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Abstract
Certain individuals tend to occupy frontal positions within social groups. Less is known about how predation risk can affect
individual spatial positioning and group fidelity. We tracked individuals within groups goldfish (Carassius auratus) as they left a
safe, covered, microhabitat to enter a risky, open-water, microhabitat over 2 days: one with and one without an avian predator
(little egret—Egretta garzetta) present. For each day, an outing index was calculated to take into account both individual order of
emergence from the refuge and the proportion of outings participated in. Prior to the experiment, fish were individually marked
for identification, measured, and tested for boldness to enter a novel area. Body size did not predict individual outing index scores
on either control or experimental days. Boldness index scores influenced outing index scores only on days with an egret present.
We found individual outing index scores to be relatively consistent across both days, regardless of the presence of a predator.
However, the presence of a predator increased themean outing index score of the highest ranked fish and decreased the number of
fish that occupied lead positions, suggesting that risk amplified the behaviour of the boldest fish. Furthermore, the presence of the
predator decreased individual willingness to leave the safety of cover. Thus, we show that the introduction of a predator
influenced social group movement and that the boldest individuals emerge at the front of the group under risk.

Significance statement
Within social species, some bold individuals tend to occupy positions at the front of the group. Groups of goldfish were provided
a safe covered refuge, and we recorded the order in which individuals left the refuge to enter an open water environment over
multiple outings. We examined fish behaviour over 2 days: with and without a predator present. We found that the predator
decreased the probability the fish would leave the safe refuge; however, relative individual fish behaviour and positioning were
consistent over the 2 days. Interestingly, the presence of the predator amplified the behaviour of the boldest fish. Our results
demonstrate that predation risk can influence group and individual prey behaviour and illustrate that bold individuals emerge at
the front of groups when risk is high.
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Introduction

The spatial positioning of individuals within social groups
can lead to different costs and benefits (Morell and Romey
2008). Generally, individuals located at the front or on the
edges of moving groups have greater access to food items,
but suffer higher risk whereas individuals located in safer
positions will have less access to resources (Krause 1994;
Bumann et al. 1997). Another important aspect of position-
ing is that those individuals in the front can influence the
social group by initiating movement (Bumann and Krause
1993; Reebs 2001; King 2010; Petit and Bon 2010). In this
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way, certain individuals will tend to occupy forward posi-
tions, whereas others will respond to the individuals located
at the front of the group (Couzin et al. 2005).

The variability and consistency of individual positioning
within a group are dependent on social dynamics (King
et al. 2009). In some species, group membership is fixed,
and positioning within the group can be strictly regulated by
hierarchies determined by sex (Ihl and Bowyer 2011), age
(Sueur and Petit 2008; McComb et al. 2011), and previously
established dominance structures (Squires and Daws 1975;
Peterson et al. 2002). In such groups, a single individual will
often occupy the front-most position and influence all group
movements (e.g. Lusseau and Conradt 2009).

In contrast, in shoals of fish where membership is not
always fixed, positioning within the group can be flexible
(Pavlov and Kasumyan 2000). Individual positioning with-
in fish shoals has been shown to be influenced by physio-
logical traits associated with differences in metabolism and
locomotor performance (Killen et al. 2017). Previous work
has demonstrated that the largest (Krause et al. 2000;
Reebs 2001; Ward et al. 2002) and boldest (Ward et al.
2004; Harcourt et al. 2009a) fish often occupy frontal po-
sitions. Furthermore, social feedback (Harcourt et al.
2009b; Nakayama et al. 2012) and external environmental
factors (Giardina 2008; Ioannou et al. 2017) also influence
individual positioning. For example, Burns et al. (2012)
found that in a group, numerous individuals acted as the
lead fish at various times, but the consistency of position-
ing within the group was influenced by the level of famil-
iarity with the environment. Less is known about how ex-
ternal risk factors affect the consistency of individual po-
sitioning within groups of fish.

Predators provide the most direct risk to survival and influ-
ence the behaviour of prey species (Lima 1998; Brown et al.
1999; Clinchy et al. 2013). Most studies on anti-predator be-
haviour within a social group have focused on how individ-
uals can reduce risk bymoving into safer spatial positions (e.g.
Hamilton 1971; Katz et al. 2010, 2014). However, few studies
consider how predation may influence group fission-fusion
dynamics and how individuals decide whether or not to syn-
chronise their behaviour with a social group. To stay part of a
coordinated group, an individual would not be able to stay in
place while the rest of the group was out foraging. Conversely,
an individual could not leave to forage when the group was
resting (Conradt and Roper 2000). Nonetheless, although so-
ciality and group formation provide the benefit of reduced
individual mortality through collective vigilance, communal
defence, and the dilution effect (Cresswell 1994; Lima 1995),
it may not always be wise to join a group moving into a risky
area when there is an option to stay in a safe refuge.

The main motivation to leave a safe habitat and enter a
dangerous location is to acquire resources (Brown 1999).
An individual that chooses to stay in a refuge benefits by

avoiding the risk of predation, but pays the cost of reduced
resource acquisition. On the other hand, an individual that
joins a foraging party will benefit from increased access to
resources, but will pay an increased cost of mortality risk
(Brown et al. 1999). Thus, a fish inhabiting a location that
provides certain protection from predators will need to de-
termine whether to join or stay behind when other conspe-
cifics move, as a group, into a risky, but energetically re-
warding microhabitat.

Here, we assess individual spatial positioning and willing-
ness to leave a safe refuge within a group and consider how
group movement and fidelity are affected by predation risk.
Specifically, we examine the total number of fish and the order
of individuals leaving the safety of a covered microhabitat to
enter an open, food-rich microhabitat in both the absence and
presence of a predator. To do this, groups of goldfish were
tested over two consecutive days in which an avian predator
was introduced on the second day. We predict that (1) individ-
ual fish behaviour would be influenced by body size and
boldness, (2) individual behaviour would be consistent re-
gardless of the presence of a predator, but that (3) predation
risk would diminish the likelihood of individuals leaving the
safe microhabitat and thus reduce the average group outing
size.

Methods

Study species

The common goldfish (Carassius auratus) is a social benthic
fish that seeks cover from predation and forages as a coordi-
nated group (Magurran and Pitcher 1983; Magurran 1984;
Katz et al. 2013). Like other carp species that evolved in
muddy water, goldfish do not use vigilance as their primary
anti-predator behaviour. Instead, the fish manage risk largely
by utilising time allocation and hiding when a predator is
present (Katz et al. 2013). Other than colour, goldfish are little
changed from their ancestral form (Holopainen et al. 1997).
Consequently, a growing literature uses goldfish as a model
study organism for behavioural research (e.g. Yoshida et al.
2005; Dunlop et al. 2006).

The little egret (Egretta garzetta) is a small heron of
the Ardeidae family and provides the predator in our ex-
periment. Adults range from 55 to 65 cm in length, pos-
sess an 88–106-cm wingspan, and weigh between 350 and
550 g. Little egrets are solitary, opportunistic hunters that
ambush fish, amphibian, crustacean and insect prey in
shallow water (Hafner et al. 1982). Our egrets were wild
captured in northern Israel (Kibbutz Ma’agan Michael)
and were released at the locations of capture following
the experiment.
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Pre-test: individual size and boldness

Individual fish were lightly anaesthetised using a diluted so-
lution of MS-222, weighed, and measured from head to tail.
Next, in order to identify individuals, each fish was individu-
ally marked with Biotouch micropigments. Fish body length
ranged from 7.30 to 11.60 cm and weight varied between 5.01
and 13.42 g.

Two hours after marking the fish, we tested individual
boldness to enter a novel environment. Preliminary observa-
tions indicated that after 60min, fish activity levels returned to
baseline levels. The boldness arena was a small tank (35 ×
22 × 13 cm) that was split into two compartments by an
opaque plastic barrier. We gently moved each fish into one
side of the box and allowed 5 min for acclimation. After ac-
climation, a door (6 cm wide) was remotely raised using a
string and pulley system, and the fish were free to move
through the door. We recorded the time taken for the entire
body of the fish to cross the threshold into the novel environ-
ment. We tested each fish individually, and if the fish did not
emerge after 10 min, we terminated the trial and recorded the
time to emerge as 600 s. We calculated a boldness index for
each individual fish as 1 − (time to emerge / 600). With this
index, the boldest fish scored close to 1, and the least bold fish
(those that did not emerge for 10 min) scored 0. Each fish was
tested once because fish have been shown to change their
behaviour following a single exposure to a novel arena, which
could have altered the outcome of our boldness assay (adapted
from Brown et al. 2005; White et al. 2013).

Data availability statement The datasets generated and
analysed during the current study are available from the cor-
responding author upon request.

Experimental design

We observed groups of eight goldfish and assessed individual
positioning upon emergence from, and willingness to leave
the safety of, a protected refuge. A cylindrical aviary (7 m
diameter) was used as the experimental arena. The aviary
contained three equally sized and spaced pools with a diame-
ter of 1.5 m and a depth of 0.6 m. Each pool contained two
microhabitats for the fish. A safe microhabitat in the centre of
the pool provided a refuge in which the fish could shelter
under a 23.75-cm radius opaque cover, but had no access to
food. The open area outside of cover provided a risky micro-
habitat where fish could find food, but also would be exposed
to risk from the egret predator. The fish were limited to the
upper 15 cm of the water by a plastic 1 cm mesh. The egret
predator was able to walk and hunt on this plastic mesh floor
(see Katz et al. 2013).

For this experiment, we focused on one of the three pools.
The other two non-experimental pools contained 15 non-
experimental fish. It was important to offer multiple hunting
locations so that the egret would be encouraged to move away
from the experimental pool and return some time later. This
allowed the fish to recover and act naturally after experiencing
predation risk; otherwise, the fish would never leave the safe
microhabitat. In the focal pool, we restricted access to the safe,
covered microhabitat to one 20-cm-wide door so that we
could observe the order in which the fish left the safe micro-
habitat to move into the risky microhabitat. We utilised an
underwater camera placed under the opaque cover to track
the movement and positioning of individual fish. Over the
course of the experiment, floating food pellets were dispensed
from a feeder into the open microhabitat at a constant rate of
15 pellets per hour. Plastic mesh blocked the food pellets from
entering the covered microhabitat; thus, our design forced fish
to trade-off access to resources and safety from predation.

Each group of eight fish was tested over two consecutive
days. The first day was treated as a control day with no egret
predator present. On the following experimental day, we ex-
amined the behaviour of the same group of fish under preda-
tion risk with a single egret allowed free movement through-
out the aviary for 4 h. The experimental day began after the
egret’s first visit to the pool of interest. Considering that the
egret was able to attack the fish, we were unable to randomise
the order of control and experimental days. We analysed N =
19 groups of eight fish over 2 days for a total of N = 152
individual fish.

Assessment of individual positioning—outing index

For each day, we examined individual fish group positioning
over 15 outings. An outing began when the first fish left the
safety of the cover to move into the risky microhabitat, and
each outing ended when all of the fish participating in the
outing returned to safety under the cover.

For each outing, we recorded the number of fish participat-
ing and the order in which each individual fish crossed
through the door into the risky microhabitat. The first individ-
ual crossing the door was given an outing score of 8, the
second a score of 7, the third a score of 6 and so on to the last
fish that entered the risky area. Fish that did not participate in
the outing were given a score of 0. To assess individual be-
haviour over each day, we calculated an outing index to take
into account both spatial positioning and outing participation.
The outing index for each individual fish was calculated as the
average of the fish’s outing scores (i.e. sum of scores/15 out-
ings). The highest possible outing index was 8 and the lowest
was 0. We calculated a separate outing index for each individ-
ual fish for the control (no predation risk) and experimental
(predation risk) days.
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For each control and experimental day, the fish were given
a daily outing rank based on their outing index scores, with the
highest scoring fish receiving the top outing rank for that day.
This allowed us examine and compare the mean behaviour of
the top through lowest ranked fish over N = 19 days.

Statistical analysis

We used linear mixed models with group (N = 19) as a random
effect to determine relationships between individual body
size, boldness (pre-test) index scores and outing index scores
on both control and experimental days (Table 1). Likelihood
ratio tests were used to determine the significance of each
regression. These analyses were done using the lme4 package
(Bates et al. 2015) in R (R core team 2016). For the two
analyses with boldness as the response variable, we trans-
formed the data for a binomial regression (0 or 1) due to the
fact that the majority of boldness scores tended to fall near the
minimum and maximum values: the value was 0 if the bold-
ness index score was below 0.5, and 1 if the boldness index
score was above 0.5. For both of these analyses, the relation-
ship was clearly non-significant, and we found this non-
significant result for both the transformed and untransformed
boldness data.

Over the 19 experimental days, the egret predator captured
31 (of 152 total) fish. Ten fish were eaten by the egret predator
before 15 outings were recorded; thus, these fish did not re-
ceive an outing index score for the experimental day and were
excluded from analyses involving outing index scores from
experimental days. On average, these 10 fish were the fifth
highest ranked fish on control days. Additionally, the 10 fish
exhibited pre-test boldness index scores (mean ± SE = 0.76 ±
0.14) similar to the average boldness index scores of the entire
group (mean ± SE = 0.74 ± 0.03).

Using group data to analyse the effects of predation on
fish behaviour, we employed two-tailed paired t tests to
compare control and experimental days. Next, examining

only the experimental days, we calculated the level of pre-
dation risk as the proportion of trial time the egret spent at
the experimental pool (via video analysis) and used a linear
regression analysis to examine the effect of the level of
predation risk on group outing size. Data were tested for
normality and homoscedasticity in order to meet statistical
assumptions. To minimise observer bias, blinded methods
were used when all behavioural video recordings were
analysed. All statistical analyses were conducted using R
(R core team 2016).

Results

In general, the fish foraged as a coordinated group, with mem-
bers observed to be swimming within touching distance.
Group outings generally lasted for under 2 min, as the fish
quickly returned to cover after searching for and consuming
food pellets. On control days, 15 group outings were complet-
ed in (mean ± SE) 139 ± 40 min, compared with experimental
days where 15 group outings were completed in 182 ± 59min;
paired test (p > 0.05).

Body size, boldness, and outing index

Our pre-test of individual boldness revealed no significant
relationship between boldness to enter a novel area and either
measure of body size (boldness-weight: χ2(1) = 0.03, p =
0.86; boldness-length: χ2(1) = 1.20, p = 0.27).

Additionally, we found no significant relationship between
individual body size and outing index in either control (outing
index-weight: χ2(1) = 0.27, p = 0.61; outing index-length:
χ2(1) = 0.03, p = 0.87) or experimental days (outing index-
weight: χ2(1) = 0.06, p = 0.80; outing index-length: χ2(1) =
0.01, p = 0.95).

We did not observe a significant correlation between indi-
vidual boldness and outing index on control days (χ2(1) =
2.76, p = 0.10). However, we did find a significant relation-
ship between individual pre-test boldness and outing index
under predation risk (χ2(1) = 7.60, p < 0.01), with bolder indi-
viduals tending to score higher in outing index over 15 group
outings on experimental days (Fig. 1).

Fish behaviour on control and experimental days

Overall, individual outing index scores ranged from 0 to 6.83
and were relatively consistent regardless of the presence of a
predator. Individual outing index scores significantly correlat-
ed across the control and experimental days (χ2(1) = 69.55,
p < 0.001) (Fig. 2).

For each control and experimental day, the fish were
ranked based on their outing index scores, with the highest
scoring fish receiving the highest daily rank. Outing index

Table 1 Summary of regression comparisons

Response variable Predictor

Boldness index (0 or 1) x Weight

Boldness index (0 or 1) x Length

Outing index (control) x Weight

Outing index (experiment) x Weight

Outing index (control) x Length

Outing index (experiment) x Length

Outing index (control) x Boldness index

Outing index (experiment) x Boldness index

Outing index (experiment) x Outing index (control)

Group (N = 19) was added as random effect
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scores, which take into account both spatial positioning and
the proportion of outings participated in, varied significantly
among the ranks (ANOVA-control: F7,144 = 97.63, p < 0.001;
experiment: F7,134 = 31.27, p < 0.001) (Fig. 3a). Spatial posi-
tioning when leaving the safe microhabitat was significantly
variable: higher ranked fish left the safety of cover in positions
at or near the front of the group while lower ranked fish gen-
erally occupied posterior positions (ANOVA-control: F7,144 =
56.97, p < 0.001; experiment: F7,134 = 38.66, p < 0.001) (Fig.
3b). Additionally, higher ranked fish participated in signifi-
cantly more group outings compared with lower ranked fish
(ANOVA-control: F7,144 = 18.33, p < 0.001; experiment:
F7,134 = 7.17, p < 0.001) (Fig. 3c).

Egret effects

The presence of an egret predator had an effect on how often
individual fish left the safety of cover. Individuals participated
in significantly fewer outings on experimental compared to
control days. However, the presence of a predator did not
significantly influence overall group outing size or the total
number of fish that led at least one outing (Table 2).

With the exception of 1 day that was removed as a possible
outlier where the egret spent 73% of the day at the focal pool,
the proportion of egret foraging time at the experimental pool
ranged between 2 and 38%.We found that the relative level of
predation risk marginally decreased the mean number of fish

Fig. 1 Relationship between (pre-
test) boldness index scores and
outing index scores on experi-
mental days. Each black dot rep-
resents one individual fish. Linear
fit line represents average for N =
19 groups

Fig. 2 Outing index scores for
control and experimental days.
Each black dot represents one
individual fish. Linear fit line
represents average for N = 19
groups
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87 Page 6 of 10 Behav Ecol Sociobiol (2018) 72: 87



participating in each outing, but did not significantly affect
group outing size (F1,17 = 1.70, r = − 0.31, p = 0.21).

Discussion

We examined the spatial positioning of goldfish leaving the
safety of a covered microhabitat to enter an open and risky
microhabitat and observed that certain individuals repeatedly
occupied frontal positions and participated in more outings,
while other fish consistently occupied posterior positions and
participated in fewer group outings.

Individual (pre-test) boldness predicted outing behaviour
under predation risk, supporting previous work demonstrating
that, within a group, a fraction of intrinsically bold individuals
move into forward positions (Kurvers et al. 2009; Schuett and
Dall 2009; Johnstone and Manica 2011; Nakayama et al.
2016). Bold individuals that are more likely to take risks ben-
efit from improved access to resources (e.g. Short and Petren
2008), but enhance the probability of being killed by a pred-
ator (e.g. Belgrad and Griffen 2016). The fact that boldness
predicted outing index scores when an egret was present, but
did not for control days in the absence of a predator, suggests
that under predation risk, bolder individuals were most likely
to initiate movement out of the safety of cover. However,
considering that the fish in our experiment were satiated prior
to testing, it is unclear why certain individuals would exhibit
such risky behaviour when the potential cost of death should
seemingly outweigh the short-term benefits of foraging.
Perhaps, inter-individual differences in metabolic rate and aer-
obic capacity influence risk-taking behaviour and determine
relative spatial positioning within a group (Killen et al.
2012a). For example, fish with higher metabolic rates have
been shown to occupy forward positions as they are able to
withstand drag in order to take advantage of the foraging ben-
efits associated with frontal group locations. In contrast, fish
with inferior metabolic capacities swim in the rear of groups
and benefit from hydrodynamic forces that reduce swimming

costs, but pay the cost of reduced foraging opportunities
(Killen et al. 2012b). Thus, theory suggests that differences
in metabolic rate and personality syndromes associated with
boldness, aggression, and overall activity level may be linked
to life history trade-offs (Wolf et al. 2007). Highly active, bold
individuals trade-off immediate success with a shorter lifespan
while less bold individuals live longer but have lower average
fitness levels (Wolf and Weissing 2012).

Our findings that the presence of a predator significantly
decreased individual outing rates and tended to lower the av-
erage group outing size support the idea that predators can
influence prey behaviour through indirect effects. Much prior
work on predator effects considered only the lethal effects of
direct predation (e.g. Smith et al. 2010; Fletcher et al. 2010).
However, the results of our experiment add to the burgeoning
field examining nonlethal predator effects on prey behaviour
and fitness (e.g. Lima 1998; Brown and Kotler 2004; Palacios
et al. 2016; Voelkl et al. 2016). As we have shown, the pres-
ence of a predator can reduce prey foraging activity (Preisser
et al. 2005). Such nonlethal effects have been shown to strong-
ly influence prey populations, and prey responses to risk have
been shown to influence growth rates and mortality at the
same level or higher than the effect of direct predation
(Pangle et al. 2007; Creel and Christianson 2008).

Although the presence of a predator generally decreased
individual willingness to leave the covered refuge, individual
behaviour relative to the rest of the group was consistent
across control and experimental days. The likelihood that an
individual fish would leave cover, and its positioning within
the group, remained relatively consistent regardless of the
presence of a predator. Prior work on the consistency of lead-
ership in fish shoals found individual positioning to be con-
sistent over multiple repeated trials, but that the identity of the
lead fish was more variable in a novel environment. As the
group gained familiarity in the environment over time, posi-
tioning became more consistent (Burns et al. 2012). In our
study, even though the introduction of a predator altered the
external environment, outing index scores remained stable
and consistent. In fact, the presence of a predator slightly
increased the mean outing index score of the highest ranked
fish and marginally decreased the number of fish that occu-
pied the front-most spot, suggesting that the introduction of
risk actually enhanced the consistency of the forward position-
ing of the boldest fish.

Table 2 Comparison of
individual and group behaviour
across control and experimental
days

Control Experimental Paired t test

Mean (SE) Mean (SE) N t p

Individual outing participation 0.58 (0.02) 0.52 (0.02) 142 3.05 < 0.01

Group outing size 4.57 (0.22) 3.77 (0.40) 19 1.60 0.13

Number of outing leaders 4.89 (0.30) 4.47 (0.28) 19 1.14 0.27

�Fig. 3 Mean (+SE) a outing index, b spatial positioning when leaving the
safe microhabitat, and c proportion of outings participated in. For each
control and experimental day, individual fish were ranked based on their
outing index scores, with the highest scoring fish receiving the top daily
outing rank. Black bars represent control days; grey bars represent
experimental days. N = 19 groups
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In testing fish individually prior to the experiment, we
found no relationship between fish size (weight or length)
and boldness. Furthermore, body size did not influence indi-
vidual outing behaviour within a social group. These results
are in line with prior work on fishes (Harris et al. 2010; Ingley
et al. 2014), but contrast with other studies that have found
negative and positive correlations between body size and
boldness (Brown and Braithwaite 2004; Wilson et al. 2010).
Larger fish, who are often in good condition, have been shown
to exhibit boldness in terms of the length of time to emerge
from cover (Brown et al. 2007a). Alternatively, as smaller fish
have reduced capacity to escape predators and tolerate starva-
tion, predation pressure and metabolic requirements can force
individuals to act bold in order to find sufficient food and
quickly grow into a larger, less vulnerable size class (Sogard
1997; Dowling and Godin 2002; Brown et al. 2005). In our
study, the lack of a significant correlation between size and
bold behaviour may be explained by the fact that all of the fish
were lab-raised and well fed prior to testing, rendering it less
likely that boldness was influenced by hunger or other imme-
diate metabolic requirements (see also Brown et al. 2007b).

A few aspects of our experimental design warrant discus-
sion. First, ideally we would have been able to randomise the
order of our control and experimental days. However, the pred-
ator in our experiment was able to attack and kill the fish.
Further, prior work in our system has documented clear long-
term carryover effects of predation risk on fish behaviour
(sensu Diaz-Uriarte 2002), as fish exposed to an egret predator
significantly reduce activity the following day. Additionally,
previous experiments conducted in our system have shown
that fish behaviour remains similar over 2 days without a pred-
ator (pers. obs. ZA). Thus, we are confident that our results
from the experimental days represent effects of predation risk
rather than the effects of time spent in the experimental arena.

Second, although we were interested in examining how
certain fish occupy frontal group positions and are more will-
ing to leave the safety of a protected location, we did not
distinctly assess relative levels of individual leadership. We
observed which fish initiated movement out of the refuge as
we recorded the order of emergence, but we did not assess
specific interactions and synchronicity among individuals as
has been done in other studies more focused on the compara-
tive leadership influence among group members (e.g.
Harcourt et al. 2009b; Schaerf et al. 2016; Jolles et al. 2017).

Nonetheless, we have shown that certain individuals con-
sistently position themselves near the front of a group and that
external risk factors can influence the frequency of movement
out of cover. Furthermore, individual outing behaviour was
relatively consistent in the presence and absence of predation
risk. Given that many studies examining individual spatial
positioning within a group have focused on either foraging
success (e.g. Di Bitetti and Janson 2001) or mortality risk
(e.g. Bumann et al. 1997), future work is needed to

simultaneously examine such costs and benefits of spatial po-
sitioning and willingness to forage under predation risk. Such
studies will provide a better understanding of the decisions
individuals make when trading-off safety from predators and
foraging opportunities.
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