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Marginal predation, also known as the edge effect, occurs when aggregations of prey are preferentially targeted on their periphery by
predators and has long been established in many taxa. Two main processes have been used to explain this phenomenon, the confusion
effect and the encounter rate between predators and prey group edges. However, it is unknown at what size a prey group needs to
be before marginal predation is detectable and to what extent each mechanism drives the effect. We conducted 2 experiments using
groups of virtual prey being preyed upon by 3-spined sticklebacks (Gasterosteus aculeatus) to address these questions. In Experiment
1, we show that group sizes do not need to be large for marginal predation to occur, with this being detectable in groups of 16 or more.
In Experiment 2, we find that encounter rate is a more likely explanation for marginal predation than the confusion effect in this system.
We find that while confusion does affect predatory behaviors (whether or not predators make an attack), it does not affect marginal
predation. Our results suggest that marginal predation is a more common phenomenon than originally thought as it also applies to
relatively small groups. Similarly, as marginal predation does not need the confusion effect to occur, it may occur in a wider range of
predator—prey species pairings, for example those where the predators search for prey using nonvisual sensory modalities.
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INTRODUCTION Caro 2005; Quinn and Cresswell 2006). The 2 explanations that
are most commonly discussed are the confusion effect and the

Individuals that form groups gain many fitness advantages, with o AR
greater likelihood of encountering individuals on the group’s edge.

the most widespread being a reduced risk of predation (Krause . . .
and Ruxton 2002; Ioannou et al. 2011; Santos et al. 2016; Ward The ?1mpl'er, and therefore more widely applicable, of the 2
mechanisms is based on the encounter rate between a predator and

the individuals in a prey group. This assumes that a predator will
attack the closest prey to them (Hamilton 1971; Vine 1971; Hirsch

and Webster 2016). Within a group, the risk of predation is rarely
homogenous due to phenotypic variation in size, speed, age, sex,

and color (including warning, aposematic coloration), among o '
other factors (Ohguchi 1978; Theodorakis 1989; Riipi et al. and Morrell 2011), which is most commonly prey on the margins
of groups, thus explaining the high rate of marginal predation.

Due to its simplicity, encounter rates provide a very general mecha-
nism and has been an assumption of predator-prey behavioral
models (Wood and Ackland 2007). The second major explanation,
the confusion effect (Neill and Cullen 1974; Miller 1992; Ioannou
et al. 2008; Scott-Samuel et al. 2015), relies on the cognitive limi-

2001; Rodgers et al. 2014). Even within groups of prey that are
very similar in phenotype, however, individuals will still vary in
their spatial positions. Numerous theoretical and empirical stud-
ies have demonstrated that individuals on or closer to the mar-
gins (edges) of a group have a much higher risk of predation than
those found nearer the center (Hamilton 1971; Vine 1971; Krause ‘ 1 |
1994; Bumann et al. 1997; Viscido et al. 2001; Ballerini et al. 2008; ~ tations of predators. The confusion effect assumes that prey in

Morrell and James 2008; Morrell and Romey 2008; Hirsch and larger or more dense groups are more difficult to tr'fick and :.atta?k
compared to lone prey due to the larger amount of information in

the visual field of the predator from more possible targets or prey
overlap (Krakauer 1995; Lemasson et al. 2016). If the information
presented leads to an overload of the predator’s cognitive ability,
this can result in a lower rate of attacks (loannou et al. 2009), lower
attack success (Krause and Godin 1995; Ioannou et al. 2008), and
Address correspondence to C. Duffield. E-mail: c.duffield@liverpool.ac.uk. a reduced cognitive capacity for other activities such a vigilance

Morrell 2011), a phenomenon known as marginal predation or
the edge effect. Nevertheless, the mechanisms behind this higher
rate of marginal attack are still debated (Krause and Ruxton 2002;
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(Milinski and Heller 1978; Milinski 1984). These costs, if high
enough, present predators with the choice of not making an attack
or finding ways to reduce the confusion effect. One way to reduce
this confusion is to focus attacks on the periphery of the group,
which can have the effect of reducing the number of prey in the
visual field and hence the strength of the confusion effect (Ioannou
ct al. 2009; Rieucau et al. 2014).

The confusion and encounter explanations for marginal preda-
tion are not mutually exclusive, but are driven by fundamentally
different aspects of predator behavior. Assuming a prey individual
is chosen at random, the probability of targeting an individual on
the edge of a group is dependent on the ratio of peripheral ver-
sus central individuals, so if groups become denser but the total
area occupied by the group is constant, then predators should not
be more likely to attack marginal prey as the ratio of peripheral
to central individuals remains constant. In contrast, an increase
in prey density induces a stronger confusion effect (Milinski 1979,
1984; loannou et al. 2009; Scott-Samuel et al. 2015) due to the
cognitive limitation of attacking prey when many other targets are
visible. Thus, if predator confusion is the driving mechanism, then
the tendency to attack marginal prey should increase with the den-
sity of prey even if the ratio of peripheral to central individuals is
constant.

While both encounter and confusion effects assume that groups
contain phenotypically similar individuals, this is difficult to rep-
licate with live prey as there are many sources of interindividual
variation that influence predator attack rates including prey size,
color, and activity (Wetterer 1989; Bell and Sih 2007; Ioannou
and Krause 2009; Hogan et al. 2016). To negate this problem,
virtual prey simulations are being increasingly used for predator—
prey experiments (Lemasson et al. 2016). Virtual prey are used in
both cognitive psychology and animal behavior due to the practical
advantages that it provides (Bond and Kamil 2002; Harland and
Jackson 2002; Ioannou et al. 2012; Lemasson et al. 2016; Hogan
et al. 2017). Virtual prey not only allow for the standardization of
individual phenotypes but also enables the experimenter to control
other factors such as prey behavior, number and density without
unintended confounding effects, and the ethical issues in using live
animals as prey.

Previous studies have used large group sizes to assess marginal
predation, from group sizes of 20 individuals (Romey et al. 2008)
to as large as 100 (Hirsch and Morrell 2011). These studies have
shown that both encounter rate and the confusion effect are cred-
ible explanations of marginal predation; however, in nature, group
size distributions are often heavy-tailed, with many smaller groups
and relatively few larger groups (Krause and Ruxton 2002). To
fully understand the extent of marginal predation, it is important
to determine how predators prey upon smaller prey group sizes.
Yet to date there have been no studies investigating how large a
group needs to be before marginal predation is observed, and the
relative importance of encounter and confusion effects in explain-
ing marginal predation. Here we quantify predator behavior when
presented with manipulated groups of virtual prey (Ruxton et al.
2007; Jones et al. 2011), using 3-spine sticklebacks as predators. We
test the minimum group size required for marginal predation to
be observed by varying the number of individuals within a group.
We then test the mechanism(s) behind marginal predation by alter-
ing group density. By varying the density and keeping area con-
stant, the proportion of individuals on the edge of the group and
the average distance of prey from the center remains equal and so
should not affect encounter rate. However, as density increases, the
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amount of prey presented to predators increases, and so higher
densities should induce more confusion in the predators.

METHODS
Subjects and housing

Approximately 300 three-spined sticklebacks (Gasterosteus aculea-
lus) were caught on 25 September 2014 from the River Carey,
Somerset, UK (ST 469 303), using keep nets dragged though veg-
etation. Once at the lab, fish were kept in 40 X 70 X 34 cm (width
X length X height) glass tanks on a flow through system. Water
temperature was maintained at 16 °C with a daily 12:12 dark:light
cycle throughout the study, which maintained the nonbreeding con-
dition of the fish. When not taking part in experiments, the fish
were fed defrosted bloodworms and tropical flake food. Upon com-
pletion of the experimental tests, all fish were kept in the lab for fur-
ther behavioral experiments. All necessary permits were obtained
to remove fish from the wild and hold them at the University of
Bristol, and all experimental procedures were within the guidelines
set by the University of Bristol and the Association for the Study of
Animal Behaviour.

Experimental methods and apparatus

To assess the predatory behaviors of sticklebacks when attacking
groups of prey, we conducted 2 experiments that altered either the
number of prey and the area they occupied (Experiment 1: group
size) or the number and density of prey but kept the area they
occupied constant (Experiment 2: group density). In both experi-
ments, an agent-based model was used to simulate groups of 2D
circular red prey, adapted from Wilensky (1999) and run in Netlogo
5.1.0. In both Experiments 1 and 2, the projected prey (agents) had
a diameter of 2.5 mm, moving at a constant speed of 0.02 cm/s.
Each trial had a unique random seed which determined initial
positions and orientations and hence determined the paths prey
took. In both experiments, the prey types followed 2 basic rules:
separate and cohere. “Separate” kept agents a minimum distance
apart and “cohere” made agents aggregate. Parameters were set
to consistently give a single group of prey in a swarm-like state
(Couzin et al. 2002). In Experiment 2, to manipulate prey density,
prey groups consisted of visible (red) and nonvisible (transparent)
prey totaling 32 individuals (Lemasson et al. [2016] have recently
used a similar technique when investigating the confusion effect in
humans). By altering the number of visible to nonvisible prey, den-
sity can be manipulated while the area occupied by the group’s cir-
cumference remains constant. The simulation was projected on to a
translucent screen (Rosco gel No. 252) that was affixed to the inside
of the experimental tank (Supplementary Figure S1). The projector
(BenQ) MW523) was positioned approximately 100 cm in front of
the tank and 50 cm below the tank, such that the projector was at
an angle to reduce glare on the front of the tank. The simulated
arena measured 15 X 15 cm, with the top left corner positioned
10 cm from the top of the tank and 12.5 cm from the left edge of
the tank wall that the prey were projected onto (Iigure 1).
Experiment 1 (group size) used different group sizes of 2, 4, 8,
16, or 32 agents with the same interindividual spacing so that the
prey groups varied in group size and area, but not in density. The
periphery to area ratio thus decreased as group size increased, that
1s there were fewer prey on the periphery compared to the center
of the group. In Experiment 2, the group density treatments var-
ied group size but rather than keeping density (prey per unit area)
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Figure 1

The front view of the experimental tank showing the black corrugated plastic screen border (a), the translucent screen and field of view of the camcorder (b),

and the projected prey arena (c) containing a stickleback attacking one of 8 prey.

constant and allowing the area taken by the group to vary (as in
Experiment 1), we manipulated the ratio of visible to nonvisible
prey (32:0, 24:8, 16:16, 8:24). This meant that all prey density treat-
ments took up the same area (with the same periphery: area ratio)
and the density and number of (visible) agents varied.
For Experiment 1, on each test day at 13:00, 5

“compan-

ion” fish were placed in each of the 2 companion compartments
(Supplementary Figure S1) and were used until all trials had been
conducted that day. For Experiment 2, companion fish were placed
in the compartments at the start of the day until 13:00 at which
point they were replaced with another 10 fish which were then used
for the remainder of the day. The companion fish were used to
habituate the fish to its new environment and to promote the per-
ception of food competition (Grand and Dill 1999), both of which
are expected to motive the test fish to attack the virtual prey. Prey
treatments within each experiment were ordered in a complete
random block, with each treatment appearing once in each block
but in a random order. In total, 29 trials were conducted for group
size treatments of 2, 8, and 16; 30 trials were conducted for group
size treatments of 4 and 32; and 46 trials were conducted for each
density treatment. At the start of each trial, the simulation was
set up with a unique randomly generated seed (ranging between
1 and 10000) and was allowed to run for at least 500 “ticks” (i.e.,
time steps) before a fish was placed into the experimental tank. We
used a net to transfer an individual from the holding tanks to the
refuge in the experimental tank, and once the fish was placed and
the net removed, the trial began. The trial was terminated once
the individual had made an attack or 600 s had elapsed from start-
ing the trial. The individual’s standard body length was then mea-
sured to the nearest millimeter (ranging between 21 and 43 mm,
mean = 30.80 mm) and the fish placed in a different holding tank
before all fish were returned to their main tank to avoid using the
same fish more than once within each experiment. Experiments
were recorded 108 cm from the front of the tank using a Panasonic
SD800 camcorder and also from above using a webcam positioned
34 cm above the water. The webcam was used to monitor move-
ments of the test fish during the experiment to establish when they
left the refuge (whole body being outside of area C; Supplementary
Figure S1). The camcorder footage was used to measure the latency

to the first attack, which individual agent was attacked and how
many attempts were made in their first bout of attacks (fish were
not limited in their attempts but were limited to one bout before
the trial was ended [loannou et al. 2008]). A total of 147 trials were
conducted in Experiment 1 (always in the afternoon between 13:00
and 18:00) and 230 trials were run in Experiment 2 (between 09:00
and 18:00), with each trial using a different fish within an experi-
ment but the same fish being used between experiments. To moti-
vate fish to make an attack and to standardize hunger, fish were
not fed the previous day but were fed upon being returned to their
main tank after all trials were completed for that day:

Statistical analysis

As the positions of prey relative to one another varied stochasti-
cally as the simulation ran, the prey group stimulus at the time of
attack differed between trials. We thus analyzed prey traits using
randomization tests to compare the observed frequencies of attack-
ing particular prey traits to those expected if each fish selected a
prey randomly from the same set of prey stimuli (see Ioannou and
Krause [2009] and Ioannou et al. [2012] for a similar approach).
Specifically, these traits were: whether prey were on the edge of
a group, whether their distance from the center of the group was
greater than the mean value, and the side of the group they were
on (near or far side relative to the refuge the fish started from). For
cach iteration, an individual prey was randomly selected from the
prey at the point of the first attack in each trial where an attack
occurred. This was repeated for 10000 iterations. This yielded
expected distributions for the number of trials where prey were
attacked on the edge, whether they were closer to the group center
than average, and whether they were attacked on the near or far
side of the group. If the observed number of trials where the tar-
geted prey had each trait was <2.5% or >97.5% of this expected
random-targeting distribution (i.e., & = 0.05), the observed attack-
ing behavior could be said to be statistically different to targeting
prey at random. These tests were carried out separately for each
treatment in each experiment.

To define whether a prey was on the edge of the group, we
used the deldir package in R v3.1.2 to calculate each individual’s
domain of danger using Voronoi tessellation (Hamilton 1971). Any
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individual prey that had a Voronoi cell not entirely bounded by the
Voronoi cells of other individuals was classed as being on the edge
of the group, that is, had the boundary of the simulated space as
part of its Voronoi cell. To determine the side of the group individ-
uals attacked, we determined whether the prey was on the near or
far side from the refuge based on their position relative to the group
centroid. For determining distance from the center, we calculated
the group centroid and then the mean distance from the center for
all prey in the group. We then determined which individuals had
distances to the center greater than the group mean. This has been
a measure of marginal predation in previous studies (Romey et al.
2008; Hirsch and Morrell 2011) and so we use this measure here
too. However, this measure does not necessarily represent marginal
predation since prey slightly further from the mean distance from
the centroid may still be far from the margins of the group and
thus be as confusing as “central” prey.

To analyze factors affecting average levels of predator behavior,
we used Generalized Linear Models (GLMs). All models contained
2-way Interactions except for time of day which was not included
in any interactions. To find the minimum adequate model, the
dropterm function from the package MASS was used to identify
the least significant terms, which were sequentially removed from
the model until only significant terms remained. Tests were carried
out separately for Experiments 1 and 2. When models were depen-
dant on an attack occurring (i.e., side of the prey group an attack
was made, time to make an attack, number of attacks made in the
first bout, whether an attack was on the edge of the group, the rela-
tive distances of attacked prey from the mean distance to the cen-
troid, and whether an attack was further than the mean distance to
the centroid), only trials where an attack was made were included.

We used GLMs with negative binomial distributions and log-link
functions to determine factors influencing the time taken to leave
the refuge, the time taken to make an attack, and the number of
attacks made. Prey group treatment and subject body size were used
as fixed effects for analyzing the time out of the refuge. Prey group
treatment, body size, and time out of the refuge were used as fixed
effects for analyzing the time to make an attack. Prey treatment,
body size, time out of the refuge, and time to make an attack were
used as fixed effects for analyzing the number of attacks made.

(@)
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A GLM with a binomial distribution and logit-link function
was used to determine the factors influencing whether each
fish made an attack. Due to the variable times taken to leave
the refuge and the fixed total trial time of 600 s, the time avail-
able for the fish to make an attack (once leaving the refuge) var-
ied between trials. Thus, to analyze the probability of making
an attack, we excluded all trials where the fish took more than
360 s to make the attack. A threshold of 360 s allowed us to stan-
dardize the time available and minimized the number of trials
excluded (Experiment 1 [group size]: 23 trials out of 147 were
excluded; Experiment 2 [group density]: 17 trials out of 230
were excluded). Prey treatment, body size, and time to leave the
refuge were used as fixed effects.

We also used GLMs with a binomial distribution and logit-link
function to determine the factors influencing the side of the group
the fish attacked (i.e., near or far side relative to the refuge), whether
an attack was on the edge of the group, and whether an attack was
further than the mean distance to the centroid. Prey treatment,
time out of the refuge, time to make an attack, and body size were
used as fixed effects. In Experiment 1, the group size 2 treatment
was excluded from GLMs assessing whether an attack was made
further from the centroid than the mean prey distance and when an
attack was made on the edge of the group based on Voronoi tessel-
lation since the 2 prey would be the same distance from the center
and always on the edge.

All statistical analyses were performed in R version 3.1.2 (R Core
Team 2014). The GLMs with binomial and negative binomial dis-
tributions met their assumptions and were not over or under dis-
persed (i.e., the dispersion parameter was between 0.5 and 2.0).

RESULTS
Experiment 1: group size

Sticklebacks were significantly more likely to attack prey on the
edges of groups (Figure 2a) and also further from the group cen-
ter (Figure 2b) compared to simulations where prey were selected
randomly. This effect became statistically significant in relatively
small groups of 16 or more prey (prey on the edge, group size 16:
P =0.016, group size 32: P < 0.001; distance to center, group size
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The number of times for cach group size that the observed attacks (cross) and random simulation of 10000 iterations (filled circles are means, with error bars

showing 95% confidence intervals) was (a) on the edge, (b) further from the group centroid than the mean, and (c) to the far side of the group center relative

to the refuge.



Duffield and Ioannou * Assessing predatory mechanisms driving marginal predation 1287

16: P = 0.023, group size 32: P < 0.001). When comparing which
side of the group was attacked (near or far from the refuge), there
was no difference between the observed results and the randomized
simulation for any group size treatment (P = 0.138 in all treatments,
Figure 2c).

The likelihood of whether an attack was made was signifi-
cantly affected by group size (GLM: LRT, 45 = 8.40, P = 0.004,
Figure 3a), with attacks being less likely as group size increased.
The body length of the subject also had a significant effect on the
likelihood of an attack (LRT 1,4 = 4.34, P = 0.037), with smaller
individuals being more likely to make an attack than larger indi-
viduals. It was also found that individuals tested earlier in the day
were significantly more likely to make an attack than individu-
als tested later in the day (LRT 4,5 = 5.22, P = 0.022). The time
taken for the individual to leave the refuge had no significant effect
(LRT 144 = 0.23, P = 0.635).

When an attack was made, we found that edge attacks, based on
Voronoi tessellation, were not significantly affected by group size
(GLM: LRT, g = 1.69, P = 0.194) or any other factors. However,
we found that group size had a significant effect on whether an
attack was made further from the centroid than the mean prey in
the group (GLM: LRT g9 = 5.44, P = 0.020, Figure 4). The prob-
ability of attacking prey further from the centroid than the mean
prey distance from the centroid increased as group size increased.
When testing factors influencing whether attacks were targeted at
prey on the side of the group relative to the refuge, group size had
no significant effect (GLM: LRT, 3o = 0.25, P = 0.614). All other
factors were also nonsignificant. The time taken to leave the refuge,
time taken to make an attack, and the number of attacks were all
found not to be significantly affected by any of the factors tested
(P> 0.05 in all cases).

Experiment 2: group density

Sticklebacks were significantly more likely to attack prey on the
edge of groups (Figure 5a) and further from the group centroid
(Figure 5b) compared to the simulations where prey were selected
randomly. This was statistically significant across all density

treatments for prey on the edge (£ < 0.011 in all treatments) and
all density treatments for distance from the center except 8:24
(P < 0.004 in all treatments except 8:24 where P = 0.034). As
in the first experiment, the observed side of the group that was
attacked relative to the refuge was found not to be significantly
different to the simulation for any density treatments (£ = 0.045
in all treatments, Iigure 5¢; note that the 2-tailed alpha in these
randomizations is 0.025).

Prey density (Figure 3b), fish body size, time taken to leave
the refuge, and time of day were all found to have nonsig-
nificant effects on whether an attack was made (P = 0.07 in all
cases). However, when an attack was made, density was found
to have a significant effect on whether an attack was made on
the edge of the prey group based on their Voronoi cells (GLM:
LRT;4; = 8.57, P = 0.036). Sticklebacks were less likely to attack
the edge of a prey group if the prey groups were more dense
(Figure 6). We also found that the interaction between prey group
density and the time to leave the refuge had a significant effect
on whether the prey individual attacked was further from the
centroid than the mean prey distance (GLM: LRT;q; = 16.36,
P < 0.001, Supplementary Figure S2). We found that attacks were
increasingly likely to be made further from the centroid than the
mean prey when fish took longer to emerge from the refuge and
were presented with the least dense group (08:24) and the densest
group (32:00). However, the group densities of 16:16 and 24:08
had a high probability of making an attack on prey further from
the centroid regardless of how long sticklebacks took to emerge
from the refuge. The interaction of prey density and fish body size
also had a significant effect on whether prey was attacked further
from the centroid than the mean prey distance (LRT;q; = 7.82,
P = 0.050). In all density treatments except 24:08, it was found
that the probability of an attack occurring further from the center
decreased as body size increased; in other words, larger fish were
more likely to attack central individuals. In contrast, the 24:08
treatment showed that as body size increased, the probability of
an attack occurring further from the centroid than the mean prey
distance also increased.
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The side of the prey group that was attacked was shown to
be significantly affected by the interaction between the time out
of the refuge and prey density (GLM: LRTy = 11.90, P = 0.008,
Supplementary Figure S3). Both the densest and the least dense prey
group were more likely to be attacked closer to the refuge if stickle-
backs left the refuge quickly, and attacks closer to the refuge were
very unlikely after 300 s. However, the reverse was observed on den-
sities of 16:16 with a smaller probability of attack occurring close to
the refuge when sticklebacks emerged from the refuge earlier.

The time taken to leave the refuge was significantly affected
by body size (GLM: LRT, g3 = 7.37, P = 0.007), with larger

<
—

0.6 0.8
1

0.4

Probability of an attack occuring further
0.2

from the centroid than the mean prey distance

0.0

2 4 8
Group Size

16

32

Figure 4

The probability of an attack being made further from the centroid than
the mean distance of prey to the centroid as a function of prey group size
(Experiment 1).
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individuals being more likely to leave the refuge sooner. However,
the time taken to make an attack was not significantly affected by
any factors tested for here. Prey density was shown to have a sig-
nificant effect on the number of attacks made in the first attack
bout (GLM: LRT; = 10.40, P = 0.016, Figure 7). Individuals that
were presented with denser prey groups made less attacks than
those that were presented with less dense groups. The number of
attacks was also significantly affected by the body size of individu-
als (LRT; = 6.10, P = 0.014), with larger individuals making more
attacks than their smaller counterparts (Tables 1 and 2).

DISCUSSION

Confusion and encounter effects have both been argued as key
mechanisms driving marginal predation (Hamilton 1971; Vine
1971; Milinski 1977a,b). Research on this topic has, however,
mostly focused on large group sizes (Milinski 1977b, 1979; Romey
et al. 2008; Hirsch and Morrell 2011), yet in nature much smaller
group sizes can be observed (Krause and Ruxton 2002). Previous
studies have also favored either the confusion or encounter mecha-
nisms rather than considering both. Here, we show that marginal
predation can be seen at group sizes as small as between 8 and 16,
and while there was evidence for predator confusion in our experi-
mental system, it does not appear to be the main mechanism driv-
ing marginal predation.

In Experiment 1, sticklebacks were more likely to attack the
edges of a prey group compared to the random simulation when
the group size was 16 or greater, and in Experiment 2, we found
that edge attacks were more likely to occur in all treatments, includ-
ing in a group of 8 where the number of attacks on the edge did
not differ from random in Experiment 1 (although the number
of attacks, and hence test power, was greater for 8 visible prey in
Experiment 2). This shows that group sizes do not need to be par-
ticularly large for marginal predation to occur, and that prey den-
sity can be low and still induce marginal predation. If confusion is
the main driver of marginal predation, then it would be expected
that with an increase in confusion, the marginal predation effect
would become more prominent (Krakauer 1995). However, the

effect of group size was not significant when examining its effect
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The probability of an attack being made on the edge of a group as described
by Voronoi tessellation at different prey group densities (Experiment 2).
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The number of attacks made in the first bout on prey groups of different
densities (Experiment 2). The thick black lines represent the medians, the
boxes encompass the 25th-75th percentiles and the most extreme points
within £1.5X the interquartile range outside the box are denoted by the
whiskers. The circles show points lying outside these ranges.

on edge attacks. Due to the nature of Experiment 1, as group size
increases, the group periphery (i.e., edge): area ratio decreases so
there are relatively fewer prey on the periphery of larger groups,
which would counteract an increased preference for attacking

group margins in larger groups. Thus being able to draw conclu-
sions from edge attacks is difficult. To negate this, in Experiment 2,
this ratio was kept constant allowing for direct comparison between
different group treatments. Nevertheless, the effect of density on
marginal predation had a significant effect in the opposite trend to
what would be expected from the confusion effect, where attacks on
denser groups were less likely to be made on marginal prey. This
suggests that confusion is not the main driver of marginal preda-
tion in our system. However, this result also does not support the
encounter mechanism, which would predict density to have no
effect on marginal predation.

If encounter was the only mechanism acting on marginal preda-
tion then it would be expected that in all treatments, attacks would
also be more likely to be made on the side of the group closest
to the refuge. Yet, this was not seen to be significantly different in
either experiment when compared to the randomized simulation.
This shows that sticklebacks do not just attack the closest prey to
them, but factors such as the possibility of predation and competi-
tion may be causing our predators to explore the arena before they
make an attack. At one spatial scale (from leaving the refuge), an
encounter effect does not seem to occur, while at a smaller scale,
prey on the edges of groups do seem to be preferentially attacked
once the predator is close to the group. While the importance of
scale has been recognized in ecology for some time (e.g., Gunton
and Kunin 2007), it has been neglected in behavioral predator—
prey studies (Ioannou et al. 2009).

A metric commonly employed to quantify the effects of confu-
sion on marginal predation is the distance from the centroid of the
group. In Experiment 1, we found that prey were more likely to
be attacked further from the centroid than the mean prey distance.
However, while it has been previously shown that distance from
centroid and predation risk correlate (Romey et al. 2008; Hirsch
and Morrell 2011), this may not always be indicative of a confu-
sion effect. The confusion effect explanation for predators attacking
the prey group edge is an attempt to reduce confusion due to prey
having a smaller number of neighbors. Yet prey further from the
center than the mean could potentially be just as confusing as other
central prey, especially in larger groups.

This lack of a confusion effect may be a consequence of the
predator—prey system we used, with our prey group being rela-
tively stationary, exhibiting no antipredatory responses and being
constrained to a 2D plane. If prey groups were more mobile, as
is commonly observed (Mills and Shenk 1992; Hebblewhite and
Merrill 2007), predatory confusion could increase. If prey groups
remain stationary (Gross and MacMillan 1981), a predator can get
much closer and select a smaller subgroup before having to process
information since the group will likely still be in the same area. This
could also be the case for prey that exhibit evasive maneuvers or
increased aggregation (Hamilton 1971; Treisman 1975; Lemasson
et al. 2016). Again, if prey made decisions based on the predator’s
movements, predators will have to constantly update their informa-
tion, potentially increasing the effects of confusion (Walther 1969;
Treherne and Foster 1980; Jakobsen and Johnsen 1988). Prey could
also be in a 3D plane as opposed to our 2D prey system which
could influence the confusion effect. Even though predators attack-
ing a 2D prey group from a 3D plane can be observed in the wild
(Treherne and FYoster 1980; Foster and Treherne 1981), preda-
tor—prey systems occurring within the same plane (such as lions
attacking heard of ungulates: Madsen and Shine 1996, or birds
of prey on bird flocks: Quinn and Cresswell 2006) could increase
the effects of confusion. When predator and prey groups share the
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Table 1
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Summary of results for the simulation vs. observed data for both group size and group density trials

Response variable Group size simulations

Group density simulations

No. of iterations Group No. of iterations
Group size N N < simulation Pvalue density N N < simulation Pvalue
No. of attacks 2 22 10000 1.000 08:24 21 106 0.011%*
made on the edge 4 21 7502 0.750 16:16 24 0 <0.00 1%
8 15 827 0.083 24:08 26 0 <0.001##*
16 12 157 0.016* 32:00 14 1 <0.00 1%
32 15 0 <0.00 1##* 16:00 22 0 <0.001 %
No. of attacks 2 0 10000 1.000 08:24 16 344 0.034
further from 4 11 6336 0.634 16:16 19 25 0.003**
the center than 8 12 320 0.032 24:08 28 0 <0.001#**
the mean prey 16 11 230 0.023* 32:00 25 33 0.003%**
distance 32 15 1 <0.001#** 16:00 23 0 <0.001#**
No. of attacks 2 14 1382 0.138 08:24 9 9415 0.942
made on the prey 4 8 8723 0.872 16:16 10 8600 0.860
group side closest 8 10 2459 0.246 24:08 18 1935 0.194
to the refuge 16 5 9063 0.906 32:00 13 440 0.044
32 9 4079 0.408 16:00 15 1571 0.157

NN, the number of prey arrays used for the random simulation, taken from trials whereby an attack was made upon the virtual prey array by a stickleback.

*Significant at P < 0.025.
**Significant at £ < 0.005.
*##*Significant at £ < 0.001.

Table 2
Summary of significant results from the GLMs conducted
Response variable Explanatory variable d.f. LRT P (Chi)
Significant group size GLMs
Probability of an attack being made Group size 1 8.40 0.004%*
Body size 1 4.34 0.037%*
Time of day 1 5.22 0.022*
Probability of the attacked prey being further from the center Group size 1 5.44 0.020*
than the mean prey distance
Significant group density GLMs
Time to leave the refuge Body size 1 7.37 0.007*
Probability of the attacked prey being further from the center Group density: time to leave refuge 3 16.36 <0.001%#**
than the mean prey distance Group density: body size 3 7.82 0.050%*
Probability of an edge attack Group density 3 8.57 0.040*
Probability of the side closest to the refuge being attacked Time to leave refuge: group density 3 11.90 0.008*
No. of attacks made in the first bout Group density 3 10.49 0.015*
Body size 1 6.37 0.012%

GLM, Generalized Linear Models.
*Significant at P < 0.025.
**Significant at 2 < 0.005.
***Significant at P < 0.001.

same plane, the prey groups will exhibit more prey overlap (from
the predators’ perspective) and prey group edges would be more
difficult to establish (Romey et al. 2008; Hogan et al. 2017).
Nevertheless, our study was intentionally based on a simple,
relatively stationary prey system since we aimed to tease apart the
mechanisms behind marginal predation. Yet, in the natural world,
group dynamics vary between species with interactions of group
size and density occurring, uneven densities (such as patchy or
graduated density in nesting birds: Lahti 2001), or the whole group
moving such as in migratory species (Madsen and Shine 1996).
Individuals within the group also vary phenotypically (size, color,
and sex among others) and behaviorally, varying in speed, amount
of overlapping, and degree of turning or exhibiting antipreda-
tory responses such as evasion and aggregation. These aspects of
prey behaviors and variation will undoubtedly contribute to both

encounter rates and confusion, but now that a flexible experimental
approach has been established, further parameters can be added
to assess their consequences. The basis of this study is therefore
applicable to many other species and with the addition or variation
of parameters, the causes of different predatory strategies such as
marginal predation may become more evident. To further under-
stand the effects of prey movements on predatory behaviors, future
studies could also track predators as they approach a prey group.
Unfortunately, this was not possible in our experimental setup but
would provide further insight into the effects prey aggregations on
predators. Nevertheless, it would be difficult to analyze predator
trajectories to try and separate the mechanisms behind marginal
predation as we try to do here. At some point, the attacked prey
will always be the closest prey item and it would not be clear at
what point the predator had chosen the individual, when it was the
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closest prey item (suggestive of encounter) or earlier to minimize
confusion.

While confusion may not be driving marginal predation, at
least in our experiment, other behaviors have been associated with
predatory confusion, such as the probability of making an attack
(Milinski 1984; Ioannou et al. 2008), the time to make an attack,
and the number of attacks made in the first bout (Milinski 1977b).
In Experiment 1, it was shown that less than 40% of individuals
made an attack on larger groups compared with over 70% of indi-
viduals that made an attack on smaller groups, suggesting that con-
fusion is an important mechanism in predatory behaviors (Milinski
1984). A similar result was found by loannou et al. (2008) where
the number of attacks significantly decreased with a higher num-
ber and density of prey. Likewise, we found that as density of prey
increased, the number of attacks made decreased (Milinski 1977b),
although we did not find this in the first experiment. This further
suggests that confusion is important in predator behavior in our
experiments, with predators choosing not to attack more confusing
groups or reducing the number of attacks made in a bout if an
attack was initiated.

The number of attacks was also affected by the body length
of an individual, with larger individuals making more attempts
regardless of density. This suggests that individual variation is
also important in predatory behaviors of sticklebacks (Hirsch and
Morrell 2011). Since all prey in our study were of the same size,
the size ratio of predator to prey would vary depending on the size
of the fish (ranging between 5.81% and 11.90% of body length).
This may have caused smaller fish to make less attacks simply due
to the particular size of the prey, either since they would require
fewer prey items to satiate or because the prey items were much
bigger than they would usually attack (Turesson et al. 2002; Gill
2003). Yet, since the fish never gained a food reward for attack-
ing the prey, they would not be likely to make fewer attacks due to
being smaller, and so satiated sooner. It would also be expected that
if prey items were too large, individuals would be more likely not
to make an attack than to make an attack but with fewer attempts.
It has been observed in several fish species that prey items between
10% and 20% of their body size are often taken suggesting that the
prey items were unlikely to be too large for the sticklebacks in this
study, even for the smallest fish (Scharf et al. 2000).

Furthermore, individual variation in body size was also seen to
influence whether an attack was made further from the centroid
than the mean distance. Experiment 2 showed that density in an
interaction with body size had a significant effect on the distance
from the centroid of attacked prey, with smaller individuals having
a higher probability of attacking further from the centroid when
presented with the densest treatment. For the least dense group,
there was no effect of the size of the fish. This further shows that
there may be an aspect of phenotypic variation in predators that
influences their behavior (Milinski 1979). The time spent in the ref-
uge also showed size-dependant variation with smaller individuals
spending longer in the refuge than larger individuals. This is con-
trary to most other findings as larger individuals usually spend lon-
ger in the refuge, with hunger driving smaller individuals to leave
the refuge sooner (Krause et al. 1998; Dowling and Godin 2002).
However, Krause et al. (2000) showed that when in groups, larger
individuals emerged from the refuge sooner than when alone,
emerging as quickly as smaller individuals. They suggested that
when foraging animals aggregate, the effect of competition between
large individuals increases more than between smaller individuals.
Our use of companion fish was designed to promote the perception

that the test fish was in a group and we also deprived subjects of
food for 24 h with food used as a stimulus, neither of which were
used in Krause et al. (2000). This lack of food and apparent avail-
ability of food during the experimental tests could have driven
competition in larger individuals more than usual, thus our results
are consistent with the results of Krause et al. (2000). This clearly
has implications for any species that form groups, indicating that
individual size and internal state could influence the behaviors that
they exhibit.

Our findings show that marginal predation is not restricted to
large groups of prey but can be seen in groups at least as small as
16 individuals. While both explanations are relevant to predatory
behaviors, we have shown that the confusion effect and encoun-
ter rate are driving different aspects of predator—prey behavioral
interactions. We show that in small groups, attacks are more likely
to be made which suggests that when confusion is too great, pred-
ators choose not to make an attack. Yet when attacks are made, it
is encounter rates that are more likely to be explaining marginal
predation. While encounter and confusion are both valid mecha-
nisms explaining predatory behaviors, they operate at different
stages of a predation event. Encounter rates are a more ecologi-
cally based mechanism, whereas confusion is more localized to
an individual’s field of vision which may only be a subset of a
group. We suggest that to advance our understanding of marginal
predation, not only should smaller groups be considered, but also
mechanisms be studied in parallel and with equal weight rather
than focusing on one.

SUPPLEMENTARY MATERIAL

Supplementary data are available at Behavioral Ecology Online.

FUNDING

This work was supported by a Natural Environment Research

Council Independent Research Fellowship (NE/K009370/1) to CCL

We thank Poppy Ralph and Freddie Unwin for assistance with the exper-
imental trials. We would also like to thank Tim Caro and 1 anonymous
reviewer for their helpful comments and suggestions.

Data accessibility: Analyses reported in this article can be reproduced using
the data provided by Duffield and Ioannou (2017).

Handling editor: Johanna Mappes

REFERENCES

Ballerini M, Cabibbo N, Candelier R, Cavagna A, Cisbani E, Giardina I,
Orlandi A, Parisi G, Procaccini A, Viale M, et al. 2008. Empirical inves-
tigation of starling flocks: a benchmark study in collective animal behav-
iour. Anim Behav. 76:201-215.

Bell AM, Sih A. 2007. Exposure to predation generates personality in three-
spined sticklebacks (Gasterosteus aculeatus). Ecol Lett. 10:828-834.

Bond AB, Kamil AC. 2002. Visual predators select for crypticity and poly-
morphism in virtual prey. Nature. 415:609-613.

Bumann D, Krause J, Rubenstein D. 1997. Mortality risk of spatial posi-
tions in animal groups: the danger of being in the front. Behaviour.
134:1063-1076.

Caro TM. 2005. Antipredator defences in birds and mammals. Chicago:
University of Chicago Press.

Couzin ID, Krause J, James R, Ruxton GD, Franks NR. 2002. Collective
memory and spatial sorting in animal groups. ] Theor Biol. 218:1-11.
Dowling LM, Godin JJ. 2002. Refuge use in a killifish: influence of body

size and nutritional state. Can ] Zool. 80:782-788.



1292

Duffield C, Ioannou CC. 2017. Data from: marginal predation: do encoun-
ter or confusion effects explain the targeting of prey group edges? Behav
Ecol. Dryad Digital Repository. http://dx.doi.org/10.5061/dryad.b74d0.

Foster WA, Treherne JE. 1981. Evidence for the dilution effect in the selfish
herd from fish predation on a marine insect. Nature. 293:466-467.

Gill AB. 2003. The dynamics of prey choice in fish: the importance of prey
size and satiation. ] Fish Biol. 63(Suppl A):105-116.

Grand TC, Dill LM. 1999. The effect of group size on the foraging behav-
iour of juvenile coho salmon: reduction of predation risk or increased
competition? Anim Behav. 58:443-451.

Gross MR, MacMillan AM. 1981. Predation and the evolution of colo-
nial nesting in bluegill sunfish (Lepomis macrochirus). Behav Ecol Sociobiol.
8:163-174.

Gunton RM, Kunin WE. 2007. Density effects at multiple scales in an
experimental plant population. J Ecol. 95:435-445.

Hamilton WD. 1971. Geometry for the selfish herd. J Theor Biol.
31:295-311.

Harland DP, Jackson RR. 2002. Influence of cues from the anterior medial
eyes of virtual prey on Portia fimbriata, an araneophagic jumping spider.
J Exp Biol. 205:1861-1868.

Hebblewhite M, Merrill EH. 2007. Multiscale wolf predation risk for elk:
does migration reduce risk? Oecologia. 152:377-387.

Hirsch BT, Morrell IJ. 2011. Measuring marginal predation in animal
groups. Behav Ecol. 22:648-656.

Hogan BG, Cuthill IC, Scott-Samuel NE. 2016. Dazzle camouflage, target
tracking, and the confusion effect. Behav Ecol. 27:1547-1551.

Hogan BG, Hildenbrandt H, Scott-Samuel NE, Cuthill IC, Hemelrijk CK.
2017. The confusion effect when attacking simulated three-dimensional
starling flocks. R Soc Open Sci. 4:160564.

Ioannou CC, Bartumeus F, Krause J, Ruxton GD. 2011. Unified effects of
aggregation reveal larger prey groups take longer to find. Proc Roy Soc
B. 278:2985-2990.

Toannou CC, Guttal V, Couzin ID. 2012. Predatory fish select for coordi-
nated collective motion in virtual prey. Science. 337:1212-1215.

Ioannou CC, Krause J. 2009. Interactions between background matching
and motion during visual detection can explain why cryptic animals keep
still. Biol Lett. 5:191-193.

Toannou CC, Morrell L], Ruxton GD, Krause J. 2009. The effect of prey
density on predators: conspicuousness and attack success are sensitive to
spatial scale. Am Nat. 173:499-506.

Toannou CC, Tosh CR, Neville L, Krause J. 2008. The confusion effect
from neural networks to reduced predation risk. Behav Ecol. 19:126-130.

Jakobsen PJ, Johnsen GH. 1988. Size-specific protection against preda-
tion by fish in swarming water fleas, Bosmina longispina. Anim Behav.
36:986-990.

Jones KA, Jackson AL, Ruxton GD. 2011. Prey jitters; protean behaviour in
grouped prey. Behav Ecol. 22:831-836.

Krakauer DC. 1995. Groups confuse predators by exploiting perceptual
bottlenecks: a connectionist model of the confusion effect. Behav Ecol
Sociobiol. 36:421-429.

Krause J. 1994. Differential fitness returns in relation to spatial position in
groups. Biol Rev Camb Philos Soc. 69:187-206.

Krause J, Godin JJ. 1995. Predator preferences for attacking particular prey
group sizes: consequences for predator hunting success and prey preda-
tion risk. Anim Behav. 50:465-473.

Krause J, Loader SP, McDermott J, Ruxton GD. 1998. Refuge use by fish
as a function of body length-related metabolic expenditure and predation
risks. Proc Roy Soc Lond B. 265:2373-2379.

Krause J, Longworth P, Ruxton GD. 2000. Refuge use in sticklebacks as a
function of body length and group size. J Fish Biol. 56:1023-1027.

Krause J, Ruxton GD. 2002. Living in groups. Oxford, UK: Oxford
University Press.

Lahti DC. 2001. The “edge effect on nest predation” hypothesis after
twenty years. Biol Conserv. 99:365-374.

Lemasson BH, Tanner CJ, Dimperio E. 2016. A sensory-driven trade-off
between coordinated motion in social prey and a predator’s visual confu-
sion. PLoS Comput Biol. 12:¢1004708.

Madsen T, Shine R. 1996. Seasonal migration of predators and prey—a
study of pythons and rats in tropical Australia. Ecology. 77:149-156.

Milinski M. 1977a. Do all member of a swarm suffer the same predation?
Ethology. 45:373-388.

Milinski M. 1977b. Experiments on the selection by predators against spa-
tial oddity of their Prey. Ethology. 43:311-325.

Milinski M. 1979. Can an experienced predator overcome the confusion of
swarming prey more casily? Anim Behav. 27:1122-1126.

Behavioral Ecology

Milinski M. 1984. A predator’s cost of overcoming the confusion effect of
swarming prey. Anim Behav. 32:1157-1162.

Milinski M, Heller R. 1978. Influence of a predator on the optimal foraging
behaviour of sticklebacks (Gasterosteus aculeatus 1..). Nature. 275:642-644.
Miller RC. 1992. The significance of the gregarious habit. Ecology.

3:122-126.

Mills MGL, Shenk TM. 1992. Predator—prey relationships: the impact
of lion predation on wildebeest and zebra populations. J Anim Ecol.
61:693-702.

Morrell L], James R. 2008. Mechanisms for aggregation in animals: rule
success depends on ecological variables. Behav Ecol. 19:193-201.

Morrell L], Romey WL. 2008. Optimal individual positions within animal
groups. Behav Ecol. 19:909-919.

Neill SRJ, Cullen JM. 1974. Experiments on whether schooling by their
prey affects the hunting behaviour of cephalopods and fish predators. J
Zool. 172:549-569.

Ohguchi O. 1978. Experiments on the selection against colour oddity of
water fleas by three-spined sticklebacks. Ethology. 47:254-267.

Quinn JL, Cresswell W. 2006. Testing domains of danger in the selfish
herd: sparrowhawks target widely spaced redshanks in flocks. Proc Roy
Soc B. 273:2521-2526.

R Core Team. 2014. R: A language and environment for statistical comput-
ing. Vienna (Austria): R Foundation for Statistical Computing [cited 2014
November 1]. Available from: https://www.R-project.org/.

Ricucau G, Ferno A, Ioannou CC, Handegard NO. 2014. Towards of a
firmer explanation of large shoal formation, maintenance and collective
reactions in marine fish. Rev Fish Biol Fish. 25:1-17.

Riipi M, Alatalo RV, Lindstrém L, Mappes J. 2001. Multiple benefits of gre-
gariousness cover detectability costs in aposematic aggregations. Nature.
413:512-514.

Rodgers GM, Downing B, Morrell LJ. 2014. Prey body size mediates the
predation risk associated with being “odd”. Behav Ecol. 26:242-246.

Romey WL, Walston AR, Watt PJ. 2008. Do 3-D predators attack the mar-
gins of 2-D selfish herds? Behav Ecol. 19:74-78.

Ruxton GD, Jackson AL, Tosh CR. 2007. Confusion of predators does not
rely on specialist coordinated behavior. Behav Ecol. 18:590-596.

Santos RG, Pinheiro HT, Martins AS, Riul P, Bruno SC, Janzen FJ,
Toannou CC. 2016. The anti-predator role of within-nest emergence
synchrony in sea turtle hatchlings. Proc Roy Soc B. 283. doi:10.1098/
rspb.2016.0697.

Scharf IS, Juanes F, Rountree RA. 2000. Predator size-prey size rela-
tionships of marine fish predators: interspecific variation and effects of
ontogeny and body size on trophic-niche breadth. Marine Ecol Prog Ser.
208:229-248.

Scott-Samuel NE, Holmes G, Baddeley R, Cuthill IC. 2015. Moving in
groups: how density and unpredictable motion affect predation risk.
Behav Ecol Sociobiol. 69:867-872.

Theodorakis CW. 1989. Size segregation and the effects of oddity on preda-
tion risk in minnow schools. Anim Behav. 38:496-502.

Treherne JE, Foster WA. 1980. The effects of group size on predator avoid-
ance in a marine insect. Anim Behav. 28:1119-1122.

Treisman M. 1975. Predation and the evolution of gregariousness II.
An economic model for predator—prey interaction. Anim Behaw.
23:801-825.

Turesson H, Persson A, Bronmark C. 2002. Prey size selection in piscivo-
rous pikeperch (Stizostedion lucioperca) includes active prey choice. Ecol
Freshwater Fish. 11:223-233.

Vine 1. 1971. Risk of visual detection and pursuitby a predator and the
selective advantage of flocking behaviour. ] Theor Biol. 30:405-422.

Viscido SV, Miller M, Wethey DS. 2001. The response of a selfish
herd to an attack from outside the group perimeter. J Theor Biol.
208:315-328.

Walther FR. 1969. Flight behaviour and avoidance of predators in
Thomson’s gazelle (Gazella thomsoni  Guenther 1884). Behaviour.
34:184-221.

Ward AJW, Webster MM. 2016. Sociality: the behaviour of group living
animals. Basel, Switzerland: Springer International Publishing;

Wetterer JK. 1989. Mechanisms of prey choice by planktivorous fish: per-
ceptual constrains and rules of thumb. Anim Behav. 37:955-967.

Wilensky U. 1999. NetLogo. Evanston (IL): Center for Connected Learning
and Computer-Based Modeling, Northwestern University. Available
from: http://ccl.northwestern.edu/netlogo/.

Wood AJ, Ackland GJ. 2007. Evolving the selfish herd: emergence of dis-
tinct aggregating strategies in an individual-based model. Proc Roy Soc B

Biol Sci. 274:1637-1642.


http://dx.doi.org/10.5061/dryad.b74d0
https://www.R-project.org/﻿
http://ccl.northwestern.edu/netlogo/

