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Abstract Individual variation in behavioral strategies is

ubiquitous in nature. Yet, explaining how this variation is

being maintained remains a challenging task. We use a

spatially-explicit individual-based simulation model to

evaluate the extent to which the efficiency of an alternative

spacing tactic of prey and an alternative search tactic of

predators are influenced by the spatial pattern of prey,

social interactions among predators (i.e., interference and

information sharing) and predator density. In response to

predation risk, prey individuals can either spread out or

aggregate. We demonstrate that if prey is extremely

clumped, spreading out may help when predators share

information regarding prey locations and when predators

shift to area-restricted search following an encounter with

prey. However, dispersion is counter-selected when pre-

dators interact by interference, especially under high

predator density. When predators search for more ran-

domly distributed prey, interference and information

sharing similarly affect the relative advantage of spreading

out. Under a clumped prey spatial pattern, predators benefit

from shifting their search tactic to an area-restricted search

following an encounter with prey. This advantage is

moderated as predator density increases and when preda-

tors interact either by interference or information sharing.

Under a more random prey pattern, information sharing

may deteriorate the inferior search tactic even more,

compared to interference or no interaction among preda-

tors. Our simulation clarifies how interactions among

searching predators may affect aggregation behavior of

prey, the relative success of alternative search tactics and

their potential to invade established populations using

some other search or spacing tactics.

Keywords Alternative strategies �
Area-restricted search � Dispersion � Foraging �
Frequency-dependent selection � Spreading out

Introduction

Conspecifics in nature frequently vary in behavior, life-

history strategies and morphology (e.g., Brockmann 2001;

Rowland and Emlen 2009). The ubiquity of individual

variation is difficult to explain, because it should be

reduced by natural/sexual selection (i.e., selection in favor

of the genotype giving rise to the best adapted phenotype)

and drift (e.g., Sinervo and Lively 1996; Fitzpatrick et al.

2009). Since alternative phenotypes may succeed better

under certain conditions, it is important to understand in

which context rare phenotypes carry a fitness advantage

that allow them to invade established populations of other

phenotypes. Evolutionary games of this type can be

explored using the classical concept of evolutionary stable

strategy (ESS; Maynard Smith 1989) and/or the alternative

concept of neighborhood invader strategy (NIS; Apaloo
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1997). While ESS is well established in evolutionary the-

ory, the NIS concept is less often discussed.

A NIS is a phenotype that is capable of invading all

established populations of its neighbors/competitors com-

prising the common phenotype. This phenotype is not

necessarily at the same time an ESS, and vice versa (Kisdi

and Meszéna 1995; Apaloo 1997). If a NIS is not an ESS, it

will be unable to completely repel all of its near neighbors,

but only to invade the population to some extent. This

should result in a polymorphism, i.e., the coexistence of

several strategies. In contrast, an evolutionary stable NIS

(ESNIS) is able first to invade and take-over the population

and then to prevent any further mutant invasions, resulting

in ESNIS being the only observable strategy (Apaloo

1997). Finally, a strategy may be an ESS but not a NIS. In

this case, the strategy cannot be invaded once established,

but it may not be able to invade an established strategy.

Thus, it may go extinct, coexist with competitors or dom-

inate the population, depending on the specific context,

such as the sequence of invading mutants (Kisdi and

Meszéna 1995; Apaloo 1997).

Grouping and clustering of prey have been long con-

sidered as successful anti-predation strategies (e.g., Ham-

ilton 1971; Bednekoff and Lima 1998). Numerous studies

have shown that animals within groups have higher chan-

ces to escape predation, owing to various, non-exclusive

mechanisms (Krause and Ruxton 2002, p. 7). Less research

has been devoted to exploring situations, in which clus-

tering may increase predation risk and thus dispersion or

spacing out should be favorable anti-predation strategies

(e.g., Taylor 1976; Connell 2000). Several conditions under

which it is better to disperse have been suggested, such as

when the predator is much larger than the prey and can

consume many prey items (Taylor 1976), or when the prey

is cryptic, but clumped prey is more easily detectable (the

signal of detection increases with group size; e.g., Connell

2000; Ioannou and Krause 2008). Clearly, the benefit of

aggregation in response to predation is context and system

specific. Thus, investigating factors, which can affect

spacing decisions and spatial patterns of animals, can lar-

gely contribute to the identification of the dominant

selective forces organisms are subject to, such as compe-

tition or predation risk (e.g., Scharf et al. 2008).

The spatial pattern of prey should affect the search tactic

of predators (e.g., Benhamou 1992; Motro and Shmida

1995). For instance, clumped prey is best detected using a

directional movement followed, if prey is encountered, by

an area-restricted search (ARS) (e.g., Benhamou 1992;

Nolet and Mooij 2002). The purpose of this shift is to

locate more prey items near the first one encountered, if

prey is positively auto-correlated in space. In contrast,

spatially over-dispersed prey is better detected by a direc-

tional movement after prey detection, as prey is negatively

auto-correlated in space (Scharf et al. 2009). When most

prey is clumped, a rare alternative tactic of moving outside

of clumps, as a way to avoid predation, may invade the

population. Similarly, when most prey individuals show a

regular pattern, rare individuals that aggregate might ben-

efit from this behavior as long as predators do not change

their searching tactic.

The advantage of an isolated prey individual, as well as

the foraging success of predators, may not only depend on

the spatial pattern of most prey individuals and the con-

sequent search tactic of predators, but also on the social

interactions among predators. Two common interactions

among foragers are interference, when an individual

directly prevents others from accessing a shared resource

(Keddy 2001), and information sharing, when individuals

join resources discovered by others (Prokopy and Roitberg

2001). Both interactions may not only affect individual

predators and their hunting success, but also the behaviour

of the prey. Predators search best for clumped prey by

combining directional and tortuous movement before and

after prey detection, respectively. Hence, predators using

an inflexible search tactic (only directional search) should

be inferior compared to predators adopting a flexible search

tactic. However, search tactics of predators (similarly to

prey positioning) are diverse in nature (e.g., Nemiroff and

Despland 2007; Farwell and McLaughlin 2009), and

studying the factors contributing to this variation is there-

fore of interest. Social interactions among searching pre-

dators might be important factors moderating the

inferiority of some search tactics and contributing to

behavioral variation. Information sharing is already known

to reduce the variance in intake rate among foraging

individuals (Ruxton et al. 1995).

The current study explores the possible success and

invasive potential of rare phenotypes, in respect to

searching behavior of predators and spatial positioning of

prey. Studies of alternative behavioral strategies and their

potential to invade the population are common (e.g.,

alternative reproduction strategies; Gross 1996; Sinervo

and Lively 1996), but less attention has been devoted to the

invasive potential of alternative search tactics for food

items (but see, for instance, producer-scrounger games;

e.g., Barnard and Sibly 1981). We use a spatially-explicit

individual-based simulation model to explore how the

search tactics of predators and their mutual interactions

affect the optimal decision of prey whether or not to

cluster. We also examine the performance of a predator

using a deviant search tactic compared to all other preda-

tors, which again can be engaged in different types of

interactions. More specifically, we explore the effect of

increasing predator density on the relative proportion of

clumped and isolated discovered prey, when predators do

not interact with each other, share information, or are
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engaged in interference competition. Simulations are done

with predators either programmed to use a fixed direc-

tionality level while searching (hereafter, inflexible search

tactic) or to switch to ARS after detection of prey (here-

after, flexible search tactic), and are repeated using prey

spatial patterns differing in patchiness.

We predict that isolated prey should be more fre-

quently detected when predators do not share information

with each other. Information sharing should attract more

predators to prey clusters, consequently predators will

spend more time searching for prey in such clusters and

isolated prey will be less likely to be detected. This

pattern should be more pronounced when predators use a

flexible search tactic (i.e., they switch to ARS after prey

detection) and when prey individuals are strongly

clumped in space. Predators using alternative search

tactics should show a similar performance as the majority

of predators when information can be shared, compared

to situations in which predators do not interact. Infor-

mation sharing should therefore mitigate either its

advantage or inferiority compared to the majority of

predators.

Methods

Simulation design

We simulated groups of predators searching for sedentary

hidden prey in a continuous space (80 9 80 space units).

Each simulation lasted for 100 time units. Prey items

(*180 of a total of 200) were distributed in a clumped

pattern, using the method described in Travis and Palmer

(2005): The first prey item was randomly positioned. Then

each additional prey item had a probability of (1 - z) to be

located nearby (within a certain radius). But if according to

that probability (z), the next prey item should not be

located next to the previous one, a new random location

was chosen. The same decision is made for the next prey

item, and so on [see section 2(a) in Travis and Palmer

(2005) for a more detailed explanation]. We used r = 2

(i.e., the maximal radius between two adjacent prey items)

and four degrees of patchiness (from high to low): z = 0.1,

0.3, 0.6 and 0.8 (i.e., the probability of two prey items not

to be clustered) for each spatial pattern. However, not all

prey items appeared in clumps, and *10% of the prey

(*20 of 200) was distributed randomly in space. We

checked for the degree of patchiness of the four spatial

patterns, by distributing prey 1000 times in both spatial

patterns and comparing the nearest-neighbour index of

aggregation (NNI; Krebs 1999 pp. 192–195). Smaller

values indicate a more clumped spatial pattern. As expec-

ted, NNI values decreased as the spatial pattern became

more clumped [z = 0.8: NNI: 0.745 (0.678, 0.813) (mean,

95% quantiles); z = 0.6: NNI: 0.635 (0.568, 0.705);

z = 0.3: NNI: 0.485 (0.424, 0.550); z = 0.1: 0.419 (0.360,

0.482)]. We refer to a prey item having a neighbour in a

distance smaller or larger than 2r as clumped or isolated,

respectively [92.6 (90.5, 94.5) and 88.8 (85.0, 92.5) (mean,

95% quantiles)] of the prey was clumped according to the

above definition when z = 0.1 and 0.8, respectively). See

Fig. 1 for two characteristic prey distributions when

z = 0.1 and 0.8. Clumped and isolated prey, according to

this distance-to-nearest-neighbor definition, is marked.

Initial predators’ positions and directions were random.

Predators moved in a correlated random walk with a fixed

step length of 1.5 space units and direction determined as

follows. The direction was based on the direction in the

previous step plus a random number taken from a normal

distribution with a mean of zero and SD of one, multiplied

by a number, which we named ‘‘directionality coefficient’’.

Predators adopting an inflexible search tactic were assigned

a small directionality coefficient of 0.2 rad, which

remained unchanged, meaning that their movement was

highly directional throughout the entire simulation episode

[i.e., two successive steps differed by an angle taken from a

normal distribution (mean of zero and SD of one) multi-

plied by 0.2]. In contrast, predators adopting a flexible

search tactic began by using a relatively directional

movement (directionality coefficient of 0.2), but after

encountering a prey they switched to an ARS for seven

time steps. Predators located prey when it entered their

detection range of prey (a radius of 1.5 space units). Once

the predator detected a prey item, it moved to the prey

location and consumed it. The ARS was a more tortuous

movement with a directionality coefficient of 3 rad, and

was characterized by frequent turns (i.e., two successive

steps differed by an angle taken from a random distribution

multiplied by 3). In the case of the ARS, the large direc-

tionality coefficient resulted in turning angle distribution

that was approximately circular uniform. The ARS dura-

tion could last longer if several prey items were found

successively. The counter was reset each time prey was

encountered. Once ARS was completed, the directional

movement was resumed. This search tactic is especially

useful in clumped spatial patterns, and often used by for-

aging animals (e.g., bees: Motro and Shmida 1995; swans:

Nolet and Mooij 2002). When several predators simulta-

neously discovered a prey item, only one of them was

allowed to consume it (randomly chosen), but all predators

which detected a prey (i.e., their detection radius included a

prey item) switched to ARS, since although they did not

necessarily consume the prey, they gained knowledge on

its existence. This is indeed what usually happens in nat-

ure—prey detection even without consumption is enough

to induce ARS (e.g., Nakamuta 1985).
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When predators left the simulation arena, they reap-

peared from the opposite side (i.e., a torus model), as used

in previous simulations of searching animals (e.g., Nolet

and Mooij 2002; Travis and Palmer 2005; Scharf et al.

2009). This method simulates searching in a large

homogenous area and does not interfere with the direction

of movement in contrast to other possible methods of

dealing with the arena edges, such as reflecting or

absorbing boundaries. Consumed prey items were not

renewed, leading to gradual depletion. Predators did not

satiate, similarly to other simulations modeling searching

for prey (e.g., Benhamou 1992; Nolet and Mooij 2002;

Scharf et al. 2009). Predator satiation was abstracted of two

reasons: First, it is already known that fast-satiating pre-

dators select for increased prey clustering (Taylor 1976);

second, it is unclear how fast predators should satiate, as it

surely depends on the relative size of predators and prey,

i.e., highly system-specific. In addition, we did not allow

for prey renewal during the simulation (i.e., allowing

depletion). We also assumed that handling time is short

enough to be abstracted. Forcing predators to have some

handling time is equivalent to reducing the habitat profit-

ability by different measures (e.g., decreasing the available

time for foraging or decreasing prey abundance) (Scharf

et al. 2009). These three key assumptions (very slow

predator satiation, very slow prey renewal and almost no

handling time) are typical of searching for a hidden prey

which is much smaller than the predator.

Interference or information sharing between predators

occurred when two predators entered a minimal detection

radius (d = 5 space units for both types of interaction).

Interference caused both predators stepping back in oppo-

site directions for two space units (regardless if they were

in ARS or not), waiting for two time steps, and resuming a

directional movement in a new random direction. Infor-

mation sharing occurred when one predator, not using

ARS, was within the detection range of another predator,

which was using ARS, indicating that a prey item was

found. The first predator then moved to the position of the

second one and started searching using ARS. A predator

using ARS, therefore, attracts all predators nearby. They

simply move towards its location and start using ARS as

well, as if they found a prey item by themselves. Note that

this is a simple form of information sharing, and other

more complex forms certainly exist in nature, such as

combining personal experience with social information.

Predators were programmed to first search for prey and

consume it and then to interact with other predators either

by interfering or sharing information. It is possible that

changing the order of events would affect the results to

some extent (as shown in Ruxton 1996), as well as

changing other parameters, such as detection range of prey

and/or other predators [see Electronic Supplementary

Material (ESM) for a sensitivity analysis].

Isolation of prey and survival rates

We replicated each treatment combination (predator num-

ber 9 predator search tactic 9 prey spatial structure) for

1500 times and documented the proportions of isolated and

clumped prey found by the predators out of the total

number of prey items of these both categories (i.e., con-

sumed isolated prey divided by total isolated prey and

consumed clumped prey divided by total clumped prey).

The method we used to create the spatial pattern resulted in

much more clumped prey items (ratio of *1:10), and

therefore proportions of encountered prey were used

instead of numbers. We define ‘the relative success of

isolated prey’ to be the proportion of clumped prey found

by the predators minus the proportion of isolated prey

found by the predators. Thus, values above zero indicate an

advantage for isolated prey (it is less often located by the

predator), while values below zero indicate an advantage

for clumped prey. We varied predator number or density,

as a covariate, nested in a three-way factorial design of

prey spatial pattern (4 levels) 9 predator search tactic

(flexible vs. inflexible; 2 levels) 9 predator interaction

type (3 levels).
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Fig. 1 Two exemplary spatial

distributions of prey items

(200), when a prey is clumped

(z = 0.1), and when b prey is

more randomly distributed

(z = 0.8). Diamonds represent

prey items in clusters while

squares represent isolated ones,

according to the distance-to-

nearest-neighbor cut-off

definition (see ‘‘Methods’’). The

cut-off point is a distance of

2r (4 space units) to the nearest

prey neighbour
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The advantage of an alternative search tactic

We analyzed the relative success of a predator employing

an alternative search tactic. We used the identical platform

and factorial design described above. When most preda-

tors used a flexible search tactic (i.e., switching to ARS

after an encounter with prey), the deviant predator used an

inflexible search tactic (no ARS), and vice versa—if all

predators used the inflexible search tactic, the deviant one

was the only predator using the flexible tactic. We tested

both scenarios using increasing predator densities. There

was only one deviant predator in each scenario, resulting

in a decrease in the ratio between the deviant predator and

the predators using the common search tactic as predator

density increases. When predators used the inflexible

search tactic, sharing information attracted more predators

to the area in which prey was located, but those predators

using the inflexible search tactic never switched to ARS.

We define ‘the relative success of deviant predator’ as the

number of prey items detected by the deviant predator

minus the average number of prey items detected by each

predator using the common tactic. Thus, values below

zero indicate an advantage for the majority over the

deviant predator (it detects fewer prey items), while values

above zero indicate an advantage for the deviant predator

over the majority. We repeated each treatment for 1500

times.

Data and sensitivity analyses

We plotted the ‘relative success of isolated prey’ in the first

simulation and ‘relative success of deviant predator’ in the

second one for the above treatments, and looked for trends.

Using standard statistics for analysis of simulation data is

problematic, because many data points can be easily gen-

erated in order to improve statistical significance and

because the contrasts among scenarios/treatment groups

can be easily increased (Grimm and Railsback 2006). We

thus do not perform statistical analyses; rather we focus on

the figures and relate to the trends revealed. We present the

mean values for 1500 simulation replications of each

treatment combination. We used the percentile bootstrap

test (Manly 1997) to estimate 95% confidence intervals.

Presenting confidence intervals, which are insensitive to

sample size, is advantageous over standard deviation or

standard error.

Simulation models might be sensitive to the values of

parameters used, and for that purpose a sensitivity analysis

is required. Such an analysis (see ESM) examines the

extent to which the model is sensitive to different param-

eter values (Grimm and Railsback 2006). Briefly, we test

the sensitivity of two of the model main scenarios and

demonstrate that they are relatively insensitive to different

parameter values (i.e., main patterns remain qualitatively

the same). We also tested if an increase in the frequency of

different tactics of prey and predators affect their relative

success. The sensitivity analysis (ESM) showed that the

model was robust to 10–20% change of different

parameters.

Results

Isolation of prey and survival rates

Irrespective of the spatial pattern of prey or how predators

interacted with each other, isolated prey items were less

frequently detected by predators using a flexible search

tactic relative to clumped prey (relative success of isolated

prey [0; Fig. 2). This was usually the case when using

different parameter values (see ESM). The opposite pattern

occurred when predators used an inflexible search tactic

(relative success of isolated prey \0; Fig. 3). The relative

proportion of clumped versus isolated prey encountered by

predators using a flexible search tactic changed with their

density; however, this pattern was inconsistent among the

different social interactions examined (Fig. 2). In addition,

there was an interaction between predator social interac-

tions and prey spatial pattern. When prey was highly

clumped and predators either shared information or did not

interact, higher predator density increased the relative

advantage of isolated prey over clumped prey (Fig. 2a).

However, when predators interfered with each other a

slight increase followed by a decrease in the ‘relative

success of isolated prey’ with predator density was evident

(Fig. 2a). In contrast, when the prey spatial pattern was the

least clumped, irrespective of how predators interact with

each other, increased predator density resulted in an

increased relative advantage of isolated prey over clumped

prey (Fig. 2d). The two intermediate levels of patchiness

showed intermediate levels of differences between inter-

ference and other interaction types.

When predators used an inflexible search tactic (i.e., no

ARS), increased predator density resulted in increased

relative advantage of clumped prey over isolated prey

(Fig. 3). This pattern appeared consistent among the three

types of predator interactions, and was similar when

comparing among different prey spatial patterns (i.e., more

clumped and more random patterns). However, the strength

of this pattern (i.e., the negative values) was much stronger

in the more clumped spatial pattern and weaker in the more

random ones (Fig. 3). Thus, the search tactic of predators,

interactions among predators and predator density all

interacted to affect the relative success of isolated prey.
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The advantage of an alternative search tactic

When prey was clumped and the majority of predators

used the flexible search tactic (including the ARS after an

encounter with prey), a predator exhibiting an alternative

inflexible search tactic was less successful in capturing

prey than all other predators (Fig. 4a, b). This inferiority

of the deviant predator, however, was moderated with
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Fig. 2 The relationship between the number of predators searching

for prey and the relative success of isolated prey compared to prey in

clumps (success of isolated prey is calculated as the proportion of

clumped prey items caught by predators minus the proportion of

isolated prey items caught by predators; mean ± 95% confidence

intervals). Predators use the flexible search tactic (switch to ARS after

detection of prey) and search in four spatial patterns of prey, from

more clumped to more random: a z = 0.1; b z = 0.3; c z = 0.6; and

d z = 0.8. Triangles, squares and diamonds represent different

interactions among predators (information sharing, interference and

no interaction, respectively). The data points are joined using lines,

meant only for trend visualization. Note that a and b differ from c and

d in the y-axis scale
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Fig. 3 The relationship between the number of predators searching

for prey and the relative success of isolated prey compared to prey in

clumps (success of isolated prey is calculated as the proportion of

clumped prey items caught by predators minus the proportion of

isolated prey caught by predators; mean ± 95% confidence intervals).

Predators use the inflexible search tactic (no ARS) and search in four

spatial patterns of prey, from more clumped to more random:

a z = 0.1; b z = 0.3; c z = 0.6; and d z = 0.8. Triangles, squares and

diamonds represent different interactions among predators (informa-

tion sharing, interference and no interaction, respectively). The data

points are joined using lines, meant only for trend visualization. Note

that a and b differ from c and d in the y-axis scale
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increased predator density, and this moderation was faster

when information was shared (Fig. 4a, b), since inferior

predators could copy the behavior of more successful

ones. As the prey spatial pattern became less clumped,

the deviant inflexible predator did gradually better

(Fig. 4c, d are qualitatively different than Fig. 4a, b). The

reason was that a flexible search tactic is generally more

successful in clumped spatial pattern, while the inflexible

tactic does better in more random spatial patterns of prey

(compare the success of deviant flexible and inflexible

predators in more clumped and more random spatial

patterns of prey; see also Scharf et al. 2009). Information

sharing when most predators used the flexible search

tactic and searched in more random patterns decreased

their success relative to that of the deviant inflexible

predator (Fig. 4c, d). It is an example of how wrong

information sharing can decrease foraging success. When

the majority of predators used the inflexible search tactic

(no ARS) and prey was clumped, a deviant predator

capable of switching to ARS after prey detection was

more successful in capturing prey (Fig. 5a, b). This

superiority of the deviant predator decreased with

increasing predator density. When searching in a more

random pattern, an opposite result was evident and the

flexible search tactic was inferior (Fig. 5c, d). Interactions

among predators did not affect the results to a large

extent in this case.

Discussion

We test here the relative success of two alternative tactics

of predators and prey using a spatially-explicit simulation,

allowing for social interactions on a spatial basis (i.e., only

close individuals interact). We show that spreading out

may be a successful invading strategy for prey individuals,

when predators switch to ARS after prey encounters. Thus,

spreading out can reduce predation risk as was previously

suggested (e.g., Tinbergen et al. 1967; Taylor 1976; Scharf

et al. 2009). However, the relative success of spreading out

depends on predator density, the nature of interactions

among predators and the spatial pattern of prey. We also

demonstrate that the disadvantage of inflexible predators

(not switching to ARS) in a clumped pattern of prey is

reduced by either interference or information sharing

among predators and by increasing predator density and

that flexible searching predators are superior over inflexible

predators, when prey is clumped.

The type of interaction among predators affects the

benefits of spreading out and may also increase the survival

rate of prey or the success rate of predators with inferior

tactics. When predators share information they harvest

clumped prey more efficiently and thus the advantage of

isolated prey over clumped prey increases. As predator

density rises, isolation becomes more beneficial relative to

aggregated prey. A better detection rate of patches and a
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Fig. 4 The relationship between the number of predators searching

for prey and the relative success of a predator using a deviant

inflexible search tactic (no ARS), while the majority are using the

flexible one (switch to ARS after detection of prey). Success of

deviant predator is calculated as the number of prey items detected by

the deviant predator minus average number of prey items detected by

predators using the common search tactic (mean ± 95% confidence

intervals). Predators search in four spatial patterns of prey, from more

clumped to more random: a z = 0.1; b z = 0.3; c z = 0.6; and

d z = 0.8. Triangles, squares and diamonds represent different

interactions among predators (information sharing, interference and

no interaction, respectively). The data points are joined using lines,

meant only for trend visualization. Note that a and b differ from c and

d in the y-axis scale
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more thorough exploitation are consequences of searching

in groups (e.g., Ranta et al. 1993; Hancock et al. 2006).

Both processes could raise the advantage of isolated prey,

improving its potential to invade a population which usu-

ally aggregates. As predator density increases, each pred-

ator will have a higher chance to locate another predator

that uses ARS in its vicinity, which indicates that prey was

recently detected. Thereby they increase the chances that

more predators will be attracted to the same patch. When

information is shared, inferior predators can improve their

hunting success by better directing themselves towards the

prey location when they cross the way of a predator which

has recently detected a prey item. Previous models dem-

onstrated that information sharing decreases both the mean

uptake per forager and the variance among foragers (e.g.,

Ruxton et al. 1995; Hancock et al. 2006). Yet, the impact of

information sharing on prey aggregation was rarely dis-

cussed (but see Hamblin et al. 2010). Hamblin et al. (2010)

demonstrated that sharing information decreases the

advantage of clumping, as was also illustrated here. Both

studies reach similar conclusions, although they use dif-

ferent modeling approaches (e.g., grid vs. continuous space

or random walk vs. correlated random walk).

When predators search in a more random spatial pattern

of prey, the flexible search tactic is inferior to the inflexible

tactic. Information sharing does not help to recover the

reduced success rate of flexible searchers, but deteriorates

it even more (Fig. 4c, d). Information about prey detection

is not relevant here, as prey is less auto-correlated in space.

This is an example of how actions based on irrelevant

information can lead to poor results (Giraldeau et al. 2002).

In these cases, individual learning should be preferred, if

the associated costs of learning by self-experience are not

too large (Kendal et al. 2005). Interference and information

sharing among predators can have opposite effects on the

benefits of spreading (Fig. 2a). When predators are

engaged in interference competition, increased predator

density weakens the survival of isolated prey while infor-

mation sharing increases it. Dense patches probably attract

several predators, which exploit the patch using ARS.

Interference, as programmed here, stops the ARS and

forces the predators to move away from each other,

resulting in a negative correlation between predator density

and the relative benefit of isolated prey over clumped ones.

Interference therefore blurs the difference between more

successful and inferior search tactics.

Similarly, foraging birds usually shift from searching in

the richest patch available to poorer patches as interference

increases, this procedure leads to a balanced distribution of

animals among patches (Johnson et al. 2006), and may

decrease the benefit of spreading out for the prey. The

outcomes of interference cannot be foreseen based only on

predator density and general behavior, as interference has a

different effect when searching under a more random prey
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Fig. 5 The relationship between the number of predators searching

for prey and the relative success of a predator using a deviant flexible

search tactic (switch to ARS after detection of prey), while the

majority are using the inflexible one (no ARS). Success of deviant

predator is calculated as the number of prey items detected by the

deviant predator minus average number of prey items detected by

predators using the common search tactic (mean ± 95% confidence

intervals). Predators search in four spatial patterns of prey (from more

clumped to more random: a z = 0.1; b z = 0.3; c z = 0.6; and

d z = 0.8. Triangles, squares and diamonds represent different

interactions among predators (information sharing, interference and

no interaction, respectively). The data points are joined using lines,

meant only for trend visualization. Note that a and b differ from c and

d in the y-axis scale

194 Popul Ecol (2012) 54:187–196

123



spatial pattern. Interference is influenced by the spatial

pattern of prey, which may induce interference under

strong prey aggregation (Vahl et al. 2007; Hines et al.

2009). Our results support several studies, emphasizing the

importance of interference among foragers and its conse-

quences on functional responses (e.g., Schenk et al. 2005).

Searching using an inflexible behavioral tactic without

switching to ARS after an encounter with prey is an

unsuccessful tactic when prey is clumped (e.g., Nolet and

Mooij 2002; Scharf et al. 2009). Spreading out is also an

unsuccessful prey strategy against predators characterized

by inflexible search tactic especially under high predator

densities, and it prevents the invasion of the spreading out

strategy under these conditions. Predators in this case

hardly find the few large patches of prey, and when they

finally find them, they go briefly through them, and con-

tinue searching in less dense areas. This reduced search

time within dense patches and increased search time out-

side patches makes spreading out an ineffective strategy.

Isolated prey did somewhat better under a more random

prey distribution. When predators use the flexible search

tactic, the effect of social interactions among predators is

larger than in the inflexible search tactic. The reason is

probably the concentration of predators in patches trig-

gered by shifting to ARS. Predators have then better

chances to keep interacting inside patches.

When prey is clumped, a deviant predator using the

flexible search tactic (i.e., shifting to ARS) did better than

predators using an inflexible search tactic, while a deviant

predator using the inflexible search tactic did worse than

the others switching to ARS after prey detection (Figs. 4a,

5a). It suggests that an inflexible predator is unlikely to

invade a population of flexible predators when prey is

clumped. Both those patterns leveled off with increasing

density, due to prey exploitation and increasing frequency

of interactions. It has two consequences on predator pop-

ulations. First, the more efficient search tactic (i.e., shifting

to ARS under clumped patterns) can more easily invade a

population in either lower predator densities or when

exploitation is not too strong. Second, the disadvantage of

inferior phenotypes is moderated in high densities or when

exploitation is strong, making it more difficult for natural

selection to decrease their frequency or eliminate them

from the population.

Simulation models are unrealistic and present a simpli-

fication of nature. They can only provide general predic-

tions, and modifications are required when calibrating the

model to natural systems (Schmitz 2001). Furthermore,

results may change to some extent while changing

parameter values or the order of events (Ruxton 1996).

Some of the simplifying assumptions here are homogeneity

of the landscape except for the predator and prey locations,

constant behaviour of predators during the entire

simulation (e.g., they do not satiate), no handling time, no

renewal of prey, immobility of prey and ignoring other

trophic levels, such as the response of the predators in the

simulation to their own predators and response of the prey

to its food resources.

The model presented is general and simple, and can be

easily calibrated to fit natural systems, in which prey is

hidden, the predator is much more active than the prey and

consumes more than one prey item. Examples may be

coastal birds searching for hidden invertebrate prey below

the ground (e.g., Vahl et al. 2007), small rodents searching

for seeds buried under the sand (e.g., Rosenzweig and

Abramsky 1997) or ladybird beetles searching for aphids

on leaves (e.g., Nakamuta 1985). Future theoretical direc-

tions may include a design of a dynamic game between

predators and prey. The present analysis deals with cases

where either prey or predators evolve much faster than the

other ‘player’ (i.e., only one of the two is free to evolve). It

is more realistic to let both evolve simultaneously, perhaps

in a framework of genetic algorithm, and look for corre-

lations between predator and prey behavior. In addition,

relaxing some of the simplifying assumptions would be

insightful, such as allowing for predator satiation, prey

renewal and handling time. Changing these parameters will

determine if the model can be even more general and fit to

a larger number of natural systems.
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