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Abstract
In the presence of a predator, foraging is a dangerous task. Social individuals can respond to risk by forming groups, ben-
efiting from enhanced collective anti-predator behavior but suffering from increased conspicuousness to predators. Within 
groups, individuals exhibit variable foraging behavior. One important factor influencing risky foraging behaviour is current 
energetic state, and individuals must trade off food and safety by deciding when to leave a protected refuge in order to find 
food. We generated mixed groups of goldfish (Carassius auratus) containing equal numbers of underfed and well-fed indi-
viduals and examined individual refuge use and willingness to take risks venturing into risky foraging areas in the presence 
of an avian predator (little egret—Egretta garzetta). Underfed fish exhibited higher levels of risky behaviour by participating 
in more foraging outings and emerging from the refuge in frontal group positions, compared with well-fed individuals. As 
expected, underfed fish benefitted by consuming more food, but surprisingly did not experience higher rates of mortality. This 
may be due to the fact that the egret predator rarely captured the first fish to emerge from the refuge, preferentially attacked 
groups of three or more fish, and often captured fish in the chaotic period following a failed initial strike. We demonstrate 
how differences in energetic condition can influence risk-taking behaviours among social individuals that subsequently 
influence relative levels of foraging success and group fission–fusion dynamics. Moreover, our results illustrate the risk 
associated with foraging in larger groups.
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Introduction

Foraging can be a dangerous task and, in order to optimize 
fitness, prey animals must attempt to enhance energetic gains 
while reducing the risk of injury or death from predation 

(McNamara and Houston 1992). Prey often respond to pre-
dation risk by forming social groups. Behavioral theory sug-
gests that sociality evolves when the benefits of association 
with conspecific group members outweigh the costs (Krause 
and Ruxton 2002; Silk 2007). In the context of predator–prey 
interactions, individuals within social prey groups benefit 
from greater protection from predators via collective detec-
tion (Lima 1995) and the dilution effect (Foster and Treherne 
1981). On the other hand, group formation can be costly for 
individuals as larger group sizes increase competition for 
resources (Hirsch 2007) and conspicuousness to predators 
(Krause and Godin 1995).

Within social groups, prey individuals exhibit variation 
in their behavioural responses to predation risk. One way 
that prey animals reduce predation risk is by increasing 
time spent in refuges (Lima 1998a), despite having to pay 
a missed opportunity cost of lost foraging time (Sih 1992, 
1997). Thus, animals trade off food and safety and must con-
stantly decide whether to stay in a safe, protected refuge 
or leave to forage in a more rewarding, but risky location 
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(Lima and Dill 1990; Sih et al. 2003; Brown and Kotler 
2004). Individuals that exhibit more risk-prone behaviour 
by choosing to forage more often in dangerous locations 
and position themselves at the front of the group leaving a 
refuge are known to benefit from increased energetic gains 
(e.g., Teichroeb et al. 2015), but also experience higher risk 
of predation (e.g., Bumann et al. 1997). Consequently, the 
decision of how often, and in what spatial group position, to 
leave a protected refuge can influence relative levels of indi-
vidual foraging success and survival within social groups 
(Bateson 2002; Morrell and Romey 2008; Romey and Gal-
braith 2008).

The choices animals make concerning risky foraging 
behaviour are dependent on the fitness costs and benefits 
associated with leaving a refuge (Lima 1998b; Orrock et al. 
2013). Individuals should only leave a safe refuge to for-
age when the cost of not consuming food outweighs the 
possible mortality cost of foraging in a risky environment 
(Godin 1997; Bateson 2002). The asset protection principle 
(Clark 1994) suggests that the benefits of risky behaviour 
are determined by an individual’s fitness potential, which 
can be influenced by its energetic and nutritional state. An 
animal that is well-fed and in good condition should take 
fewer risks in order to survive and protect its high fitness 
potential. Conversely, a hungry animal in poor condition 
has a lower fitness potential due to its current state, and such 
individuals must prioritize foraging efforts in order to sur-
vive and ultimately increase future reproductive potential 
(Bednekoff 1996). In this way, hungry foragers gain more 
from each additional food item acquired as the marginal fit-
ness value of finding a food resource is higher in comparison 
with well-fed animals (Nonacs 2001). Thus, undernourished 
animals are expected to accept greater risks of predation in 
order to forage (e.g., Olsson et al. 2002; Kotler et al. 2004).

In fish shoals, when resources are limited, intraspecific 
exploitation competition can lead to differential foraging 
success among group members. Certain individuals are able 
to acquire sufficient resources, while others fail and remain 
food deficient (Hirsch 2007). Consequently, individual fish 
within social groups can greatly differ in nutritional condi-
tion (Major 1978; Krause 1993), and individual foraging 
behaviour can be influenced by hunger-state (e.g., Krause 
et al. 1999). Although there is evidence that individual fish 
with high energy deficits accept greater predation risks to 
obtain food (e.g., Gotceitas and Godin 1991; Krause et al. 
1992), few studies have examined individual refuge use and 
risky foraging behaviour within mixed social groups con-
taining members differing in hunger-state. Little is known 
about how differences in energetic state among social prey 
influence individual and group foraging behavior and refuge 
use under predation risk.

Here, we investigate the effects of hunger-state on indi-
vidual risk-taking behaviour for goldfish (Carassius auratus 

auratus) experiencing predation risk from a live avian preda-
tor (little egret—Egretta garzetta). Specifically, we assess 
individual propensity to forage under predation risk and 
order of emergence from a safe refuge within mixed groups 
of underfed and well-fed fish. We predicted that (i) underfed 
individuals would more often forage in the risky environ-
ment and emerge from the protected refuge at the front of the 
group. Therefore, we predicted that (ii) underfed individuals 
would consume more food, but (iii) also be more likely to be 
captured by the predator.

Methods

Study species

We used common gold-coloured goldfish (C. auratus) as 
the foragers and little egrets (E. garzetta) as the predator. 
Goldfish are small domesticated cyprinids that school, for-
age as a group, and seek cover from predation (Pitcher and 
Magurran 1983). Goldfish are related to eastern Asian dark 
coloured carp species that dwell in streams, lakes, and ponds 
(Holopainen et al. 1997). Like other species that evolved 
in muddy water, C. auratus do not use vigilance as their 
primary anti-predator behaviour, and instead typically man-
age risk by utilizing time allocation and hiding in a refuge 
when a predator is present (Katz et al. 2013). Our goldfish 
were acquired in Northern Israel (Ma’agan Michael, Hof 
HaCarmel), where they are raised in large (4000–40,000 m2) 
outdoor stocking pools. Although goldfish are domesticated, 
they have changed little genetically from their wild carp 
ancestors, and therefore we can expect them to exhibit natu-
ral fish behaviour (Magurran 1984). Consequently, there is 
a growing body of literature that uses goldfish as a model 
fish organism for behavioral research (e.g., Weir and Grant 
2004; Amano et al. 2005; Stenberg and Persson 2005; Dun-
lop et al. 2006; Ingrum et al. 2010; DeLong et al. 2017). 
Past experiments in our lab have demonstrated that goldfish 
naturally schooled, sought cover from predation, and gener-
ally re-emerged to forage in coordinated groups (e.g., Katz 
et al. 2013; Vijayan et al. 2018; Balaban-Feld et al. 2018).

The little egret (~400 g) is a small heron in the Ardeidae 
family. Little egrets are opportunistic hunters that ambush 
aquatic prey species in shallow water (Kushlan 1978). Our 
egrets were wild captured in Northern Israel (Kfar Ruppin, 
Beit She’an Valley), and released at the location of capture 
following the conclusion of the experiment.

Individual fish size, boldness, and feeding regimen

We collected groups of fish from the main 1880 l cylindri-
cal holding tank (2.0 m diameter × 0.6 m height), and then 
randomly separated individuals into two treatment groups. 
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For each set, we collected fish from the main tank using a 
net, and then selected individuals one by one and alternated 
which treatment group the fish would join. The two treat-
ment groups were then held in matching 840 l rectangular 
holding tanks (1.2 × 1.0 × 0.7 m) that had identical environ-
mental conditions. The water in the holding tanks was kept 
at a constant 25 °C, and the tanks were kept on a 12 h:12 h 
light–dark cycle. One week prior to the beginning of the 
experiment, individual fish were lightly anaesthetized using 
MS-222 and marked with a unique symbol using Biotouch 
micro-pigments to allow for individual identification as 
part of either the underfed or well-fed treatment groups 
(see Fig. S1). The following day, each individual fish was 
tested for boldness to enter a novel area. A rectangular tank 
(35 × 22 × 13 cm) that was split into two equal-sized sections 
by a dark plastic barrier was used as the boldness arena. 
Each fish was placed into one side of the arena and given 
5 min to acclimate. After acclimation, a 6 cm wide gate was 
remotely raised. We recorded the length of time until the 
fish’s entire body crossed through the gate into the novel 
area. Trials were limited to 10 min; fish that did not cross 
through the gate in 10 min were given a score of 600 s. We 
calculated a boldness index for each fish as 1 − (latency to 
enter novel arena/600). Accordingly, bold fish scored close 
to 1, and the shiest fish that did not emerge in 10 min scored 
0 (adapted from Brown et al. 2005). Individuals were tested 
once as fish modify their behaviour following exposure to 
a novel arena (White et al. 2013), and then returned to their 
respective holding tanks.

Next, a feeding regimen was used to generate distinct sets 
of well-fed and underfed fish. Following boldness testing, 
the two treatment groups of fish were fed different amounts 
of food for 6 days leading up to the experiment. Well-fed fish 
were provided ten (0.01 g) pellets/fish/day which met their 
daily energetic requirements. Underfed fish were provided 
only one pellet/fish/day. Following the six-day feeding regi-
men, each fish was measured from head-to-tail and weighed. 
All boldness testing and feeding occurred in 25 °C water.

Experimental design

Experiments were held in a specially designed outdoor 
cylindrical aviary (7 m diameter). The aviary contained three 
equally sized 1060 l pools (1.5 m diameter × 0.6 m depth) 
that were evenly spaced within the arena. In the centre of 
each pool, a 23.75 cm radius floating cover provided fish a 
safe refuge under which they could hide from the predator 
(Fig. S2). Plastic mesh placed around the refuge prevented 
the floating food pellets from entering under the cover, and 
the fish were forced to move into the surrounding open-
water environment to forage (Fig. S1). Thus, the open-water 
microhabitat provided fish an opportunity to find food, but 
also left fish exposed to risk of attack by the predator. A 

plastic 1 cm mesh false bottom limited the fish to the upper 
15 cm of the water and provided the egret with a surface on 
which to walk and hunt. Experiments were run during the 
day (09:00–13:00) so that natural sunlight could enter the 
aviary. All pools were kept at 25 °C.

For this experiment, we focused on one of the three pools 
that contained a mixed group of eight fish (four well-fed and 
four underfed). We limited access to the covered microhabi-
tat by allowing fish to enter and exit the refuge through a 
20 cm wide gate. An HD (Geovision model GV-EVD2100) 
underwater camera placed near the bottom of the focal pool 
allowed us to focus on the gate and assess the order in which 
individual fish exited the refuge to forage in the open-water 
environment (Fig. S1). Each group of eight fish was placed 
into the focal pool 12 h prior to testing to allow them to 
acclimate to their surroundings. The other two non-experi-
mental pools contained an identical covered refuge and eight 
non-experimental fish, and provided the egret multiple hunt-
ing locations. It was important to encourage the egret to 
move away from the focal pool and return at a later time in 
order to provide the focal fish time to recover and behave 
naturally following periods of intense predation risk when 
the egret was at the experimental pool.

At the beginning of the experimental day, a single egret 
was released into the arena, and allowed free movement for 
4 h. Throughout the trial, 60 floating food pellets were indi-
vidually dropped onto the surface of the water at a constant 
rate using an overhead timed conveyor belt feeder. We tested 
N = 14 groups of fish, for a total of N = 112 individual fish 
(N = 56 well-fed and 56 underfed). Altogether, each set of 
fish underwent a 6-day feeding regimen, was then given 
12 h to acclimate to the experimental arena, and then was 
used for a single experimental day. No fish were used twice. 
Egret hunting styles and levels of aggressiveness are highly 
variable. As such, a single egret was used as the predator 
throughout the experiment to ensure that the different groups 
of goldfish experienced the same predator hunting mode and 
overall level of risk.

Calculation of individual fish outing index

The experimental day began after the egret’s first visit to 
the focal pool to make sure we were assessing the behaviour 
of fish that were aware a predator was in the area. For each 
experimental day, we observed individual fish behaviour 
over 15 group foraging outings. A foraging outing began 
when the first fish crossed out of the refuge through the gate 
into the open risky habitat. The outing concluded when all 
participating fish returned to the covered refuge. To compare 
individual fish behaviour over 15 foraging outings, we devel-
oped an outing index to consider both the order of emer-
gence into the risky habitat and the proportion of group out-
ings participated in. For every outing, the first fish to leave 
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the refuge received a score of 8, the second fish received a 
7, and so on to the last fish to cross through the gate. Any 
fish that did not participate in the outing received a score of 
0. At the end of the day, each fish received an outing index 
calculated as the average of the fish’s 15 outing scores (i.e., 
sum of outing scores/15). Thus, the highest possible outing 
index was 8, and the lowest possible score was 0.

Analysis of foraging success and mortality

To assess individual foraging success, we used two HD 
(Geovision model GV-EVD2100) cameras placed at the 
edge of the water surface to record which individual fish 
consumed fish pellets during each outing. At the end of the 
experimental day, we recorded which fish had survived, and 
all surviving fish were then weighed to determine weight 
change (%) as an additional indicator of foraging success. 
Using video analysis, we were able to observe each fish cap-
ture, record which treatment group the fish belonged to, and 
determine whether the fish was directly targeted in isolation 
by the egret upon emergence from the covered refuge, or 
if it was captured within a foraging group of three or more 
fish. Videos were recorded automatically and then viewed 
remotely at a later date. There was no observer inside of the 
aviary during the experiment.

Statistical analyses

To determine overall relationships between fish body 
length, boldness, outing index scores, pellets eaten, and 
weight change (%), regression analyses were run with group 
(N = 14) as a random effect. Log-likelihood ratio tests were 
used to determine the significance of each regression. When 
the response variable was boldness we used the coxme pack-
age from R (Therneau 2018) to perform a mixed-effects cox 
regression analysis with censored data reflecting the maxi-
mum time of 600 s (boldness = 0). In the case of count data 
(pellets eaten), we used a GLMM. All other analyses used 
the lme4 package (Bates et al. 2015) to construct general 
linear mixed models.

To examine how outing index scores influenced weight 
change (%) for both treatment groups, a linear mixed model 
was used with weight change (%) as the response vari-
ables, outing index and feeding treatment as fixed effects, 
and group as a random effect. For the relationship between 
outing index and pellets eaten, a Poisson GLMM was used 
with pellets eaten as the response variable, outing index and 
feeding treatment as fixed effects, and group as a random 
effect. We checked the residuals of the Poisson regression 
for overdispersion using the dispersion test in the R package 
DHARMa (Hartwig 2018).

We calculated mean outing participation, outing index, 
pellets eaten, and weight change (%) for the well-fed and 

underfed groups (N = 4 per treatment) on each day and 
ran two-tailed paired t tests to compare the two treatment 
groups. To compare mortality results between the treatment 
groups and between fish group sizes at the moment of cap-
ture (solitary fish versus group of fish) we ran Chi square 
goodness of fit analyses. All statistical tests were conducted 
using R (R Core Team 2016).

Data available on figshare: https​://doi.org/10.6084/
m9.figsh​are.67413​71.

Results

Body length, (pre‑test) boldness, outing index, 
and foraging success

Body length varied between 7.50 and 12.10 cm and was 
significantly correlated with body weight (r = 0.57, 
P < 0.001). We found no significant relationship between 
body length and boldness (Χ2(1) = 1.04, P = 0.37), body 
length and outing index score (Χ2(1) = 0.78, P = 0.78), or 
body length and either measure of foraging success (pellets 
eaten: Χ2(1) = 2.45, P = 0.12; weight change: Χ2(1) = 1.05, 
P = 0.31). Additionally, there was no significant effect of 
individual boldness on outing index (Χ2(1) = 0.46, P = 0.83), 
or foraging success (pellets eaten: Χ2(1) = 0.90, P = 0.34; 
weight change: Χ2(1) = 2.23, P = 0.14).

Overall, fish that scored higher outing index scores ate 
significantly more pellets and gained significantly more 
weight. More food pellets were eaten by fish with higher 
outing index scores (Χ2(1) = 138.23, P < 0.001) and by fish 
that were underfed (Χ2(1) = 2.69, P = 0.03); however, we did 
not find a significant interaction between feeding treatment 
and outing index (Χ2(1) = 2.04, P = 0.15), indicating that 
both underfed and well-fed fish groups exhibited a similar 
positive relationship between outing index and pellets eaten. 
We found no evidence of overdispersion in the residuals of 
the Poisson GLMM (DHARMa dispersion test: P = 0.50). 
Correspondingly, weight change (%) increased in fish with 
high outing index scores (Χ2(1) = 56.11, P < 0.001), and in 
fish that were underfed (Χ2(1) = 41.60, P < 0.001). Again, 
we did not find a significant interaction between feeding 
treatment and outing index (Χ2(1) = 1.61, P = 0.21), dem-
onstrating that both underfed and well-fed fish exhibited a 
comparable positive relationship between outing index and 
weight change (%) (Fig. 1).

Foraging behaviour and success of underfed vs. 
well‑fed fish

On average, underfed fish participated in significantly more 
group foraging outings (mean ± SE outing participation %: 
underfed 52 ± 5%; well-fed 34 ± 7%; paired t test: t13 = 5.92, 

https://doi.org/10.6084/m9.figshare.6741371
https://doi.org/10.6084/m9.figshare.6741371
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P < 0.001) and accordingly scored significantly higher out-
ing index scores compared with well-fed fish (mean ± SE 
outing index: underfed 2.71 ± 0.16; well-fed 1.53 ± 0.25; 
paired t test: t13 = 5.89, P < 0.001) (Fig. 2a). Furthermore, 
on 13 of the 14 experimental days, the top scoring fish was 
from the underfed treatment (Χ2(1) = 10.29, P = 0.001), and 
24 of the 28 fish scoring the highest two outing index scores 
per day were from the underfed treatment (Χ2(1) = 14.29, 
P < 0.001).

As a result, underfed fish consumed significantly more 
food pellets (mean ± SE pellets eaten: underfed 2.27 ± 0.27; 
well-fed 0.57 ± 0.12; paired t test: t13 = 5.81, P < 0.001), 
and the underfed fish gained significantly more weight 
compared with the well-fed fish that generally lost weight 
(mean ± SE weight gain (%): underfed 3.50 ± 0.73%; well-
fed − 6.18 ± 1.14%; paired t test: t13 = 10.07, P < 0.001) 
(Fig. 2b).

Mortality of underfed vs. well‑fed fish

The egret captured an equal number of underfed and well-
fed fish (12 each). Overall, of the 24 total captures, the egret 
captured the first fish to emerge from the refuge ten times (6 
underfed and 4 well-fed; Χ2(1) = 0.40, P = 0.53). The egret 
caught a significantly higher number of fish foraging in 
groups compared with single fish foraging in isolation (18 
group captures and 6 single captures; Χ2(1) = 6.00, P = 0.01) 
(Fig. 3). Furthermore, the majority of the captures of fish 
within groups (13 of 18) transpired during the commotion 
resulting from the chaotic escape behaviour of goldfish indi-
viduals following a failed egret strike.

Discussion

We examined the behaviour of mixed groups of fish contain-
ing underfed and well-fed individuals that had the option 
to remain safe under a protective refuge or forage in the 
open while exposed to predation risk. We found that certain 
individuals more frequently took risks and left the safety of 
the refuge to find food in the dangerous open-water habitat. 
Although all fish in our study experienced the same level 
of risk, regardless of hunger-state, the underfed fish more 
frequently chose to leave the refuge to find food in the dan-
gerous open-water habitat, and often left at the front of the 
group. In comparison, well-fed fish tended to participate in 
fewer outings, and emerged near the back of the group when 
they did venture out of the refuge. As a result, fish from the 
underfed treatment enjoyed greater relative foraging success 
compared with other well-fed group members. Furthermore, 
our study demonstrates how differences in nutritional condi-
tion among group members can impact group fission–fusion 
dynamics (Conradt and Roper 2000). Differences in hunger-
state can generate variance in risk-taking behaviour among 
individuals that have the option to stay hidden in a refuge 
or forage in a risky location, ultimately resulting in smaller 
foraging groups.

Our study supports prior work in fishes that showed 
individuals in a poor energetic state are more likely to 
take risks and forage in the presence of a predator (e.g., 
Godin and Crossman 1994). Our results suggest that the 
fish in our underfed treatment that were provided with very 
little nourishment over the 6 days preceding the experi-
ment desperately needed to find food to improve their poor 

Fig. 1   Relationship between 
Outing index scores on experi-
mental days and weight change 
(%). Open circles and filled cir-
cles represent individual under-
fed and well-fed fish, respec-
tively. Dashed and solid linear 
fit lines represent averages 
for N = 14 groups of underfed 
and well-fed fish, respectively. 
Data points above the grey 
dashed horizontal reference line 
indicate weight gain, and points 
below the reference line indicate 
weight loss
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energetic state in spite of greater mortality risks associated 
with foraging in open water. The opportunity cost of lost 
foraging time associated with hiding in the refuge was 
much higher for our undernourished fish, and this influ-
enced the observed difference in risky behaviour between 
the underfed and well-fed treatment groups. Our finding 
that well-fed individuals with lower energetic needs were 
less likely to join a foraging group when there was the 
option to stay in a safe refuge supports prior work that 
indicated hungry fish spend more time foraging in risky 

open-water (Pettersson and Brönmark 1993). Initially, dif-
ferences in time allocation strategies between individuals 
differing in hunger-state will lead to well-fed individuals 
reducing foraging time in risky environments and prefer-
ring safe environments that contain fewer resources, con-
sequently decreasing energetic gains. Conversely, under-
fed fish are more willing to forage in risky environments, 
leading to enhanced energetic gains. Thus, over a longer 
time period, the differential response to the trade-off 
between food and safety would be expected to compress 

Fig. 2   Mean outing index 
scores (a), and weight change 
(%) (b) for underfed and well-
fed fish. Each set of two points 
connected by a horizontal line 
represent data from the two 
treatment groups on a given day 
(N = 14). In b, data points above 
the grey dotted horizontal refer-
ence line indicate weight gain, 
and points below the reference 
line indicate weight loss
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both well-fed and underfed individuals towards the mean 
energy state of the population (Brown 1999).

We predicted that individual fish that exhibited riskier 
behaviour would benefit from enhanced food consumption 
but would necessarily trade off foraging success with mortal-
ity risk (Brown and Kotler 2004). We were surprised to find 
that the more risk-prone underfed fish did not experience 
higher mortality risk, as an equal number of underfed and 
well-fed fish were captured by the egret predator. Our finding 
might be explained by the fact that bolder, more risk-seeking 
individuals have been shown to exhibit an enhanced ability 
to escape predators (Blake and Gabor 2014). However, we 
found no influence of individual boldness on risky behaviour 
in our experiment. Further, the mortality results were unex-
pected as the underfed fish in our experiment spent signifi-
cantly more time in the open-water environment and tended 
to emerge at the front of the group, which we had predicted 
should have increased the probability they would be spot-
ted and attacked by our ambush predator (Choi et al. 2008).

Upon video analysis of each instance in which a fish 
was captured by the egret, we found that the mortality risk 
associated with risky foraging behaviour was dependent 
on the circumstances surrounding a given attack. In the 
instances in which the egret successfully attacked the first 
fish to depart from the refuge, individual order of emer-
gence within the foraging fish group determined survival. 
In such a situation, the egret killed more underfed fish (6 
underfed versus 4 well-fed), and this was evidently due 
to the fact that underfed fish more often emerged at the 
front of the group. However, the egret most frequently 
targeted groups of three of more fish, and this may help 

explain why an equal number of underfed and well-fed 
fish were captured. Had the egret more often targeted and 
immediately captured the first fish to emerge from the 
refuge, significantly more underfed fish would have been 
captured. Furthermore, when attacking larger groups of 
fish, the egret often failed on its initial strike. In the ensu-
ing chaotic seconds, the relative risk of mortality among 
well-fed and underfed group members was likely more 
random and equivalent.

Thus, while our mortality results demonstrate that it can 
be dangerous to be the first individual to emerge from the 
refuge (Bumann et al. 1997), the riskiest behavior in our 
experiment was to forage as part of a group of fish due to the 
preference of the predator to attack larger groups (Ioannou 
and Krause 2008). This result support prior work that has 
shown that predators preferentially attack larger shoal sizes 
(Krause and Godin 1995). The expected advantage of safety 
in numbers (i.e., the dilution effect—Foster and Treherne 
1981) might have been negated as the predator most often 
attacked and successfully captured fish moving in groups 
containing multiple individuals, indicating that there was 
risk associated with foraging in large numbers. The risk of 
foraging in numbers does not implicitly favour either under-
fed or well-fed fish, but as the well-fed fish in our experiment 
participated in fewer outings and emerged near the back of 
foraging groups, they tended to spend more of their forag-
ing time in larger groups. Therefore, as mentioned earlier, 
the underfed fish paid the cost of increased mortality from 
emerging first in order to gain access to food, while the well-
fed fish tended to forage in larger groups that attracted more 
predator attacks.

Fig. 3   Number of underfed and 
well-fed fish captured by egret 
immediately following emer-
gence from the refuge (isolated 
target) or within a group of 
three or more fish (group attack)
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Relative levels of refuge use and risky foraging behaviour 
were strongly influenced by hunger-state, but not by body 
size or boldness, suggesting that hunger-state has a stronger 
influence on foraging behaviour than individual differences 
in body size or personality. In contrast, previous work on 
fishes have demonstrated that large (e.g., Krause et al. 1998; 
Ward et al. 2002), and bold (e.g., Ward et al. 2004; Leblond 
and Reebs 2006; Balaban-Feld et al. 2018) individuals tend 
to occupy riskier frontal group positions. Moreover, Dowl-
ing and Godin (2002) showed that body length influenced 
time spent in a refuge while nutritional state did not. How-
ever, both the work of Dowling and Godin (2002) and our 
(pre-test) boldness assay examined the behaviour of solitary 
individual fish, while our experiment examined fish behav-
iour within a social group. Although examining individuals 
in an isolated setting can yield valuable information about 
underlying behavioural differences among individuals, it is 
also important to examine the behaviour of social animals in 
more realistic group settings. Behaviour recorded alone does 
not always coincide with behaviour tested in a group (e.g., 
Schuett and Dall 2009; McDonald et al. 2016), as social 
interactions and feedback among conspecifics can influence 
individual behaviour (Webster et al. 2007). As such, more 
work is needed to understand how risk-taking behaviours are 
modified by social interactions among conspecifics.

To conclude, individual fish in poor hunger-state took 
more risks to forage in a risky environment and benefitted 
by consuming more food but did not experience an increased 
cost of mortality compared with well-fed social group mem-
bers. In terms of mortality risk, fish foraging in groups con-
taining three or more fish were most often attacked and 
captured by the egret predator. Our study exemplifies how 
individual energetic state, social dynamics, trade-offs of food 
and safety, and predator behaviour can affect prey foraging 
behaviour. Future work is needed to better understand how 
differences in internal state among social prey, and the asso-
ciated behavioural responses, influence individual and group 
risk-taking behaviours under predation risk.
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