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Abstract

Predators of all kinds, be they lions hunting in the Serengeti or fishermen searching for their
catch, display various collective strategies. A common strategy is to share information
about the location of prey. However, depending on the spatial characteristics and mobility
of predators and prey, information sharing can either improve or hinder individual success.
Here, our goal is to investigate the interacting effects of space and information sharing on
predation efficiency, represented by the expected rate at which prey are found and con-
sumed. We derive a feeding functional response that accounts for both spatio-temporal het-
erogeneity and communication, and validate this mathematical analysis with a
computational agent-based model. This agent-based model has an explicit yet minimal
representation of space, as well as information sharing about the location of prey. The ana-
lytical model simplifies predator behavior into a few discrete states and one essential trade-
off, between the individual benefit of acquiring information and the cost of creating spatial
and temporal correlation between predators. Despite the absence of an explicit spatial
dimension in these equations, they quantitatively predict the predator consumption rates
measured in the agent-based simulations across the explored parameter space. Together,
the mathematical analysis and agent-based simulations identify the conditions for when
there is a benefit to sharing information, and also when there is a cost.

Author Summary

When should we work together and when should we work alone? This question is central
to our efforts to understand social and ecological systems alike, from lions hunting in the
Serengeti to fishermen searching for their catch. Here, we develop a mathematical model-
ing framework to identify the essential spatial factors controlling the benefits and costs of
sharing information. Our approach marries computation with mathematical analysis, and
our results highlight that it is only under certain spatial conditions that information shar-
ing is a useful cooperative strategy. Notably, we find conditions for which fully collective
and fully individual search are both attractive.
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Introduction

Predators in numerous systems share information with one another to optimize their individ-
ual and collective gains [1]. These information-sharing cliques tend to form predatory packs or
groups [2]. So too in social-ecological systems such as fisheries, where fishermen are sometimes
known to share information with one another about the location of target species aggregations,
and sometimes not [3, 4]. Critically, the benefits and costs of sharing information depend on
the spatial characteristics of the system. For example, fishermen that share information tend to
target highly ephemeral and migratory species like salmon [5]. In contrast, sessile and slow
moving species tend to be harvested by secretive and even territorial fishermen [6]. Further,
information sharing need not be voluntary, and there are numerous examples of predators
copying the location of others [e.g. 5]. Hence, quantifying the relationship between the benefits
and costs of information sharing and the spatial characteristics of the environments in which
predators search for and capture prey, is important if we are to deepen our understanding of
group formation and cooperation in social and natural systems alike.

An important consequence of space and information sharing is the potential inaccuracy of
ecosystem models used to design management policies [4, 7, 8]. For instance, many population
and ecosystem models used to inform policy on land and in the sea currently ignore or have
overly simple parametric representations of predator and prey social and spatial behavior. In
these models, it is commonly assumed that per-capita predator consumption depends only on
prey abundance. This is reflected in the mathematical functions used to describe predator con-
sumption: Type I (linear), Type II (saturating) and Type III (sigmoidal) functional responses
[9, 10, 11]. This is due to the ecological legacy of these functions, having been well explored
empirically and mathematically [12, 13, 14]. In some limiting cases, these simple functions can
accurately represent aggregate feeding rates seen in nature [15]. However, all these feeding
functions assume that the rate at which predators encounter (if not always consume) prey is lin-
early proportional to the density of the prey [2, 16]. In more complex spatial settings and when
information sharing occurs, encounter rates are non-linear and as a consequence, these models
will produce inaccurate individual and group feeding rates. This is acknowledged by ecosystem
modelers themselves [17], and yet we remain limited in our ability to model predator group
behavior in such contexts.

Agent-based models of predators searching for prey [e.g. 13, 18, 19] have been used to
describe encounter rates, as they emerge from more realistic predator movement rules. Indeed,
multiple models exist for predator search patterns, such as random [e.g. 20, 21], Lévy [e.g. 22]
and correlated random walks [e.g. 23] to name a few. These studies deepen our understanding
of the role space plays in the search process, but are limited in terms of accounting for both
consumption of prey once found, and the impact of information sharing on the spatial distri-
bution of predators on a given landscape. Together, both factors define the balance between
the benefits and costs of information sharing: information sharing can reduce the time it takes
to find prey, but it also comes at a cost, as prey is shared too.

Here, our goal is to assess the interacting effects of spatio-temporal heterogeneity and infor-
mation sharing on predator consumption rates. In order to do so, we have developed a general
mathematical model of predator foraging, accounting for space implicitly using a few key
parameters. These parameters are timescales for search, consumption and prey mobility, which
can be measured or computed independently for a given spatial setting, and from which we
derive the benefits and costs of exploration, exploitation and information sharing. We note
that these results do not address the strategic choices of predators or the evolution of coopera-
tion [24]. Instead, we provide an extended form of the feeding functional response, incorporat-
ing the level of information sharing and spatial characteristics of both prey and predator. This
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allows us to compute the payoff, in terms of foraging efficiency, of a given information sharing
behavior at the group level and for the individual. These payoffs are the foundation on which
future evolutionary analyses could be performed, building off works on cooperation that use
minimal representations of space [e.g. 25, 26, 27].

To complement the mathematical theory, we also developed a spatially explicit agent-based
model (ABM) of predators and their prey, which we used to validate the analytical model and
derive its abstract parameters from more intuitive individual processes. Even though the
dynamics in the analytical model are encoded in a few behavioral states and a single spatial cor-
relation metric, they quantitatively predict predator consumption rates measured in the ABM
across the entire parameter space that we explored. Furthermore, and critically, very different
simulation settings result in equivalent predation efficiencies, as long as they are characterized
by the same key timescales. This means that the (spatial) assumptions of the ABM have limited
impact, and that the mathematical analysis is far more general, being valid for a large range of
predator-prey / consumer-resource systems, as modeled by other (perhaps more complex)
ABMs or measured with empirical data.

Behavioral Modeling of Predators
Single-predator Feeding Function From Behavioral States

The first step to developing a mathematical feeding function that accounts for both space and
information sharing is to view predator and prey interactions in terms of the rates at which
predator behavioral states change. For example, let s be the fraction of a predator population
that is moving in search of its prey, which is organized in distinct patches, and 4 be the fraction
of predators currently “harvesting” or consuming prey. In the simple case of independent pred-
ators, there are no other states and s = 1 — h. Equivalently, since the population is for now
assumed to be homogeneous, s and & can be seen as the fraction of time spent searching and
consuming by a single predator.

Furthermore, let us define 7, the expected time taken for an individual predator to find a
prey-patch (otherwise known as the first-passage time), and 7, the patch handling time or
expected time to consume all prey in a patch. The rate at which a searching predator finds a
prey patch is then 1/7,, and the rate at which a feeding predator returns to searching is 1/7.
This simple behavioral state change model is depicted in Fig 1A. At steady state, the fluxes
between behavioral states are equal:

sl:hl. (1)

Ts Th

Furthermore, the consumption rate H (in units of prey per time) averaged over a foraging
period will be proportional to k, the fraction of time spent consuming rather than searching.
Let us denote by H* the maximal value attained when s = 0, a case where prey is abundant
everywhere and can be found instantly. Using s + h = 1, we can write the functional response as

H h 1 1

H hts 15 4%
h o

(2)

Clearly, the feeding rate of a predator is inversely proportional to 7./, how long it takes to
find prey patches relative to how long it takes to consume them. If we further assume that the
rate at which predators encounter prey patches (1/7,) is proportional to the density of prey,
and there is no influence of predator group behavior, the expression on the far right takes the
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Fig 1. Schematics for A) a simple behavioral-state model of predators and their interaction with their prey; and B) for the predator
behavioral state-change model, accounting for information sharing.

doi:10.1371/journal.pchi.1005147.9001

form of a classical Type II functional response. Alternatively, if the encounter rate is convex in
prey density, rather than linear, then a Type III function is found instead.

Behavioral Dynamics with Information Sharing

In order to explore information sharing amongst predators, we modify the simple behavioral
state model introduced above (Fig 1A). First, let us redefine the two behavioral states s and h
above as searching alone and consuming a patch found by oneself. Likewise, 7, and 7, become
the typical search time and consumption time for a predator alone, not accounting for infor-
mation sharing and group dynamics yet. Furthermore, we add 7; the typical time during which
a prey patch can be exploited before it moves. This introduces an element of landscape stochas-
ticity or change, representing the dynamic nature of prey distributions found in a number eco-
logical systems on land, in lakes and in the sea [28].

These three quantities—1,, 7, and 7,—play a key role in our analysis, as they can be indepen-
dently measured or computed from the spatial characteristics of the individual predator and
prey. Thus, they interface between the generic model presented here and any specific descrip-
tion of how predators and prey move and interact. In the next section, we develop an agent-
based model to demonstrate how these key timescales can be computed from measurable
quantities, albeit in a simplified abstraction of reality. We further expand on these key time-
scales in the discussion, describing their real world analogues for a range of natural and human
systems.

In addition, there are two more parameters that control the benefits and costs of informa-
tion sharing: N the number of predators foraging in the same area, and A their propensity for
sharing information, which we assume here to be identical for all predators. The consequences
of relaxing this last constraint is explored in the Supplementary Online Information (SOI) sec-
tion “Agent Level Mathematics”. The process of searching for prey patches remains solitary,
but predators can now broadcast the location of a prey patch when they find one. This reflects
group predator behavior found in social insects such as honey bees [29] as well as scavenger
mammals such as hyenas [30]. We must then consider two new behavioral states: m which is
the fraction of predators moving toward a patch whose location has been broadcast, and b the
fraction of “bound” predators having reached the patch and are consuming prey with their cal-
ler. Clearly, the foraging efficiencyis now the total fraction of time spent consuming prey
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Table 1. Table of the parameters and variables of the general mathematical model.

Parameters:

N Number of predators

A Communication propensity

H* Consumption/harvest rate for lone predator on prey patch
Timescales:

Ts Search time (lone predator)

7 Landscape (prey) mobility time

Th Handling time (lone predator)

Behavioral states:

s Lone searcher

h Consuming (or harvesting) a patch that one found

m Moving toward the source of a call

b Consuming a patch found by one’s caller

Derived quantities:

Wi_; Flux from behavioral state ito state j

W, Flux back to the lone searcher state

ny Expected number of predators consuming the same patch

d0i:10.1371/journal.pchi.1005147.t001

whether one has found a patch or been called to it:

H

o= h+b (3)
Finally, we define the rates of change between these behavioral states: the rate at which lone

searchers find and start consuming prey W, _, ;,, the rate at which lone searchers get a call

from and start moving towards another predator W, _, ,,,, the rate at which predators reach

their caller W,,, _, j, and the rate at which all these predators revert back to searching alone:

Wy oW, . oWy _ . This new behavioral state model is depicted in Fig 1B and its associated

parameters are listed in Table 1. What remains is to derive formulae for the different rates of

behavioral state change. Starting with the rate at which lone searchers encounter a new prey

patch:

W, =— (4)

Next is the rate at which lone searchers receive a call and start to move toward a patch:

W, =NisW_,. (5)

This rate is proportional to Nxs the number of searchers, and to W _, j, the rate at which
one of these searchers will discover a patch and switch from state s to 4. As mentioned above,
the factor A quantifies the strength of social interactions, here conceptualized as the probability
that a predator broadcasts information upon discovery of a prey patch.

Next, the rate at which predators reach their caller is the inverse of the expected travel time
between two predators 7,

w, :lv (6)

where, as a first approximation, 7, can be taken as a constant, for example fixed to unity (mean-
ing that other timescales are measured in units of 7). In the SOI section “Distance between
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Predators”, we discuss a more elaborate derivation of 7; which is necessary only for precise
quantitative agreement with the ABM simulations, or with empirical data.

Finally, we define Wy, the rate at which a predator is interrupted while exploiting a patch,
either because the latter is depleted or has moved. This rate W accounts for the reversion from
all other states to the lone searching state:

14

h—s

= Wmﬂs = Wbas = WL' (7)

To compute it, we need two timescales. First, 7; the expected time between a patch being dis-
covered and it moving away. Second, 7;,/n, the expected time it takes to deplete the patch given
a number 7, of predators consuming together (we assume here a simple inverse proportional-
ity, but this is easily adapted to represent interference or cooperation between predators on a
patch, without qualitatively affecting our results). These two timescales are combined in a Pois-
son process approximation: assuming that the probability of the patch not moving in the time
interval [0,¢] is exp(~t/1;), and its probability of not being depleted yet is exp(~tn,/1;,), then the
probability of both conditions being verified is the product exp(~t/7~tn,/1;,), but it is also
exp(—Wp t) by definition. Hence, we can write:

w, =2 (8)
T Ty

In the previous paragraph, we introduced an important new quantity: n,, the number of
predators consuming at the same patch simultaneously. Deriving n, is in fact the most intricate
part of this analysis, as this quantity encodes the main relevant spatial and temporal correlations
in the system, and thus represents non-mean-field dynamics in this otherwise space-less model.
One derivation is given in the SOI section “Refined Occupancy Approximation’, but a basic
intuition can be obtained from the following approximations, which hold only in simple limits:

N A—1,

2 <1+Z) J< 1. ®)

S
2

If A = 1, we expect all the predators to be fully correlated in space and time, and form a pack
that always consumes the same prey. In such a situation 1, ~ N. As A becomes smaller however,
time correlations become negligible and it is possible to use the time-averaged values b and / in
1, =~ 1 + b/h, where b/h gives an estimate of the number of predators consuming at the same
patch in addition to its finder (assuming a patch is not independently found by multiple
searchers).

Given these formulae for the rates of change of the predator behavioral state occupation
probabilities, it is possible to describe the evolution of these states in the predator population
over time. In the long time limit, it converges toward a stationary point, where all the out- and
in-fluxes between states are balanced:

sW_,+W_ )=hW, +mW, +bW, (10)
hw, . =sW_, (11)

mW, +W, _,) =sW__ (12)
bW, =mW,_, (13)
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This system can be reduced to a single equation over s, the fraction of predators searching

alone:
1,
—(NAS"+5)=(1—s)W,, (14)
‘ES

where W7 is a function Wy (75,7,5) and all other terms are constant. Finally, the consumption

rate for a predator in the group can itself be expressed using only s:

Ns

1 1
= ==+ A 1
hrb (T - 1+ TdWL(TNTh?S)) WL(TlaThvS)S (15)

H(Tﬂfha‘clan /“)
Hx

s

The term 1/7, describes the baseline (single predator) success rate: it decreases with 7,
which can be thought of as the “cost” or difficulty of exploration, and increases with prey abun-
dance (although it is a non-monotonic function of prey patchiness at a constant level of cover-
age, as detailed in the SOI section “Population Level Mathematics”). To this individual
baseline, the second term within the large parenthesis describes the benefit of information
sharing, and vanishes when A = 0. The whole expression is modulated by 1/ W, the expected
time during which a patch is available for consumption, and thus the effective “value” of each
patch. This term increases with 7; and 73, that is for less mobile or richer patches. It is also a
strictly decreasing function of A the amount of information sharing, as a result of faster deple-
tion, which is part of the cost of sharing. However, for small 7; (very mobile prey) this variation
is negligible, since mobility overtakes depletion as the main cause for returning to the search-
ing-alone state. In other words, prey mobility discounts the cost of information sharing.

In conclusion, solving Eq (14) allows to us compute H in Eq (15), the consumption rate of
any predator in the group given its environment, encoded by the key timescales 7;, 77, and 7,
the number of predators N and their propensity toward information sharing A. It is easily solv-
able numerically, and thus is a fast alternative to agent-based simulations. However, due to the
complexity of the full expression of 7, the expected number of predators consuming prey at
the same patch, it does not have an explicit solution. In our SOI section “Solvable Limits”, we
discuss certain limiting cases where simplifying assumptions can be made to obtain explicit
results. While these can contribute some insight into parts of the model, we show that none of
these partial solutions can reflect the full phenomenology of this model or our ABM simula-
tions below. Finally, in SOI section “Agent Level Mathematics” we show that this model is nat-
urally extended to compute individual consumption rates in the case of heterogeneous agents,
especially when they differ by their communication strategy A.

Agent-Based Model

In addition to the general behavioral state model described above, we developed a spatially
explicit, computational agent-based model (ABM) of predators and their prey. For a better
qualitative understanding of how the ABM works, we refer the reader to the schematic in Fig 2,
to our Supplementary Online Information where several movies show different simulation
experiments (SOI: Movies), and to Table 2 where the parameters of the ABM are listed. This
ABM allowed us to relate the abstract timescales of the mathematical analysis above (Table 1)
to more concrete processes and properties that might be observed and measured in real-world
systems (see Fig 3).

The ABM operates on a 2D landscape with periodic boundaries. On this landscape are a
given number N; of circular prey patches, a fish school for example, with a defined radius o.
Within these patches are a number of uniformly distributed prey items, N, that could for
instance represent individual fish within a school. The radius and number of prey items per
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Fig 2. A cartoon describing our agent-based model of predators and prey. There are six main steps: (I)
predators rapidly traverse the domain by moving in a straight line; (Il) they randomly stop to sense their local
environment, and pick a new direction if no prey patch is found within their sensory radius; (ll1) if a prey patch
is found, the predator moves towards its centre and consumes prey from it; (IV) if a predator has a social tie
with another predator who is at a prey patch, then information may be passed between the two, (V) informed
predators move towards the nearest prey patch whose location they know; (VI) prey patches make random
jumps at a given rate.

doi:10.1371/journal.pcbi.1005147.9002

patch is the same across patches. Prey mobility is important for our purposes only inasmuch as
it limits the time that a predator can spend exploiting the same patch; we could let patches
move so that predators could randomly lose their track, but for simplicity we simply let patches
disappear with probability per unit time r;. However, we wish to conserve the total fraction of
the landscape occupied by patches, and therefore we introduce a new patch at a random loca-
tion every time one vanishes. Thus, the landscape change timescale is simply:

T :; (16)
1

A number N of predators is also found on this landscape, searching for prey patches. When
a patch is found, they consume prey items within at rate r,. The expected patch handling
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Table 2. Table of the main agent-based model parameters. In addition, one must specify the social net-
work that governs communicative behavior among the agents (e.g. fully connected with homogeneous edge
weight A, or divided into multiple groups with edge weight 1 within a group and 0 between groups).

Domain:

X spatial scale of the domain

Prey:

Ng number of patches

N; number of prey items per patch

o] radius of circular patch

n landscape change rate (per unit time probability of patch movement)
Predators:

N total number of predators

Os sensory radius

v predator speed

Iy rate at which prey in patches are consumed

o turning rate (per unit time probability of making a random turn)

doi:10.1371/journal.pchi.1005147.t002

timescale is:

T, =, (17)

We note that r, = H* the maximal consumption rate discussed since Eq (2), since the aver-
age consumption rate over a simulation run is clearly at most r,. For increased realism, r, could
vary during consumption: for instance, a patch might be quickly depleted at first, then become
harder to exploit. In that case, it could be advantageous for predators to leave a patch after a
time 7, that does not correspond to full depletion (as above) but instead optimizes their con-
sumption rate. As this complicates both the simulations and the analysis, we leave this possibil-
ity to further inquiry.

In many systems, predators search for prey by alternating between fast travel between prey
habitats, and intensive search (slow movement) at these habitats [31]. This is exhibited
throughout nature, where numerous predator species switch between strict transiting/migra-
tion and feeding behaviors, and in social-ecological systems too, for example fishermen search-
ing for ephemeral target-catch, such mobile pelagic species such as anchovy [32]. Multiple
models exist to capture these predator search patterns, such as random [e.g. 20, 21], Lévy [e.g.
22] and correlated random walks [e.g. 23]. The qualitative feature shared by all these various
models is an alternation between long-range movement and focused search within a local area.
The simplest and most tractable model that retains this property is intermittent search [19]:
predators move ballistically—in a straight line—at a constant speed v, with random direction
changes made with probability per unit time (turning rate) r,. In-between two ballistic seg-
ments representing long-range movement, a predator spends one time-step exploring its sur-
roundings to find prey, as represented by a sensing radius o,. If there is no prey patch within
that radius, it moves ballistically in the new direction. These three parameters, together with
prey patch number N; and radius o, determine the search (first-passage) time 7. To compute it,
we build off work developed by Benichou et al. 2011 [19], who mathematically analyzed this
type of search for only one prey patch and one predator. We provide a simple extension to
account for multiple prey patches, which is presented in the SOI section “Intermittent Search”

Predators can share information with one another about the location of prey patches: if two
predators have a social tie, and one has found a prey patch but the other has not, information is

PLOS Computational Biology | DOI:10.1371/journal.pcbi.1005147 October 20, 2016 9/22
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Fig 3. General schema of the relationship between the parameters in the numerical agent-based model and in the mathematical behavioral
model. Parameters of the agent-based model represent those that could be measured empirically. These are then used to estimate the key parameters
of the mathematical model (grey circles) following the formulae presented in the main text. The analytical model then uses these parameters to calculate
the rates of change of predator behavioral states and the spatial correlation metric, all of which are required to derive a functional response that describes
the consumption rate as a function of information sharing, and the spatial characteristics of the environment.

doi:10.1371/journal.pcbi.1005147.9003

shared between the predators with probability equal to A the strength of the tie. In this situa-
tion, the predator receiving information moves towards the other predator. The social network
is recorded in the form of a symmetric matrix of tie strengths. For simplicity, we mainly discuss
two network structures: a fully connected graph where all ties have strength 4 € [0, 1], or a
binary matrix where 1’s identify a social tie and 0’s the absence of a social tie. However, the
model extends to arbitrary networks. Here, the predators’ communication range is assumed to
encompass the whole landscape, and N is therefore the number of predators within communi-
cation distance of each other, whether randomly, due to coordination, or to extraneous social
factors such as pack size.

If the behavioral state model described in the previous section is correct, the output of the
ABM—namely the expected catch rate of a predator—should depend on its parameters only
through the timescales which we derived, as well as A and N. This we indeed show in SOI sec-
tion “Validation of Analytical Results”, meaning that the parameter space has a much lower
effective dimension than it first appears to have. While 7; and 7, have simple expressions in
terms of the ABM parameters, 7, is more complicated, reflecting the fact that our implementa-
tion puts an emphasis on details of the search process. Among the parameters influencing 7,
the most obvious one is the sensing radius o, which has an unambiguous influence on search
difficulty, and affects nothing else. Thus, we generally explore the parameter space of the ABM
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by using g, as a control variable, fixing the total prey coverage N, 76> and predator velocity v.
Furthermore, in all simulations we use the turning rate r, that minimizes 7, for a single preda-
tor. We acknowledge that in nature, there is no guarantee that predators will have such optimal
spatial behavior, and that the turning rate r, will likely evolve together with the social structure
of the predator population (encoded here by N and 1). However, we do not explore here the
consequences of changing r,, and simply use the turning rate that minimizes 7 as a way to be
consistent across simulation experiments, and to speed them up.

Simulation Experiments

We implemented the computational ABM using the Julia language (www.julialang.org), run-
ning several simulation experiments. Initially, these were used to vet the mathematical model,
as presented in the SOI section “Validation of Analytical Results” and ultimately we found
strong qualitative and quantitative agreement between the results of the ABM and the mathe-
matical model. This success was especially important for subsequent simulation experiments,
as it showed that the parameter space of the ABM could be efficiently explored along only
three dimensions: those present in the mathematical model, i.e. first-passage time 7, patch
handling time 7, and landscape change timescale 7;.

First, we performed a number of two-predator simulations, with the objective of measuring
how the dimensionless ratio H/H* varies with predator information sharing. H* can be
thought of as the maximal consumption rate obtained if prey-patch encounters are instanta-
neous and as a consequence predators consume prey constantly. Hence H/H* provides an esti-
mate of the “efficiency” of the predators given their level of information sharing. We also
mapped out the full functional response of the predators by measuring their consumption
rates when systematically varying the landscape change timescale 7;, through changes in the
rate at which prey patches move r;; the patch handling time 73, through changes in the rate at
which predators consume prey r,; and the first-passage time 7, by varying o;, the predator
sensing radius.

This numerical implementation the ABM was also used to explore situations that involved
more predators. However, these simulations were extremely computational demanding.
Hence, in order to proceed and investigate situations with large numbers of predators, we
used the mathematical model instead. We were then able to compute consumption rates for
arbitrarily large numbers of predators. This allowed us to study the role of group size in max-
imizing individual consumption rate. This can be done in a number of ways, for example by
varying N to find, as a function of spatial parameters, the optimal number of predators forag-
ing within communication range of each other. Here, we chose to fix N and find the optimal
group size within that population size. In doing so, we answered the question of whether
predators that are already foraging in the same space should do so collaboratively. In these
simulation experiments, we chose the total number of predators N = 30, and arranged preda-
tors into groups of various size, defined using random partitions. Predators within a group
were assumed to share all information. Using an agent-level extension of the analytical
model (see SOI section “Agent-level Mathematics”), we then computed the expected con-
sumption rate of any one individual predator, as a function of the size of the group it
belonged to, over a range of environments defined by the three key timescales 7, 7; and 7.
Doing this numerous times, changing the distribution of group sizes at each iteration,
allowed us to calculate optimal group sizes for any environment. This produced results quali-
tatively comparable to other simulation experiments, for example when dividing the entire
population into equally sized groups, or when having social ties between all agents and vary-
ing A from 0 to 1.

PLOS Computational Biology | DOI:10.1371/journal.pcbi.1005147 October 20, 2016 11/22


http://www.julialang.org

®'PLOS

COMPUTATIONAL

BIOLOGY

Collective Spatial Dynamics

Results
Functional Response and the Value of Information

The ABM was first used to explore equilibrium encounter and consumption rates with only
two predators in the system, for a range of parameter combinations. The parameter space of
the ABM has three essential dimensions—1,, 7;and 7,—which can be effectively explored by
holding one constant, and systematically exploring the other two. To give a clearer intuitive
picture of model results, we present below two choices for the parameters to hold constant,
although they can formally be made equivalent. First, we explored prey-handling and first-pas-
sage times normalized by a constant landscape mobility, ,/7; and 7,/7; respectively. Unsurpris-
ingly, we find that encounter rates (Fig. AA in S1 text) diminish with increasing first-passage
times, but they can also show some sensitivity to 7;,. Normalized consumption rates H/H*—the
foraging efficiency—are largest when first-passage times are small, in other words searching for
prey is easy, and handling times are high, in other words exploitation is not interrupted by
depletion (Fig. AB in S1 text).

Second, we explored various prey handling and landscape change timescales normalized by
a constant first-passage time (representing a constant difficulty to find prey), 7,,/7, and 7//7;
respectively (Fig 2). Encounter rates (Fig 2A) are constant unless the landscape timescale 1;
becomes smaller than 7;: this highlights the fact that for high enough prey mobility, encounters
do not depend on the predator’s search process, as even a static predator is likely to encounter
prey as they move. As for consumption rates (Fig 2B), the symmetry between 7, and 7;is made
apparent: both timescales limit how long a patch can be exploited, and therefore only the
smaller of the two plays a significant role. This dependence of the consumption rate on preda-
tor and prey mobility and group behavior—a generalization of functional response accounting
for more than prey density—is well reproduced by the analytical model as seen in Fig. C.

Throughout the entire parameter space that we explored, information sharing always
increased predator encounter rates. The costs of information sharing hinge entirely on having
to share prey, which only affects consumption rates. Indeed, information sharing has a highly
variable effect on consumption rates, depending on the environment. In the case where the
landscape change timescale 7; is varying with the handling time 7;, (both normalized by the a
constant first-passage time 7.:Fig 4A), the value of information is greatest when handling times
are long and the landscape change time scale is short. Conversely, the value of information
diminishes as handling times decrease and the landscape change time scale increases. Impor-
tantly, there is a clear demarcation—a line where the value of information sharing is zero—
between environments where it is beneficial to share information and when it is not. In the
case where the first-passage time 7, varies with the handling time 7, (both normalized by a con-
stant landscape change timescale 7;), we again see the presence of a distinct line of zero value
(Fig 4B). Here, there is value to information when handling times and first-passage times are
long. and the value of information is least when the handling and first-passage time is short. In
both parameter spaces (Fig 4A & 4B) our results are intuitive, and highlight that predators only
value information if its benefits are high (search is long) and its cost is discounted by prey
mobility: if targets move away before the predators can deplete them together, then there is no
penalty to exploiting the same patch.

Optimal Group Sizes

The optimal group size experiments produced expected consumption rates for individual pred-
ators, as a function of group size. Depending on the environment, as defined by the different
key timescales, this relationship can be concave, where there is a single optimal number of
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Fig 4. The fractional change of consumption rate between the no-information and full-information
sharing cases in a two-predator system. Values are shown for two parameter spaces: the top-panel (A)
shows values for a range of prey patch timescales 7,and handling times 7, both normalized by the first
passage time 7; the bottom-panel (B) shows values for a range of first passage times 75 and handling times
15, normalized by the landscape timescales 7. Red and blue areas identify parameters combinations (i.e.
environments) where information sharing improved and diminished consumption rates respectively. White
areas identify environments in which information sharing had no effect.

doi:10.1371/journal.pchi.1005147.9004

social ties to have, or convex, where there may be two equally good group sizes to be in. Con-
sider Fig 5A, where three different possible group size curves are shown. In black is an environ-
ment in which the curve is convex, and both being alone or operating as one large group are
more attractive than anything in-between. As a consequence, despite individual search being
the global optimum, fully collective action is also a local optimum. In contrast, the orange
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doi:10.1371/journal.pchi.1005147.9g005
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curve is concave, revealing an environment in which it is always best to be in a group of inter-
mediate size. Interestingly, other shapes are present, such as the sinuous grey curve, in which
there is one global maximum as well as one global minimum, a group size that always performs
the poorest.

We calculated the curvature of these relationships (defined as the average of y"/(1 + y'*)'?,
where y is the consumption rate as a function of group size) over the 73, 7;,and 7; spaces (Fig 5B
and 5C). In both spaces, there is a clear demarcation between environments in which there is a
single optimal group size (negative curvature, blue regions) and those where individual and
fully collective action both lead to consumption rates that are far greater than found at interme-
diate levels of information sharing (positive curvature, red regions). The line separating these
regions in the parameter space is close to the one found in the previous figure (Fig 4) between
regions of positive and negative value of information in the two-predator simulations. This is
striking because it implies that even when information sharing is suboptimal (for example, in
the top-left corner of Fig 4A), predators could exhibit high sharing behavior, and not be able to
cross over to optimal individual search as intermediate situations are less attractive.

Optimal group sizes (leading to maximum expected consumption rates) were calculated
from these curves and are shown for the 7, 7 and 7, spaces in Fig 6A and 6B. For the 7;and 7,
space, both normalized by a constant 7,, we find that the optimal group size is highest when
handling times are high and landscape change timescales are low (Fig 6A). Optimal group sizes
then get smaller as handling times decreases and the landscape change timescale increases.
However, we find that when handling times are very short and landscape change times are very
long, there is possible bistability, as evidenced by the presence of extremely large optimal group
sizes (Fig 6A, red blob in the top-left). We observe similar qualitative features in the 7, and 73,
space, both normalized by a constant 7; (Fig 6B). In general, optimal group sizes are largest
which handling times are large, and are relatively insensitive to changes in the search timescale.
The jump to one large super group occurs at intermediate handling times (Fig 6B, the red blob
to the left), and at intermediate to large first-passage times. These plateaus of high information
sharing occur when the relationship between consumption rate and group size is at its most
convex (reflected in Fig 5B & 5C) and it is almost equally good to search either alone or as one
large group.

Discussion

In summary, we have developed a mathematical model of predators searching for and consum-
ing prey, accounting for spatio-temporal heterogeneity and information sharing. The result is a
generalized functional response that accounts not only for the density of prey, but also its
patchiness and mobility, as well as the number of predators and their behavior in terms of
information sharing. We have identified that these factors shape the consumption rate through
three key timescales: 7; the timescale over which the prey landscape changes, 7, the timescale
over which prey patches are found when searching alone, and 7, the timescale of exploitation
of a patch by one predator. These three timescales control the dynamics of a spatially implicit
model representing the behavioral states of the predators. The last critical part of this model
was 1, the expected number of predators present simultaneously on a patch: it is only through
this quantity that spatial and temporal correlations had any significant impact on the output of
the model, namely the predators’ consumption rate. Therefore, while the behavioral state
abstraction of spatial dynamics is qualitatively robust, for any quantitative agreement to hold,
there has to be a satisfactory approximation for #,,.

In addition to this mathematical analysis, we developed a computational agent-based model
of predators and their prey, accounting for space explicitly and providing a more concrete set
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Fig 6. The optimal number of social ties given a total of 30 predators in the system, for (A) the normalized
landscape timescale 7,and (B) first passage time 7 versus handling time 7, spaces.

doi:10.1371/journal.pchi.1005147.9006

of processes. We used both the ABM and the mathematical model to explore a wide swath of
parameter space and identified the payoff, either positive or negative, of information sharing
for a range of environments. Starting with two predators only, we found that information shar-
ing always improves encounter rates, but reduces consumption rates if prey have low mobility.
For a larger number of predators, we found that there is an optimal number (or intensity) of
social ties that maximizes consumption rates, going from full collaboration to individual search
as prey mobility decreases. However, with low-mobility prey, we found that hunting alone and
hunting as one super-group can both be better than intermediate levels of information sharing.

PLOS Computational Biology | DOI:10.1371/journal.pcbi.1005147 October 20, 2016 16/22



®'PLOS

COMPUTATIONAL

BIOLOGY

Collective Spatial Dynamics

Due to the positive curvature of the relationship between individual consumption rates and
group-size in that case, selection for optimal group size could exhibit bistability, with full infor-
mation sharing occurring in regions where individual search was equally or more efficient.

A key step in our analysis was to connect the abstract parameters of the mathematical
model to those of the ABM. This allowed us to show that the mathematical predictions made
only from the key timescales, matched those of the spatially explicit simulations. We acknowl-
edge that the ABM is still an abstraction of reality, but this choice was necessary in order to
compute the key timescales that are central to our analysis. Indeed, we did so using the ABM
parameters representing prey density, patchiness and mobility, and predator search patterns,
and showed that these estimates were enough to guarantee qualitative and quantitative agree-
ment between the numerical and mathematical results. Within the range of situations covered
by our simulation model, we thus found that many of the spatially relevant details had limited
impact, as very distinct configurations would lead to identical values for the key timescales and
as a consequence predation efficiency. This highlights the complementarity between the two
models: the ABM helps give meaning to the few variables entering the mathematical model,
while the latter helps predict the consequences of changing simulation parameters or even
rules. Certainly, many changes to the ABM would translate to different expressions for the key
timescales—for instance, 7; would be affected by more realistic predator or prey motion. How-
ever, these more complex simulations would not change how the key timescales then predict
predation efficiency. Hence, the approach developed here is general and can be readily
extended to more complex ABMs, better representing specific biological, ecological and social
systems.

The key time-scales could also be derived from empirically measured quantities. For
instance, the timescale over which a predator consumes a prey patch 7,—the handling time—is
a well known quantity in ecology and can be measured for natural and social-ecologicalsys-
tems alike. It is the reciprocal of the rate at which predators consume prey once encountered,
which is typically thought of as the time taken to catch, consume and digest prey [33, 34].
Admittedly difficult to measure in the field, there are numerous laboratory estimates of these
values for many species [35]. In social-ecological systems, this quantity is possibly easier to
measure. For example, for a fishery this value is the expected time it would take for a fishing
vessel to either catch an entire fish school or fill its hull [36]. Similarly, the timescale over
which prey patches are encountered by a lone predator, the landscape change timescale and the
typical distance between predators and their travel speed are all measurable quantities in both
natural and social-ecological systems [13, 14].

While the general mathematical model operates at the level of the population, it can be used
to derive an agent-level analytical model, allowing us to compare and contrast results directly
with the numerical ABM. The derivation of the agent-level mathematics is shown in the SOI
section “Agent Level Mathematics”, and these equations provide further intuition about the
impacts of information sharing. Indeed, these agent-level equations allow us to address ques-
tions of behavioral adaptation or evolution. In exploratory analyses that we performed on pred-
ators adapting their social networks, the numerical ABM was far too slow in estimating
Evolutionarily Stable Strategies (ESS). In contrast the agent-level mathematics allowed us to
compute these ESSs orders of magnitude faster. However, questions of social foraging and
evolved cooperation are beyond our scope here, as, in addition to the agent-level mathematics,
these analyses require assumptions about how behaviors are selected for [24, 27]. We do not
take this next step, and instead simply present our mathematical formulae for the pay-offs of
information sharing in different spatial environments.

In all our analyses we have modeled scramble competition, the sharing of prey by predators
at the same patch, which is just one way in which predators interact [37]. In nature, there are
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many other possible interactions. For example, two predators consuming prey from the same
patch could interfere with one another, diminishing the rate at which prey is consumed [16].
The converse can happen, where per-predator prey consumption rates increase with predator
density, for example when it requires multiple predators to catch prey, such as lions and gazelle
[2]. So too for humans, for example squid fishers work together by shining lights from their
boats into the water [38]. Squid are attracted to the light, and as a consequence, there is a posi-
tive relationship between the number of fishers (lights) and consumption rates. These different
forms of within-patch interactions by predators can be factored into our general mathematical
model in the 7;, and 7, terms. For example, if predators interfere with one another as they cap-
ture and consume prey, then 7;, will increase. This will have an impact on 7, the expected num-
ber of predators consuming prey from a patch, given a certain level of information sharing.

We have also focused on how consumption rates can be maximized through information
sharing. But for many systems, the variance in consumption through time is important too.
For example, in social-ecological systems, subsistence hunters and fishers are less concerned
with maximizing the total amount of money or food they gain. Rather, they are often con-
cerned with avoiding a prolonged state of poverty or hunger [39]. One might assume, then,
that information sharing would be a boon to these kinds of predators. However, as we have
shown, large levels of information sharing can lead to spatial and temporal correlation in pred-
ators (i.e. roaming around as one pack). It is precisely under these social conditions, for certain
environments, that predators experience high variance in consumption rate. As a consequence,
if minimizing the variance in consumption rates is the objective, then full sharing will not nec-
essarily be selected for. Indeed, human-predators avoid spatial and temporal correlations by,
instead of simply sharing information, developing profit- and/or risk-sharing institutions [40]
to minimize the variance in consumption.

In our modeling framework we have also assumed that the abundance of prey, either in
terms of the number of patches or the number of prey per patch, is stationary and independent
of the predators. This reflects systems where the scale at which the predators operate is smaller
than that of the prey population. In other words, it is as if our domain is embedded in a larger
area describing the dynamics of the prey. However, there are many systems where the scale of
the predator population is similar to those of the prey, and as a consequence, predators can
have a large impact on coupled demographics [e.g. 41]. This can be accounted for in our gen-
eral mathematical model, specifically Eq 15. For example, consider a situation where resource
depletion diminishes the number of prey patches, while the number of prey per patch remains
constant. In such a case, the time between prey patch encounters 7, will increase. Following Eq
15, this naturally leads to a decrease in consumption rate. Similarly for the situation when the
number of patches remains constant, but the number of prey per patch diminishes, then the
patch handling time 7, decreases. Again, following Eq 15, this leads to an increase in the rate at
which predators revert to the searching alone state W;, and hence an overall decrease in con-
sumption rate. However, as prey abundance change, so do the incentives to share information.
In this case, there are coupled dynamics between the behavior of the predator and the abun-
dance of the prey, with levels of information sharing continually changing as prey abundances
change themselves. However, as we have not addressed the (selective) mechanisms behind
behavioral change, we do not go any further in studying such a coupled system.

Throughout this paper we have described information sharing in the context of predators
and prey in ecological systems, and sometimes in the context of social-ecological systems such
as fisheries. However, our results should hold for any system where one actor may benefit from
the findings of another. This could be the extraction of natural resources such as oil and miner-
als by firms, or it could even describe purely social systems, such as dating or finance. The key
to linking our results to these other systems, is to identify the analogues to the main dimensions
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which control the value of information: 7, 7, and 7,. Given these quantities, it is possible to
hypothesize about the benefits and costs of working together. It is important to note also that
all our results could be posed entirely in terms of systems where predators might actively try to
conceal their private information. Ultimately, whether information is shared or not, under-
standing the feedbacks between predator-prey spatial dynamics, and their social preferences, is
essential to improving our management of social and ecological systems [8].

Supporting Information

S1 Text. Supplementary information and figures. This document contains all the supple-
mentary information and figures associated with the main text.
(PDF)

S1 Movie. Movie showing 1 predator and 10 prey patches that do not move very much (i.e.
1y is large).
(M4V)

S$2 Movie. Movie showing 1 predator and 10 prey patches that move often (i.e. short ;).
(M4V)

$3 Movie. Movie showing 2 predators that do not share information with one another, and
4 prey patches that do not move much.
(M4V)

S$4 Movie. Movie showing 2 predators that share information continuously with one
another, and 4 prey patches that do not move much. This movie is paired with M3, and high-
lights the role that information sharing plays in determining the spatial distribution of preda-
tion effort.

(M4V)

S5 Movie. Movie showing 2 predators that share information with one another continu-
ously, and 4 prey patches that move frequently. Here the main difference is the sensory radius
around the predators (the light red circle around each red predator dot). Increasing the sensory

radius reduces the first passage time (i.e. expected time between prey patch encounters) 7.
(M4V)

S$6 Movie. Movie showing 10 predators that do not share information with one another,
and 4 prey patches that do not move much. Here, the individual prey consumption rate H* is
low, hence it takes a long time for one predator to consume an entire patch. But as more preda-
tors feed at a given patch, the aggregate feeding rate increases and hence the handling time 1,
diminishes.

(M4V)

S7 Movie. Movie showing 10 predators that do share information with one another contin-
uously, and 4 prey patches that do not move much. In such a system the effect of information
sharing on the prey patch handling time 7y, is evident. The more predators at a patch, the
quicker that patch is consumed.

(M4V)

Acknowledgments

We would like to thank Simon Levin, Emily Klein, Andrew Hein and Emma Fuller for their
help in preparing the ideas contained within this paper.

PLOS Computational Biology | DOI:10.1371/journal.pcbi.1005147 October 20, 2016 19/22


http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1005147.s001
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1005147.s002
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1005147.s003
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1005147.s004
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1005147.s005
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1005147.s006
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1005147.s007
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1005147.s008

©-PLOS | Sotoer o

Collective Spatial Dynamics

Author Contributions

Conceptualization: JRW MB.

Data curation: JRW MB.

Formal analysis: JRW MB.

Funding acquisition: JRW.

Investigation: JRW MB.

Methodology:JRW MB.

Resources: JRW MB.

Software: JRW MB.

Validation: JRW MB.

Visualization: JRW MB.

Writing - original draft: JRW MB.

Writing - review & editing: JRW MB.

References

1.

10.

11.

12

13.

Couzin ID, Krause J Self-organization and collective behavior in vertebrates. Advances in the Study of
Behavior. 2003; 32:1-75. doi: 10.1016/S0065-3454(03)01001-5

Fryxell JM, Mosser A, Sinclair ARE, Packer C. Group formation stabilizes predator-prey dynamics.
Nature. 2007; 449(7165):1041-1043. doi: 10.1038/nature06177 PMID: 17960242

Bastardie F, Nielsen JR, Andersen BS, Eigaard OR. Effects of fishing effort allocation scenarios on
energy efficiency and profitability: An individual-based model applied to Danish fisheries. Fisheries
Research. 2010; 106(3):501-516. doi: 10.1016/j.fishres.2010.09.025

Evans KS, Weninger Q Information sharing and cooperative search in fisheries. Environmental and
Resource Economics. 2014; 58(3):353—-372. doi: 10.1007/s10640-013-9701-8

Gatewood JB. Cooperation, Competition, and Synergy: Information-sharing Groups among Southeast
Alaskan Salmon Seiners. American Ethnologist. 1984; 11(2):350-370. doi: 10.1525/ae.1984.11.2.
02200080

Wilson J, Yan L, Wilson C. The precursors of governance in the Maine lobster fishery. PNAS. 2007;
104(39):15212—15217. doi: 10.1073/pnas.0702241104 PMID: 17881579

Levin SA. Crossing scales, crossing disciplines: collective motion and collective action in the Global
Commons. Philosophical Transactions of the Royal Society B: Biological Sciences. 2010; 365
(1537):13. doi: 10.1098/rstb.2009.0197 PMID: 20008381

Mangel M, Dowling N, Arriaza JL. The Behavioral Ecology of Fishing Vessels: Achieving Conservation
Obijectives Through Understanding the Behavior of Fishing Vessels. Environmental and Resource
Economics. 2013;1-15. doi: 10.1007/s10640-013-9739-7

Christensen V, Pauly D. ECOPATH Il software for balancing steady-state ecosystem models and cal-
culating network characteristics. Ecological Modelling. 1992; 61(3):169-185. doi: 10.1016/0304-3800
(92)90016-8

Fulton EA, Link JS, Kaplan IC, Savina-Rolland M, Johnson P, Ainsworth C, Horne P, Gorton R, Gam-
ble RJ, Smith ADM, Smith D. Lessons in modelling and management of marine ecosystems: the Atlan-
tis experience. Fish and Fisheries. 2011; 12(2):171-188. doi: 10.1111/j.1467-2979.2011.00412.x

Watson JR, Stock CA, Sarmiento JL. Exploring the role of movement in determining the global distribu-
tion of marine biomass using a coupled hydrodynamic-Size-based ecosystem model. Progress in
Oceanography. 2015; 138 Part B, 521-532. doi: 10.1016/j.pocean.2014.09.001

Evans GT. The encounter speed of moving predator and prey. Journal of Plankton Research. 1989; 11
(2):415-417. doi: 10.1093/plankt/11.2.415

Gurarie E, Ovaskainen O. Towards a general formalization of encounter rates in ecology. Theoretical
Ecology. 2012; 6(2):189—-202 doi: 10.1007/s12080-012-0170-4

PLOS Computational Biology | DOI:10.1371/journal.pcbi.1005147 October 20, 2016 20/22


http://dx.doi.org/10.1016/S0065-3454(03)01001-5
http://dx.doi.org/10.1038/nature06177
http://www.ncbi.nlm.nih.gov/pubmed/17960242
http://dx.doi.org/10.1016/j.fishres.2010.09.025
http://dx.doi.org/10.1007/s10640-013-9701-8
http://dx.doi.org/10.1525/ae.1984.11.2.02a00080
http://dx.doi.org/10.1525/ae.1984.11.2.02a00080
http://dx.doi.org/10.1073/pnas.0702241104
http://www.ncbi.nlm.nih.gov/pubmed/17881579
http://dx.doi.org/10.1098/rstb.2009.0197
http://www.ncbi.nlm.nih.gov/pubmed/20008381
http://dx.doi.org/10.1007/s10640-013-9739-7
http://dx.doi.org/10.1016/0304-3800(92)90016-8
http://dx.doi.org/10.1016/0304-3800(92)90016-8
http://dx.doi.org/10.1111/j.1467-2979.2011.00412.x
http://dx.doi.org/10.1016/j.pocean.2014.09.001
http://dx.doi.org/10.1093/plankt/11.2.415
http://dx.doi.org/10.1007/s12080-012-0170-4

©-PLOS | Sotoer o

Collective Spatial Dynamics

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Ovaskainen O, Finkelshtein D, Kutoviy O, Cornell S, Bolker B, Kondratiev Y. A general mathematical
framework for the analysis of spatiotemporal point processes. Theoretical ecology. 2014; 7(1):101—
113. doi: 10.1007/s12080-013-0202-8

Gerritsen J, Strickler JR. Encounter probabilities and community structure in zooplankton: a mathe-
matical model. Journal of the Fisheries Board of Canada. 1977; 34(1):73-82. doi: 10.1139/f77-008

Skalski GT, Gilliam JF. Functional responses with predator interference: viable alternatives to the Hol-
ling type Il model. Ecology. 2001; 82(11):3083-3092. doi: 10.1890/0012-9658(2001)082%5B3083:
FRWPIV%5D2.0.CO;2

Fulton EA, Smith ADM, Johnson CR. Mortality and predation in ecosystem models: Is it important how
these are expressed? Ecological Modelling. 2003; 169(1):157—178. doi: 10.1016/S0304-3800(03)
00268-0

Benichou O, Loverdo C, Moreau M, Voituriez R. A minimal model of intermittent search in dimension
two. Journal of Physics: Condensed Matter. 2007; 19(6):065141. doi: 10.1088/0953-8984/19/6/
065141

Benichou O, Loverdo C, Moreau M, Voituriez R. Intermittent search strategies. Reviews of Modern
Physics. 2011; 83(1):81. doi: 10.1103/RevModPhys.83.81

Skellam JG. Random dispersal in theoretical populations. Biometrika. 1951; 38:196—218. doi: 10.
2307/2332328 PMID: 14848123

Okubo A, Levin SA. Diffusion and ecological problems: modern perspectives. Springer Science &
Business Media; 2013 doi: 10.1016/j.mbs.2006.11.014 PMID: 17363010

Benhamou S. How many animals really do the Levy walk? Ecology. 2007; 88(8):1962—1969. doi: 10.
1890/08-0313.1 PMID: 17824427

Bartumeus F, Catalan J, Viswanathan G, Raposo E, Da Luz M. The influence of turning angles on the
success of non-oriented animal searches. Journal of Theoretical Biology. 2008; 252(1):43-55. doi: 10.
1016/j.jtbi.2008.01.009 PMID: 18321530

Giraldeau LA, Caraco T. Social Foraging Theory. Princeton University Press. 2000.

Enquist M, Leimar O. The Evolution of Cooperation in Mobile Organisms. Animal Behavior. 1993; 45
(4):747-757. doi: 10.1006/anbe.1993.1089

Dugatkin LA, Wilson DS. Rover. A strategy for exploiting cooperators in a patchy environment. The
American Naturalist. 1991; 138(3):687—-701 doi: 10.1086/285243

Smaldino PE, Schank JC. Movement patterns, social dynamics, and the evolution of cooperation. The-
oretical Population Biology. 2012; 82(1):48-58. doi: 10.1016/j.tpb.2012.03.004 PMID: 22838026

Fortin MJ, Boots B, Csillag F, Remmel T. On the role of spatial stochastic models in understanding
landscape indices in ecology. Oikos. 2003; 102(1):203—-212. doi: 10.1034/j.1600-0706.2003.12447 .x

Seeley TD, Camazine S, Sneyd J. Collective decision-making in honey bees: how colonies choose
among nectar sources. Behavioral Ecology and Sociobiology. 1991; 28(4):277—290. doi: 10.1007/
BF00175101

Smith JE, Van Horn RC, Powning KS, Cole AR, Graham KE, Memenis SK, Holekamp KE. Evolutionary
forces favoring intragroup coalitions among spotted hyenas and other animals. Behavioral Ecology.
2010; 21(2):284-303. doi: 10.1093/beheco/arp181

Humphries NE, Queiroz N, Dyer JRM, Pade NG, Musyl MK, Schaefer KM, Fuller DW, Brunnschweiler
JM, Doyle TK, Houghton JDR, Hays GC, Jones CS, Noble LR, Wearmouth VJ, Southall EJ, Sims DW.
Environmental context explains Lévy and Brownian movement patterns of marine predators. Nature.
2010; 465(7301):1066—1069. doi: 10.1038/nature09116 PMID: 20531470

Bertrand S, Bertrand A, Guevara-Carrasco R, Gerlotto F. Scale-invariant movements of fishermen:
The same foraging strategy as natural predators. Ecological Applications. 2007; 17(2):331-337. doi:
10.1890/06-0303 PMID: 17489242

Holling CS. Some characteristics of simple types of predation and parasitism. The Canadian Entomol-
ogist. 1959; 91(07):385-398. doi: 10.4039/Ent91385-7

Pawar S, Dell Al, Savage VM. Dimensionality of consumer search space drives trophic interaction
strengths. Nature. 2012; 486:485—489. doi: 10.1038/nature11131 PMID: 22722834

Rall BC, Brose U, Hartvig M, Kalinkat G, Schwarzmuller F, Vucic-Pestic O, Petchey OL. Universal tem-
perature and body-mass scaling of feeding rates. Philosophical Transactions of the Royal Society B:
Biological Sciences. 2012; 367(1605):2923—-2934. doi: 10.1098/rstb.2012.0242 PMID: 23007080

Joo R, Bertrand S, Chaigneau A, Niquen M. Optimization of an artificial neural network for identifying
fishing set positions from VMS data: an example from the Peruvian anchovy purse seine fishery. Eco-
logical Modelling. 2011; 222(4):1048—1059. doi: 10.1016/j.ecolmodel.2010.08.039

PLOS Computational Biology | DOI:10.1371/journal.pcbi.1005147 October 20, 2016 21/22


http://dx.doi.org/10.1007/s12080-013-0202-8
http://dx.doi.org/10.1139/f77-008
http://dx.doi.org/10.1890/0012-9658(2001)082%5B3083:FRWPIV%5D2.0.CO;2
http://dx.doi.org/10.1890/0012-9658(2001)082%5B3083:FRWPIV%5D2.0.CO;2
http://dx.doi.org/10.1016/S0304-3800(03)00268-0
http://dx.doi.org/10.1016/S0304-3800(03)00268-0
http://dx.doi.org/10.1088/0953-8984/19/6/065141
http://dx.doi.org/10.1088/0953-8984/19/6/065141
http://dx.doi.org/10.1103/RevModPhys.83.81
http://dx.doi.org/10.2307/2332328
http://dx.doi.org/10.2307/2332328
http://www.ncbi.nlm.nih.gov/pubmed/14848123
http://dx.doi.org/10.1016/j.mbs.2006.11.014
http://www.ncbi.nlm.nih.gov/pubmed/17363010
http://dx.doi.org/10.1890/08-0313.1
http://dx.doi.org/10.1890/08-0313.1
http://www.ncbi.nlm.nih.gov/pubmed/17824427
http://dx.doi.org/10.1016/j.jtbi.2008.01.009
http://dx.doi.org/10.1016/j.jtbi.2008.01.009
http://www.ncbi.nlm.nih.gov/pubmed/18321530
http://dx.doi.org/10.1006/anbe.1993.1089
http://dx.doi.org/10.1086/285243
http://dx.doi.org/10.1016/j.tpb.2012.03.004
http://www.ncbi.nlm.nih.gov/pubmed/22838026
http://dx.doi.org/10.1034/j.1600-0706.2003.12447.x
http://dx.doi.org/10.1007/BF00175101
http://dx.doi.org/10.1007/BF00175101
http://dx.doi.org/10.1093/beheco/arp181
http://dx.doi.org/10.1038/nature09116
http://www.ncbi.nlm.nih.gov/pubmed/20531470
http://dx.doi.org/10.1890/06-0303
http://www.ncbi.nlm.nih.gov/pubmed/17489242
http://dx.doi.org/10.4039/Ent91385-7
http://dx.doi.org/10.1038/nature11131
http://www.ncbi.nlm.nih.gov/pubmed/22722834
http://dx.doi.org/10.1098/rstb.2012.0242
http://www.ncbi.nlm.nih.gov/pubmed/23007080
http://dx.doi.org/10.1016/j.ecolmodel.2010.08.039

©-PLOS | Sotoer o

Collective Spatial Dynamics

37.

38.

39.

40.

a.

Isbell LA. Contest and scramble competition: patterns of female aggression and ranging behavior
among primates. Behavioral Ecology. 1991; 2(2):143—155. doi: 10.1093/beheco/2.2.143

Waluda C, Yamashiro C, Elvidge C, Hobson V, Rodhouse P. Quantifying light-fishing for Dosidicus
gigas in the eastern Pacific using satellite remote sensing. Remote sensing of environment. 2004; 91
(2):129-133. doi: 10.1016/j.rse.2004.02.006

Strand |IE Jr. Spatial variation in risk preferences among Atlantic and Gulf of Mexico pelagic longline
fishermen. Marine Resource Economics. 2004; 145—-160. doi: 10.1086/mre.19.1.42629423

Holland DS. Markets, pooling and insurance for managing bycatch in fisheries. Ecological Economics.
2010; 70(1):121-133. doi: 10.1016/j.ecolecon.2010.08.015

Osterblom H, Hansson S, Larsson U, Hjerne O, Wulff F, EImgren R, Folke C. Human-induced trophic
cascades and ecological regime shifts in the Baltic Sea. Ecosystems. 2007; 10(6):877-889. doi: 10.
1007/s10021-007-9069-0

PLOS Computational Biology | DOI:10.1371/journal.pcbi.1005147 October 20, 2016 22/22


http://dx.doi.org/10.1093/beheco/2.2.143
http://dx.doi.org/10.1016/j.rse.2004.02.006
http://dx.doi.org/10.1086/mre.19.1.42629423
http://dx.doi.org/10.1016/j.ecolecon.2010.08.015
http://dx.doi.org/10.1007/s10021-007-9069-0
http://dx.doi.org/10.1007/s10021-007-9069-0

