks.
They were trained and tested in six batches of ten fish each,
with five fish receiving pre-training and five sham training
within each batch. Test subjects were randomly allocated to
the pre- and sham-training conditions. Test subjects were first
weighed with digital scales to the nearest 0.01 g (blotted mass)
and measured using callipers to the nearest 0.1 mm. We used
fish measuring 34.7 to 47.5 mm in standard length. Condition
factor (1000×(mass/length3) was included as covariates in the
statistical analyses described below. Weighing and measuring
took place 24 h after feeding. Each fish was then housed alone
in a 45-L aquarium. Each aquarium contained a gravel sub-
strate and plastic plants and was attached to its own external
filter. Two feeder units were also present, in the left and right
corners along the longer axis of each aquarium. These were
placed opposite the filter inlet, which was located in the centre
of the facing wall. The feeder units were used for prey

delivery, as described below, in the pre-training/sham-training
subsection. Each aquarium was visually and chemically iso-
lated from the others. Ninespine sticklebacks are facultatively
social, and being housed alone is not likely to be a major
stressor. While housed under these conditions, they were fed
five bloodworms per day each. They were never fed less than
24 h prior to being tested. On test days, they were fed around
1 h after testing. One the final day of the testing period, they
were measured and weighed again (prior to being fed). This
allowed us to quantify growth and any change in body condi-
tion over the duration of the study period. There were no
differences in body mass or condition factor between fish
assigned to the naïve and experienced treatment groups at
the start of the experiment (one-way ANOVAs, log10 trans-
formed mass, F(1, 59)=0.60, P=0.44; condition factor, F(1,

59)=1.79, P=0.19). Condition factor did not change signifi-
cantly over the course of the study (paired samples t test, t=
−1.36, df=59, P=0.83), and the degree of change did not
differ between the two treatment groups (one-way ANOVA,
F(1, 59)=0.01, P=0.96).

The test schedule in Table 1 contains some randomisation
of testing orders but is not fully randomised. This is because
we wished to standardise the time between pre- or sham-
training and the three PI-use tests, so that all the subjects were
tested at the same time following training exposure. Similarly,
we wished to maintain a 2-week timespan between the first
and second sociability and activity, thigmotaxis and explora-
tion tests. For each individual then, the timing of the first
sociability assay was randomly allocated to days 15 or 18 of
the testing period, with the first activity, thigmotaxis and ex-
ploration assay occurring on the other day. The second of each
of these assays took place 14 days later. All assays took place
between 10.00 and 16.00 on the day of testing, with
randomised individual test ordering.

Public-information use assay: pre-training
and sham-training

As described above, half of the test subjects were given pri-
vate information about the location of the prey patch, via a
period of pre-training. In the test proper, they were then given
conflicting public information. The other half of the test sub-
jects were given no consistent private information.

Test subjects housed in their individual holding aquaria
were fed once per day via one of the two feeder units located
in the corners of the aquarium. The feeder units consisted of a
4×4-cm base, 30-cm tall tower, constructed from opaque
white plastic. The base of the feeder stopped 1 cm short of
the substrate, allowing the fish to eat the prey once it had
reached the bottom of the feeder. The fish received a daily
food ration of five bloodworms each, as described above. Fish
in the pre-training treatment group always received their food
via the same feeder unit, left or right. The filter inlet, located

Table 1 Test schedule

Day Treatment

1 First weighing and measuring, assigned
to individual housing aquarium

1–14 Pre-training/sham training

15 Sociability assay I/space use assay I

18 Sociability assay I/space use assay I

22 PI-use assay I

24 PI-use assay II

26 PI-use assay III

29 Sociability assay II/space use assay II

32 Sociability assay II/space use assay II

33 Final weighing and measuring
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centrally on the facing wall provided a reference landmark. The
feeder which yielded the food was randomly predetermined for
each fish. For those fish in the sham-training treatment group,
the feeder unit which yielded the prey was selected at random
each day. We used feeder location (left or right) rather than
feeder characteristics (such as colour) as the focus of training
and public information, because previous research has revealed
that it is the location of a feature, and not its physical charac-
teristics that forms the basis of learning via public information
and local enhancement in this species (Webster and Laland
2013). The pre- and sham-training feeding regimes were con-
tinued up until the end of the study, even after the public infor-
mation trials had been completed.

In order to determine the efficacy of the pre-training proto-
col, we first ran a pilot study. Twenty randomly selected fish
were subjected to pre-training for 14 days, using the procedure
described above, and a further 20 received sham-training. In
the pre-training treatment group, ten fish were trained to ex-
pect food from the left feeder only and ten from the right
feeder only. Following this, the fish were tested for feeder
preference under binary choice conditions. They were tested
in an aquarium identical to the one that they had previously
been housed in, including two identical feeder units in the
corners and an attached filter unit to prove a landmark refer-
ence. The filter was switched off for the duration of the trial.
No prey was present in the testing arena at any point during
the trial. They were placed within a holding unit, a tower of
clear, colourless perforated Perspex measuring 10×10 cm×
25 cm tall. It was attached via a monofilament line to a
15 cm long arm clamped to the top of the observer arena,
allowing the holding unit to be raised by the experimenter.
The holding unit was placed 5 cm from the side wall of the
aquarium and half way between the end walls where the feed-
er units were located. The fish was held for 10 min in order to
acclimatise, before the holding unit was raised 10 cm, releas-
ing the fish and beginning the trial. The trial lasted for 3 min.
We point sampled the location of the fish every 6 s, noting
whether or not it was within 8 cm of either end of the test tank.
This pilot experiment, reported in the results section, revealed
that fish pre-trained to the left or the right feeder showed a
preference for the feeder on that side. In contrast, the fish in
the sham-training treatment showed no such preference. The
fish used in this pilot experiment played no further part in the
remainder of the study.

Behavioural assays

Public-information use assay

Test arena PI use was tested using a binary choice test tank
comprising a main observer arena, set between two demon-
strator chambers (Fig. 1a). Each demonstrator chamber
contained three conspecific demonstrators and a feeder unit.

The feeder units released food at different rates and were de-
signed so that the observer could see the demonstrators’ feeding
behaviour but could not see or otherwise detect the food itself.
The observer was therefore able to estimate patch quality only
indirectly, by using public information generated by the feeding
demonstrators. Following a demonstration period, opaque bar-
riers were placed between the observer arena and the demon-
strator chambers, and the observer was released and allowed to
move about the observer arena. A goal zone was present at each
end of the arena, adjacent to either demonstrator chamber. The
amount of time the observer spent in each goal zone was taken
as a measure of its preference for that goal zone. A preference
for the zone adjacent to the rich patch is taken as a measure of
public-information-mediated patch choice.

We used a glass tank (45×30×30 cm, water depth 12 cm)
as the observer arena. At either end of the observer arena, we
placed a colourless Perspex demonstrator chamber (27×15×
12 cm, water depth 12 cm). These were placed 0.5 cm from
the ends of the observer chamber. Each of the three tanks
contained a 1 cm deep layer of coarse sand. Within the ob-
server arena, yellow plastic bars, 1 cm wide and 1 cm deep,
secured to the base of the tank and rising to the surface of the
sand divided the tank into three zones. These were set 8 cm
from either end of the observer arena. The two areas between
the end of the tank and the bars were designated the prey patch
goal zones. An external hanging filter was attached to the wall
of the central tank, so as to match the layout of the holding
tanks in which the test subjects were housed during their pre-
training or sham training. The filter was not switched on dur-
ing the trials, but the filter inlet provided a landmark which
may have further aided pre-trained fish to orientate between
the left and right feeders.

Within each of the demonstrator tanks, we placed a feeder
unit. The feeder unit consisted of a 4×4-cm base, 30-cm tall
tower. The feeder units were placed in the corner of the dem-
onstrator chamber furthest from the observer arena. The front
wall of the feeder unit, facing the demonstrators, was trans-
parent so that they could see the prey as it was delivered. The
rear wall was white to maximise the visibility of the prey. The
side walls were opaque, so that the observer in the central tank
could not see the prey. Demonstrators were unable to reach the
prey until it sank to the bottom of the feeder but were able to
attack it as it fell. The front wall of the feeder stopped 1 cm
short of the floor of the tank, allowing the demonstrators to eat
the prey once it had reached the bottom of the feeder. Prey
deliveries consisted of two 3 mm long pieces of thawed frozen
bloodworm. These were small enough to be consumed with
minimal handling by the demonstrators, ensuring that the ob-
serving focal fish could see the feeding behaviour of the dem-
onstrators, but not the prey itself. Screening on the outside of
the test tank prevented the fish from seeing the experimenter
as the prey was added. Housing the demonstrators in water-
tight chambers ensured that no chemical cues originating from
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the prey were available to observer, since these may provide
direct information about feeder location and prey density
(Webster et al. 2007a). This ensured that observer could only
base their patch choices upon visual cues received during the
demonstration phase. No prey was present in the central arena
at any point during the trial.

Within the observer arena, the observer was held within a
holding unit for the duration of the settling period and dem-
onstration phase. The holding unit consisted of a tower of
clear, colourless perforated Perspex measuring 10×10 cm×
15 cm tall. It was attached via a monofilament line to a
15 cm long arm clamped to the top of the observer arena,
allowing the holding unit to be raised by the experimenter.
The holding unit was placed 5 cm from the side wall of the
observer arena, opposite the wall with the filter inlet attached,
and half way between the end walls that faced the demonstra-
tor chambers.

We used two opaque black plastic screens measuring 30×
30 cm square×3 mm thick to separate the observer arena from
the demonstrator chambers during the choice phase of the
trial. These were designed so that they could be simultaneous-
ly slid into place between the tanks without causing any vi-
bration that might stress the observer. The exterior walls of
both the observer arena and demonstrator chambers were
screened in black plastic. Trials were recorded via a webcam
fixed 90 cm above the tank.

The demonstrators measured between 40 and 45 mm in
length. Due to limitations in the numbers of available fish of
this size range, the demonstrators were drawn from a pool of
around 80 fish. No demonstrator was used more than once in
any 3-day period. Observers were only tested once, and no
observers were subsequently used as demonstrators, or vice
versa. We did not use demonstrators that had previously been
housed with the test subjects, in order to remove any potential

(a)

(b) (i) (ii)

(c)

Fig. 1 Plan views of the
experimental arenas used to
quantify a public information use,
b measures of space use and c
shoaling behaviour. Solid black
lines represent opaque surfaces
and broken black lines represent
colourless transparent surfaces.
The solid grey lines in a and b
represent the public information
use goal zones and the different
zones of the arena used to
quantify movement respectively.
These were level with the
substrate surface and did not
impede fish movement. The grey
squares in a represent the feeder
units and the large grey rectangle
represents the filter unit. The
circles in b represent landmark
features. b (i and ii) represents the
two landmark configurations used
in the successive space use
assays. The hatched areas in c
represent the zones in which fish
were deemed to be shoaling. See
main text for full details and
procedures
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effects of familiarity (Ward and Hart 2003; Griffiths andWard
2011).

Test procedure The demonstrators and focal fish were de-
prived of food for 24 h before testing in order to ensure that
they were motivated to feed. Three randomly selected demon-
strators were added to each demonstrator chamber and
allowed to settle for 10 min before the focal fish was added
to the central holding unit and allowed to settle for a further
10 min. The demonstration phase lasted for 6 min and ran as
follows. At the beginning of the first, third and fifth minute of

the trial, prey suspended in 1 cm3 of tank water were added to
the feeder in the designated rich patch, using a pipette. During
the first and thirdminutes of the trial, the poor patch received no
prey. A ‘blank’ consisting of 1 cm3 of tank water was added to
the feeder at the same time that the rich feeder received prey.
During the fifth minute, the poor feeder also received prey. This
ensured that while prey was delivered at a 3:1 ratio, the focal
fish was unable to select a prey patch simply on the basis of it
being the last place it saw fish feeding. The demonstrators
consumed all of the offered prey in each trial.

For trials involving test subjects held under the pre-training
condition, the rich feeder was always located on the opposite
side to which they had been trained, providing them with
public information that contradicted their previous experience.
In trials of subjects held under the sham-training condition,
which had no previous experience of one feeder being supe-
rior to the other, one side was randomly selected for the loca-
tion of the rich feeder and was then used for all three public
information trials. This was performed so as to ensure that fish
in both the pre- and sham-training treatments received dem-
onstrations that were otherwise identical.

After the 6-min demonstration phase, the opaque black
screens were simultaneously slid into place between the ob-
server arena and the two demonstrator chambers. This took
approximately 10 s and did not appear to stress the observer.
The observer was allowed to settle for a further 1 min before
being released from the holding unit. The observer was
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Fig. 2 A pilot experiment run to test the efficacy of pre-training fish to
expecting food from one of two feeders (left or right). The white points
show the amount of time (mean±95 % CI) spent in the left and right
feeder goal zones by sham-trained fish, where food had been randomly
assigned to the left or right feeder on each day of testing. The black points
show amount of time spent in the target (i.e., the side to which they were

trained) or non-target feeder goal zones by pre-trained fish, where food
had been consistently delivered to the left or right feeder only on each day
of testing. *P<0.05. ns no significant difference. The grey points show a
breakdown of the pre-training data into fish trained to the left feeder and
fish trained to the right feeder

Table 2 Comparing behavioural trait scores between experienced and
naïve treatment groups (repeated measures GLM)

F(1, 58) P value ηp2

Activity

Measure 0.01 0.91 <0.01

Treatment 0.29 0.58 0.01

Measure × treatment 0.05 0.82 0.01

Latency to enter 50 % of arena

Measure 1.09 0.30 0.02

Treatment 0.19 0.65 0.01

Measure × treatment 0.28 0.59 0.01

Thigmotaxis

Measure 0.01 0.97 <0.01

Treatment 0.64 0.43 0.01

Measure × treatment 0.58 0.49 0.01

Shoaling

Measure 0.01 0.92 <0.01

Treatment 0.01 0.91 <0.01

Measure × treatment 0.01 0.93 <0.01

Measure describes within-subjects comparisons between the first and
second trial. Treatment describes conditions where fish either had or
had not received feeder preference training. Refer to main text for further
details

Table 3 Consistency of behavioural measures (Spearman’s rank
correlation)

Behaviour Number r P value 95 % CI

Activity 60 0.58 <0.001 0.41, 0.71

Thigmotaxis 60 0.42 <0.001 0.25, 0.58

Latency to enter 50 % of arena 60 0.38 <0.001 0.14, 0.58

Time shoaling 60 0.44 <0.001 0.21, 0.62
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released by raising the holding unit 5 cm from the base of the
arena, using the pulley mechanism. The base of the holding
unit was left suspended beneath the water surface, so as not to
disturb the surface of the water and startle the observer. This
commenced the choice phase of the trial, which lasted for
5 min. During the choice phase, we recorded the location of
the observer every 6 s (whether it was within either goal zone
or the central neutral zone, yielding a total of 50 data points)
and the first goal zone it entered. A fish was deemed to have
entered the goal zone if its entire head passed over the delin-
eating yellow goal zone bar.

Activity, thigmotaxis and exploration

We quantified activity, thigmotaxis, and exploration in fish
placed within a novel arena. This consisted of an arena within
an opaque black plastic container measuring 80 cm long×
60 cm wide×35 cm deep and with a water depth of 20 cm. A
grid consisting of 1 cm wide bars set in the substrate and level
with its surface was used to divide the test arena into 18 areas
measuring 20×13 cm each (Fig. 1b). These did not impede the
movement of the fish and were used to quantify exploration, as
described below. Two test arena configurations were used. Each
test subject was tested once in each, in a randomly determined
order. This ensured that each test occurred in a novel arena. The
first configuration contained a sand substrate and the second a
coarse gravel substrate, both 1 cm deep. Each contained five
landmarks, consisting of a 19 cm tall, 6 cm wide clear plastic
cup filled with sand (in the sand substrate configuration) or
small rocks (in the gravel substrate configuration). The layout
of these varied between the two configurations, as shown in
Fig. 1b (i and ii). A holding unit was placed in one corner of
the test arena. This consisted of a tower of clear, colourless
perforated Perspex measuring 10×10 cm×25 cm tall. It was
attached via a monofilament line to a 15 cm long arm clamped
to the wall of the observer arena, allowing the holding unit to be
raised by the experimenter.

The test subject was added to the holding unit and allowed
to acclimate for 10 min. Following this, the observer was
released by raising the holding unit 10 cm from the base of
the arena, using the pulley mechanism. The base of the hold-
ing unit was left suspended beneath the water surface, so as
not to disturb the surface of the water and startle the test
subject. This began the trial, which ran for 15 min.We record-
ed three behaviours: activity, thigmotaxis and the latency of
the test subject to visit half of the zones. Activity was point
sampled at 15-s intervals, giving a total of 60 observations.
For each sampling instance, we noted whether the fish was
swimming or whether it was stationary, either in the water
column or on the substrate. Thigmotaxis or wall-following
behaviour was also sampled at 15-s intervals. Thigmotaxis
was used as a measure of cover use, represented here by the
walls and landmarks (Webster and Laland 2011, 2012). For

each sampling instance, we recorded whether the fish was
within 5 cm of either the side wall of the arena or one of the
five landmarks within the arena interior. Finally, latency to
enter half of the arena zones was recorded as a continuous
variable, to the nearest second. Fish failing to enter half of
the zones were given a ceiling score of 900 s.

Shoaling assay

We established a binary choice test arena measuring 80 cm
long×60 cm wide×35 cm deep, with a water depth of 20 cm
in an opaque black plastic container (Fig. 1c). The arena
contained a 2 cm deep layer of coarse sand. Ten centimetres
from either end of the arena, we placed a 10 cm square, 25 cm
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measured in the study. PI 1–3 refers to the time allocation scores (time
in rich patch − time in poor patch) in the three public information use
trials. Move refers to the amount of time spent moving in the two novel
arena assays. Exp refers to the latency to enter 50 % of the zones of the
arena floor in the two novel arena assays. Thig refers to the measures of
thigmotaxis, the proportion of time the fish remained within 5 cm of the
walls and landmarks in the two novel arena assays. Shoal refers to the
proportion of time that the fish spent shoaling in the two shoaling assays.
Red and blue cells indicate positive and negative correlations,
respectively

Table 4 PCA loadings of behavioural measures

Behavioural measure PC1 ‘space use’
(54.6 % of variance)

PC2 ‘sociability’
(25.1 % of variance)

Activity measure −0.86 −0.12
Latency to enter 50 %
of arena measure

0.86 0.06

Thigmotaxis measure 0.83 −0.06
Shoaling measure −0.10 0.99
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tall stimulus chamber. This was constructed from colourless,
perforated plastic. A webcam was fixed above the arena,
allowing observations to be made. To one of the stimulus
chambers, we added five unsexed, non-reproductive stickle-
backs measuring 40–45 mm in length. Together, these formed
the stimulus shoal. The chamber holding the stimulus shoal
was selected at random, and the other was left empty. The
stimulus shoal was allowed to settle for 10 min before the test
subject was added to the tank and was changed after every
trial. They were drawn from the pool of approximately 80
stimulus fish. No stimulus fish was used twice in the same
48-h period. As in the PI assay, we did not use demonstrators
which had previously been housed with the test subjects, in
order to remove any potential effects of familiarity (Ward and
Hart 2003; Griffiths and Ward 2011).

The test subject was placed within a holding unit attached
to a pulley mechanism, as described above. The test subject
was allowed to acclimatise for a further 10 min before the trial
began. Following this, the holding unit was raised 10 cm from

the base of the arena, also as described above. The trial lasted
for a further 20 min, during which time we recorded the pro-
portion of time that the test subject spent within 8 cm, approx-
imately two average body lengths, of either stimulus chamber.
This distance was selected as it corresponds to the inter-
individual shoaling distance seen in free-moving shoals (Web-
ster et al. 2007b).
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Fig. 4 a The number of times out of three trials in which each fish first
entered the rich patch goal zone. The grey and white sections show first
entries into the rich patch by fish in the experienced and naïve treatments,
respectively. The hatched section of the bar shows first entries into the
poor patch goal zone.Black sections indicate trials in which the fish failed
to enter either goal zone. Each bar represents one fish. These are arranged
in order of most to fewest first entries into the rich patch goal zone. There
was no difference in rich patch goal zone entries by fish in the
experienced and naïve treatment groups. b The time allocation scores to
the rich patch (time in rich patch goal zone − time in poor patch goal zone)
for each of three trials per fish. The points show the time allocation for the

median ranked trial, and the error bars show the highest and lowest time
allocation scores for each individual. The red cross symbols show the
mean time allocation score for each individual. Where error bars are
absent, the median and highest/lowest scores were identical. Grey and
white points represent fish from the experienced and naïve treatments,
respectively. Data are arranged in order of highest to lowest median time
allocation to the rich patch goal zone. Analyses were performed for both
median and mean time allocation scores. There was no difference in rich
patch goal zone entries by fish in the experienced and naïve treatment
groups

Table 5 Summary of an ordinal regression investigating the effects of
condition factor and behavioural trait variables, and naïve/experienced
treatment upon the number of times entered the rich goal zone first in
PI use trials

Variable X2 df P value Parameter
estimate

95 % CI

Condition factor 2.21 1 0.17 90.43 −10.80, 241.52
PC ‘space use’ 1.71 1 0.15 0.34 −0.01, 1.04
PC ‘sociability’ 2.14 1 0.12 −0.07 −0.98, 0.14
Treatment 1.50 1 0.22 −0.13 −1.81, 0.42
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Statistical analyses

In the pilot experiment, we used paired-sample t tests to com-
pare time spent in the goal zone of the target and non-target
feeders in the trained-treatment fish and in the left versus the
right goal zone in the sham-trained treatment group. Data were
normalised using arcsine transformation before analyses were
performed.

We compared the first and second measures of the four be-
havioural traits—activity, thigmotaxis, latency to enter 50 % of
the test arena and time spent shoaling—between the naïve and
experienced groups using repeated measures ANOVAs. Pro-
portional data (activity, thigmotaxis and shoaling) were normal-
ized with arcsine transformation, while count data (latency to
explore 50 % of the arena) were transformed using log10 trans-
formation before analyses were performed.

We used Spearman rank correlations to test for consistency
of responses between measures for each of these traits, as well
as for correlations between all possible combinations of be-
havioural measure and the three-time allocation measures of
public information use. These behaviours were then collapsed
into two principle components describing ‘space use’ and ‘so-
ciability’ using a principle components analysis, as described
below.

Next, we compared public information use between the
naïve and experienced groups. We used the first goal zone that
each fish entered to determine a first choice score consisting of
the number of trials in which it entered the rich patch goal
zone first over the three public information tests. We also
calculated a time allocation score using the proportion of time
spent in the rich goal zone minus the mean proportion of time
spent in the poor goal zone in each of the three trials. We used
an independent samples t test and a repeated measures
ANOVA respectively to compare these scores between the
naïve and experienced treatment groups.

Finally, we sought to determine the relationship between
the space use and sociability measures and the two metrics of
PI use. In order to determine whether either of the two princi-
ple components were related to the first goal zone choice of
the fish over the three public information assays, we per-
formed an ordinal regression using, with first choice score,
an ordinal category of 0, 1, 2 or 3, assigned as the dependent
variable. Treatment was included as a fixed factor and starting
body mass and condition factor, and the space use and socia-
bility principle components were included as covariates, fitted
using stepwise backward elimination. In order to test for ef-
fects of either of the two principle components upon time
allocation, we ran two general linear models using Gaussian
error distributions. These used the mean and median time
allocation respectively as the dependent variable. In both
cases, treatment was included as a fixed factor and starting
body mass and condition factor, and space use and sociability
were included as covariates.

Results

Pilot experiment

Fish that had been pre-trained to feed from one of two feeders
(left or right) spent more time in the goal zone surrounding the
feeder towhich they had been trained (paired samples t test, t=
3.84, df=19, P=0.001). Naïve fish that had been sham trained,
subject to the same training procedure but with food randomly
allocated to either feeder on any given day, showed no feeder
goal zone preference (t=−1.17, df=19, P=0.26, Fig. 2). The
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results of the pilot experiment demonstrate that the 14-day
training period was sufficient to generate a learned bias for
one of the two feeders.

Behavioural trait measures

We saw no differences in the four behaviours (activity, thig-
motaxis, latency to enter 50 % of the test arena and time spent
shoaling) between fish from the naive and experienced treat-
ment groups (Table 2).

Because the behavioural trait scores between experienced
and naïve treatment groups did not differ, we pooled these
data when looking at consistency. The four behaviours were
all found to be positively correlated over the two sampling
periods (Table 3 and Fig. 3). Moreover, we saw that the two
measures of activity were negatively correlated with the mea-
sures of latency to explore 50 % of the arena and thigmotaxis.
These latter two measures were positively correlated with one
another (Fig. 3).

In the shoaling assay, fish spent more time within two body
lengths of the chamber holding the stimulus shoal than they
did within two body lengths of the empty chamber (naïve and
experienced treatment group data pooled, paired samples t
tests on arcsine transformed data, first assay, t=12.77, df=
59, P<0.001; second assay, t=9.54, df=59, P<0.001).

Principle components analysis of behavioural traits

A PCA was used to reduce the four behaviour measures—
activity, thigmotaxis, latency to enter 50 % of the test arena
and time spent shoaling—into a minimal number of

components. This yielded two components, describing 54.6
and 25.1 % of the variation respectively (Kaiser-Meyer-Olkin
measure 0.71; Bartlett’s test of sphericity, X2=58.12, df=6,
P<0.001). PC1, hereafter ‘space use’, described negative cor-
relations between activity and thigmotaxis and between activ-
ity and latency to explore half of the arena, and a positive
correlation between thigmotaxis and latency. PC2, hereafter
‘sociability’, contained the measure of time spent shoaling.
The loadings of these behavioural measures onto the two
PCs are given in Table 4.

Public-information use

We saw no differences between naïve and experienced fish in
the number of times that they first entered the goal zone dem-
onstrated in the trial to be rich, or in the mean time difference
spent in the rich versus the poor goal zone (independent sam-
ples t test: first entered rich goal zone, t=−0.18, df=58, P=
0.85, Fig. 4a; repeated measures ANOVA: time in goal zone,
performance over the three trials, F(1, 58)=0.49, P=0.58,
ηp2=0.008; performance between training treatments F(1,

58)=0.27, P=0.60, ηp2=0.005; performance across trials×
training treatments F(1, 59)=0.31, P=0.54, ηp2=0.06;
Fig. 4b).

Pooling data from the naïve and experienced treatment
groups, we saw that fish entered the rich patch first more often
than they entered the poor patch across the three trials (paired
samples t test, t=4.41, df=59, P<0.001). They also spent
more time there compared to the poor patch (mean time allo-
cation across the three trials per individual, t=−7.88, df=59,
P<0.001).

Table 6 Summary of a GLM
investigating the effects of
condition factor and behavioural
trait variables, and naïve/
experienced treatment upon (a)
mean and (b) median time
allocation to the rich goal zone in
PI-use trials (time in rich goal
zone − time in poor goal zone)

Variable df Mean square F P value B 95 % CI ηp2

A

Model 4 28.63 0.58 0.67 0.04

Intercept 1 113.53 2.32 0.13 4.64 −2.16, 7.46 0.04

Condition factor 1 12.39 0.25 0.62 191.11 −252.40, 634.63 0.01

PC ‘space use’ 1 19.05 0.39 0.53 0.59 −1.24, 2.44 0.01

PC ‘sociability’ 1 63.25 1.29 0.26 1.07 −0.77, 2.92 0.02

Treatment 1 55.58 1.14 0.29 −1.08 −4.83, 2.66 0.02

Total

Corrected total

60

59
B

Model 4 22.72 0.27 0.89 0.02

Intercept 1 186.99 2.22 0.14 6.85 −2.09, 9.80 0.04

Condition factor 1 3.71 0.04 0.83 121.75 −460.47, 703.98 0.01

PC ‘space use’ 1 6.31 0.07 0.78 0.36 −2.06, 2.78 0.01

PC ‘sociability’ 1 27.89 0.33 0.57 0.93 −1.49, 3.35 0.01

Treatment 1 81.98 0.97 0.33 −1.90 −6.82, 3.02 0.02

Total

Corrected total

60

59
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Personality and public-information use

An ordinal regression revealed that the number of trials in
which fish first entered the rich patch was unrelated to space
use or sociability PC scores, nor to their training or body
condition (Table 5, Fig. 5a, b). Confidence intervals for the
effect of condition factor were wide, suggesting that an effect
of condition factor on prey patch first choice may still be
possible, but were narrow for mass, treatment and the space
use and sociability principal components, suggesting that a
large effect of these variables is implausible.

Similarly, GLMs showed that the mean proportional differ-
ence in time spent between the rich and poor patches was not
related to space use or sociability nor related to training or
body condition. This was true when both mean and median
time allocation scores were used as dependent variables
(Table 6, Fig. 6a, b). Effect sizes were small (0.04 or lower
in all cases), suggesting that biologically meaningful effects of
prior experience, space use or sociability are unlikely.

Discussion

Our study revealed individual consistency in activity, explo-
ration, thigmotaxis and time spent shoaling in ninespine stick-
lebacks, measured over a period of several weeks, but found
that these traits were unrelated to either of two measures of PI
use. In addition to this, we saw no effect of experience with
regard to where to forage in our experiment—while we were
able to train fish to prefer one of two feeders, trained fish were
just as likely to be influenced by (conflicting) PI as were naïve
fish when they were tested. Effect sizes here were seen to be
small (Tables 5 and 6) suggesting that this finding reflects a
true absence of any substantial effect of these behaviours upon
PI use, rather than being an artefact of insufficient power to
detect such a relationship.

Overall, the majority of fish were net PI users, being more
likely to first enter and to spend more time in the PI-
demonstrated rich patch in most of their successive trials. This
is consistent with the findings of earlier work on PI use in this
species carried out in our laboratory (Laland et al. 2011). In-
dividual consistency in PI-use over the three trials was low,
however, with moderate negative correlations in net time al-
location to the rich prey patch seen between the first and
second and first and third assays (Fig. 3), although no decline
in PI use over successive trials was evident at the treatment
group level.

Our finding that measures of activity, exploration, thigmo-
taxis and time spent shoaling were consistent across trials
within individuals corresponds with the findings of other stud-
ies reported in the literature. These and similar behaviours
have previously been shown to be correlated across exposures
in a wide variety of different species and are considered to be

common sources of personality variation in non-human ani-
mals, though potentially with different underlying mecha-
nisms (reviewed by Réale et al. 2007; Sih and Bell 2008; Bell
et al. 2009; Conrad et al. 2011).

Our primary finding that PI use was unrelated to any of the
behavioural traits that we looked at contrasts with those of
some previous studies, such as Marchetti and Drent (2000),
Kurvers et al. (2010a, b) and David et al. (2011), where similar
behavioural traits were seen to be linked to scrounging
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behaviour and PI use, respectively. We note of course that
these studies were carried out in different species and using
differently designed assays. On the other hand, our findings
are consistent with those from studies investigating different
forms of social information use in the threespine stickleback
(Webster et al. 2007c; Harcourt et al. 2010). In these studies,
attraction to feeding conspecifics alone (Webster et al. 2007c)
and attraction to feeding conspecifics and response to other
social cues (Harcourt et al. 2010) were not seen to be related to
measures of boldness or exploratory behaviour. This suggests
that such relationships between public learning and foraging
and other behavioural traits are probably species, and context,
specific, and that attempts to generalise across species may
sometimes be misleading.

The absence of a relationship between PI use and the be-
havioural traits considered in this study could be due to a
number of factors. For example, theoretical analyses have
shown that discriminatory use of public information is gener-
ally adaptive (Rendell et al. 2010). While ninespine stickle-
backs are not an obligatorily shoaling species and were seen in
this study to vary in their sociability, they are nevertheless
generally social. All individuals are therefore likely to be ex-
posed to PI at different times throughout their lives and may
all therefore have had ample opportunity to learn to associate
conspecific feeding behaviour with the presence of food prior
to being used in our experiments. If conspecific feeding be-
haviour is a reliable indicator of prey availability, then we
might expect all individuals to respond to such cues, irrespec-
tive of any variation between them in other behaviours.

Finally, it remains plausible that variation in space use or
sociability or other behavioural traits might indirectly affect
how individuals use PI, by affecting their exposure to it. This
possibility was deliberately excluded by our experimental de-
sign, as we sought to determine whether PI use co-varied with
these personality traits when opportunity for exposure was
standardised. It seems intuitive that, for example, individuals
that spend more time interacting with others, or which are
more strongly attracted to large groups of conspecifics, might
be exposed to PI more frequently or from a greater variety of
different sources. Individuals that are more active or explor-
atory, or which interact more frequently with novel elements
in their environment, might themselves be more likely to en-
counter other individuals and thus be exposed to PI more
frequently too. At the same time, those individuals might also
be more likely to privately acquire information about the na-
ture and distribution of resources in the environment. Given
this, it seems clear that personality traits that affect how indi-
viduals move through their environment and encounter and
interact with others might affect how they acquire information
from both private and social sources. In principle, such effects
can be quantified via information-diffusion experiments, in
which groups of freely moving individuals are monitored as
they interact and uncover hidden resources. Social network

analysis can be used to quantify the structure of social inter-
actions (Croft et al. 2008; Wilson et al. 2013), which in turn
can be used to inform network-based diffusion analysis
(NBDA) models which attempt to identify the effects of social
structure and other variables upon the rate and order at which
individuals acquire information about resources such as food
patches (Franz and Nunn 2009; Hoppitt et al. 2010). This
approach has recently been used to quantify social effects on
information acquisition in fish (Atton et al. 2012, 2014; Web-
ster et al. 2013). Useful further research could account for
individual level variation in a range of different behavioural
traits that might conceivably affect how likely individuals are
to encounter resources and interact with others. Such work
could prove useful in revealing the importance of the behav-
ioural traits which comprise personalities in the acquisition
and spread of information.
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