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A theoretical and applied literature has suggested that foragers search using Lévy flights, since Lévy flights
can maximize the efficiency of search in the absence of information on the location of randomly dis-
tributed prey. Foragers, however, often have available to them at least some information about the distri-
bution of prey, gained either through evolved mechanisms, experience and memory, or social transmis-
sion of information. As such, we might expect selection for heuristics that make use of such information
to further improve the efficiency of random search. Here we present a general model of random search
behavior that includes as special cases: area-restricted search, correlated random walks, Brownian search,
and Lévy flights. This generative model allows foragers to adjust search parameters based on encounter-
conditional and other heuristics. Using a simulation model, we demonstrate the efficiency gains of these
search heuristics, and illustrate the resulting differences in the distributions of step-size and heading an-
gle change they imply, relative to Lévy flights. We conclude by presenting a statistical model that can be
fit to empirical data and a set of testable, quantitative predictions that contrast our model of adaptive

search with the Lévy flight foraging hypothesis.

© 2018 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license.
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

A theoretical and applied literature has suggested that foragers !
search using approximations to Lévy flights, since Lévy flights
can maximize the efficiency of search in the absence of informa-
tion on the location of prey—the Lévy flight foraging hypothesis
(Humphries and Sims, 2014; Viswanathan et al., 2008; 1999). There
has been some empirical success in testing this hypothesis in hu-
mans (e.g., Raichlen et al., 2014; Reynolds et al., 2018) and non-
human animals (e.g.,, Humphries et al., 2010; Sims et al., 2008).
Other empirical studies either have failed to find evidence of such
search behavior or found evidence of more nuanced patterns of

* Corresponding author.
E-mail addresses: cody_ross@eva.mpg.de (C. Ross), luipacheco@uv.mx (L.
Pacheco-Cobos), bwinterhalder@ucdavis.edu (B. Winterhalder).
1 Note that we will continually refer to “foragers” or “predators” and “prey” for
ease, but foragers could be any searcher of something, and prey could be anything

https://reader.elsevier.com/reader/sd/F61D507DF5954AECCCC1A5..3A74D79E10426C89E752D64C07E5CD40568739ABOESF7AEO7BACFD7CEEO

search in humans (Miramontes et al., 2012) and other animals (e.g.,
Auger-Méthé et al., 2016; Humphries et al., 2010; Pearce-Duvet
et al, 2011). Recent theoretical work has also shown that two-
scale search methods outperform Lev y flights (Benhamou and Col-
let, 2015). More generally, there is debate as to whether or not the
positive and negative tests of the hypothesis have been properly
conducted, or if issues with measurement have prevented effec-
tive tests of the underlying ideas (Edwards et al., 2007; Humphries
et al., 2010; Plank and Codling, 2009).

An empirical literature on the movement patterns of marine
predators (Humphries et al., 2010) suggests that while Lévy flights
are common or even prevalent across many individuals, other
movement patterns frequently occur. Specifically, movement tends
to look Lévy in less productive environments and Brownian in
more productive ones (Humphries et al., 2010; Sims et al., 2012).
Humphries et al. (2010) read this behavior as consistent with the
Lévy flight foraging hypothesis, with the addendum that revised
theoretical models suggest that Lévy flights should occur in envi-
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ronments where prey is sparse, but that Brownian motion should
occur where prey is abundant (Bartumeus et al., 2002).

From a theoretical perspective, however, even if Lévy or Brow-
nian movement can maximize the efficiency of search in the ab-
sence of information on the location of prey, it is unlikely that
natural selection should favor their use on these grounds. For-
agers frequently have at least some information about the distribu-
tion and characteristics of their prey, either through evolved mech-
anisms (Eaton, 1970; Riffell et al., 2008), experience (Gumbert,
2000; Jackson and Wilcox, 1993), or social transmission of infor-
mation (Barrett et al., 2017; Hewlett et al., 2011; Kitowski, 2009;
Leadbeater and Chittka, 2007). As such, we might instead expect
natural selection to favor search heuristics that exploit this infor-
mation to further improve the efficiency of random search rela-
tive to either Lévy or Brownian movement (Benhamou and Col-
let, 2015).

In this paper, we extend insights from Benhamou and Col-
let (2015), who developed an algorithm that uses two-scale, cue-
driven, adaptive modulation of step-size (the distance traveled
in a given time interval) to outperform Lévy flights in random
search. We generalize the idea to consider how environmental
cues might affect both step-size and heading direction, and we
allow for a continuous rather than two-scale relationship be-
tween environmental cues and forager behavior. Our extension also
builds on exisiting literatures concerning area-restricted search
(e.g., Kareiva and Odell, 1987; Weimerskirch et al., 2007) and cor-
related random walks (Auger-Méthé et al., 2015), which—like Lévy
flights—are special cases of our more general theoretical model. By
developing a joint model of changes in step-size and heading di-
rection in light of encounters, our approach unifies a large range of
foraging models and illustrates: (1) how apparent Lévy movement
can sometimes be produced by the interaction of a prey distribu-
tion and a predator employing a simple set of adaptive encounter-
conditional movement heuristics (Benhamou, 2007; Boyer et al.,
2006; Reynolds, 2015), and (2) why foragers appear to rely on Lévy
movement in prey sparse environments and more tortuous area-
restricted search or Brownian movement in prey dense environ-
ments (Humphries et al., 2010; Sims et al., 2012).

Our approach has the desirable property of being both a gener-
ative model of data for running forward simulations and a Bayesian
model for estimating parameters from empirical data. We use sim-
ulation methods to demonstrate the efficiency gains of our search
heuristics, and illustrate the differences in the distributions of
step-size and heading angle change they imply relative to Lévy
flights. We recover classic findings linking Lévy-like or Brownian-
like movement to prey density and clustering, but also extend
prior work by demonstrating how step-size and change in head-
ing might optimally deviate from both of these models of ran-
dom search as a function of the distribution of prey. We conclude
by presenting a set of empirically testable, quantitative predictions
that contrast our model of adaptive search with the Lévy flight for-
aging hypothesis.

1.1. Theoretical models of optimal search

https://reader.elsevier.com/reader/sd/F61D507DF5954AECCCC1A5..3A74D79E10426C89E752D64C07E5CD40568739ABOESF7AEO7BACFD7CEEO

the forager—specifically, if prey items are clustered, then encoun-
tering a prey item at a given place and time suggests that other
prey items are more likely to be found nearby. We argue here
that updating one’s movement parameters conditional on such en-
counter information can lead to more effective search.

To investigate these ideas more formally, let us assume that
a forager’s search behavior in two dimensions can be approxi-
mated by discrete points in space, (X (¢, y[¢), With a constant tem-
poral separation of t € {1,...,T}. Most empirical data sets of for-
ager movement—GPS tracks, for example—will be of this form;
such data are easily transformed to a more theoretically relevant
form via Cartesian-to-polar mapping (Stover and Weisstein, 2014).
For the purposes of search, we are interested in modeling the
differences between locations in space across each time-step. As
such, we can parameterize this model so that r ) € R* gives the
linear distance between points (x4, Y1) and (X{;_1}, Y[t—1}). and
0¢) € (=7, 7w) gives the corresponding angle:

Mo = v Ko — X1 + Wge) — Yie1))? (1)

Wity = Yie-1p)
(X[e] — Xpe-17)

(2)

0, = arctan*

where the arctan* function is the standard arctan function after
adjusting the angle for the quadrant of the point in Cartesian space
(Stover and Weisstein, 2014).

Note that while r can vary between time-steps, we currently
make the simplifying assumption that energy investment between
time-step t and t + 1 is constant.

1.2. Lévy flight foraging hypothesis

The Lévy flight foraging hypothesis asserts that we should ex-
pect:

r[t] NLéVY(av ﬁ,E,C)T[0,00] (3)

0¢) ~ Uniform(—m, ) (4)

in empirical measurements. The symbol T[0, oo] indicates sup-
port on R*, since distances are non-negative. The Lévy or ‘sta-
ble’ (Mandelbrot, 1960) distribution described above reduces to the
truncated Cauchy distribution for the stability parameter o = 1 and
the truncated Normal distribution for o = 2, as long as the skew-
ness parameter 8 = 0 (Borak et al., 2005). Note that £ e R and ¢ €
R* give the location and scale parameters. The step-size distribu-
tion of Lévy flights, broadly conceived, may have varying degrees of
heavy tails based on the value of o. When researchers refer to Lévy
flights they tend to imply only a heavy-tailed step-size distribution
of some form or another, and not necessarily a stable distribution.
For example, truncated Lévy, Weibull, log-normal, Pareto, and trun-
cated Pareto distributions have all been used to model empirical
movement patterns as Lévy flights (e.g., Rhee et al., 2011).

8/6/18, 11:24 AM
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The Lévy flight foraging hypothesis proposes that since Lévy
flights can maximize search efficiency in the absence of infor-
mation on prey location, natural selection should lead to search
strategies that approximate Lévy flights (Humphries and Sims,
2014; Wosniack et al., 2017). However, foragers frequently have in-
formation about prey. For example, they may have some knowl-
edge, whether conscious or not, of average prey density. They
may have some knowledge of the clustering, or spatial correlations
among prey items. They may have some knowledge of the geo-
graphic range of clusters and the distance between clusters. Addi-
tionally, the process of search itself provides information of use to

1.3. Adaptive encounter-conditional heuristics

While the predictions of the Lévy flight foraging hypothesis
are both intuitive and theoretically motivated (Humphries and
Sims, 2014) in the case of an informationless forager, foragers typ-
ically have opportunities to acquire information about their prey
distributions. If we assume that foragers possess a few basic bits
of information about their prey and two simple movement heuris-
tics, then we should expect encounter-contingent distributions of
both r and 6.

First, we assume that foragers:

C. Ross et al./Journal of Theoretical Biology 455 (2018) 357-369
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1. Have information about the level of spatial correlation in the
distribution of prey—they know if prey items tend to come in
clumps or patches, and

2. are able to assess if they have encountered prey in each of the
last S time-steps.

Next, following models of correlated random walks and area-
restricted search (e.g., Benedix |r, 1993; Hamer et al., 2009;
Hill et al., 2000; Hills et al., 2013; Kareiva and Odell, 1987;
Weimerskirch et al., 2007), we assume that foragers have two
heuristics:

1. If the forager has not recently encountered a prey item, then
it infers that it is unlikely to be in a localized area of elevated
prey density (i.e., a patch), and should thus reduce turning an-
gles in order to adopt a more linear direction of travel. This
minimizes the probability of backtracking into areas already es-
tablished as having a low probability of yield. Alternatively, if
the forager has recently encountered a prey item, then it in-
fers that it is more likely to be in an area of relatively high lo-
cal prey density, and should minimize the probability of leaving
the patch by increasing heading-angle changes (Fauchald, 1999;
Weimerskirch et al., 2007).

2. If the forager has not recently encountered a prey item, then it
infers that it is likely to be between patches of elevated prey
density, and should take larger step-sizes (i.e., move at a higher
velocity). Outside of a patch, it does not pay to search in great
detail. However, once in a rewarding patch, as evidenced by
a recent encounter with prey, it is best to reduce step-size to
minimize the probability of leaving the patch or spooking prey
with rapid movement (Kareiva and Odell, 1987; Weimerskirch
et al., 2007; Winterhalder, 1983).

1.3.1. Modeling prey distributions

We have assumed that foragers have some information about
the state of spatial clustering or patchiness of their prey. More
specifically, let us assume that prey items measured by their num-
ber, biomass, density, utility, or some other descriptor, P, are dis-
tributed over an arbitrarily large number of points in space accord-
ing to a Gaussian random field (Abrahamsen, 1997), where:

P ~ Multivariate Normal(M, ¢p¢) (5)

with M representing the mean vector of the distribution, ¢ repre-
senting a diagonal matrix of parameters to scale variance, and p
representing the correlation matrix where:
D? .
[i.j]
Plij) = €Xp {_6_2\ (6)

https://reader.elsevier.com/reader/sd/F61D507DF5954AECCCC1A...3A74D79E10426C89E752D64C07E5CD40568739ABOESF7AE07BACFD7CEEQ

of the probability of being inside of a patch—i.e., a localized area of
increased prey density. Let us assume that these patches are large
relative to a forager's average speed and the length of the time-
step. Then, the probability of being in a patch should be an in-
creasing function of the encounters with prey items that have oc-
curred over the last S time-steps, where S is normally a small frac-
tion of T. While there is no general function that we should expect
from theory alone, one flexible and empirically tractable modeling
approach (Ferrari and Cribari-Neto, 2004) would suggest that the
distribution of heading changes can be given by a Beta regression,
since these values are interval constrained:

Ay, Oe-1p)

T

Note that the A(a, b) function returns the minimum of: |a — b| and
27 — |a— b|, since a 90° right turn is the same as a 270° left turn,
for example. The mean of the Beta distribution at time ¢ is then
given by ppq:

~ Beta(uv, (1 - yy)v) (7)

s
tye = logit™ | Yo+ > Vs (8)
s=1

while the dispersion of the distribution is controlled by v e R . E[y
is an indicator variable (or even a count) of the prey items encoun-
tered at time-step t, ¥ € RS*! is a vector of unknown parameters,
and logit"1 is the inverse logit function.

Likewise, with respect to the optimal step-size a forager should
take at time t, our heuristics suggests that this value should be
some decreasing function of the probability of being inside of a
patch of increased local prey density. Again there is no general
function that we should expect, but one empirically tractable mod-
eling approach would suggest that step-sizes follow a log-normal
distribution—a member of the heavy-tailed family. Information
theoretic model comparison of step-sizes in Lévy-like movement in
humans (Rhee et al., 2011) have shown that the log-normal distri-
bution outperformed other commonly used distributions. As such,
we let the distribution of step-sizes be:

11e] ~ Log-Normal(n,}, @) (9)
where the mean of the log of the step-size at time t is given by
UGk

s
Mag= &1+  DsiEpes) (10)

s=1
and th disper%i‘l:l of the diytribution of the log of step-size is con-
trolled\by w e &+ E|; is theJsame indicator variable or count of the
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This express&)n ir}diéqtes that the correlation in prey outcomes,
O1i, j, between points in space is a function of the unit-normalized

distance between these points, D |; jj€(0, 1), squared, and a param-

eter, ¢ e R, which controls the decay of spatial correlations with
inter-site distance.

If ¢ is very small relative to the scale of search, there is little to
no patchiness, and encountering a prey item gives very little infor-
mation about the probability of encountering additional prey items
nearby (see Fig. 1). If ¢ is fairly large relative to the scale of search,
this is indicative of spatial aggregation in the distribution of prey—
which we will call patchiness—and encountering prey in a given
location provides information about the probability of encounter-
ing prey in nearby locations. As such, let us assume from now on
that ¢ is large enough to provide some level of patchiness to prey
items on a scale relevant to the search problem.

1.3.2. Modeling forager movement

Assume that a forager searches for T total time-steps. From the
heuristics outlined above, the optimal change in heading that a for-
ager should make at time t € {1,...,T} is some increasing function

pr?y items encountered at time-step ¢, ani!1 0] %R >*1 is a vector of
unknown parameters. We note, however, that the approach here is

generalizable to other heavy-tailed distributions.

The model is then completed by placing priors on the un-
known parameters; see Supplementary Appendix and model code.
Egs. (7)-(10) describe a Bayesian statistical model through which
empirical data in the form of GPS tracks can be analyzed; they also
describe a generative model that can produce simulated movement
sequences in the form of (x,y) points on a plane, with the caveat
that to go from a realization of the absolute value of heading
change from the Beta distribution to a value in (-, ), we need
multiply by a random variable z € {—, 77}, which takes each value
with equal probability and allows for either clockwise or counter-
clockwise turns of between 0 and 7 radians. In the next section,
we use such a simulation model—also provided in the Supplemen-
tary Materials—to study the foraging strategies of interest.

2. Simulation results

Previous research (Humphries and Sims, 2014) has suggested
that there are two important cases of foraging, non-destructive and

360 C. Ross et al./Journal of Theoretical Biology 455 (2018) 357-369

(a) Prey distribution when £ = 0.01.

X

(b) Prey distribution when £ = 0.1.

X

Fig. 1. Sample prey distributions in Cartesian space. The distributions are derived from samples taken from a Gaussian random field with negative values truncated to zero
and ¢ =0.01 in frame (a) and ¢ = 0.1 in frame (b). When ¢ is small, prey take on a relatively uniform distribution across space, but when ¢ is large, prey items tend to
co-occur in clumps or patches. As ¢ grows, encounters with prey provide increasingly valuable information about the probability of encountering prey nearby, and foragers

can use this information to adaptively modulate their step-size and heading change.

destructive, or—in the language of Charnov et al. (1976)—foraging
for renewing and non-renewing prey. In the first case, prey items
are not noticeably depleted by harvesting, with effective density
remaining constant; in the second case, they are. Most empirical
cases of random search are probably somewhere between these
extremes, where prey items may be removed, but are then re-
placed after some period of time. For example, ants on the sur-
face of a mound might be harvested, but replaced by other ants

https://reader.elsevier.com/reader/sd/F61D507DF5954AECCCC1A...3A74D79E10426C89E752D64C07E5CD40568739ABOESF7AE07BACFD7CEEQ

tive findings. To ensure a fair comparison, the parameters of the
adaptive search model were set such that the distributional prop-
erties of both step-size and heading angle change in the absence
of encounters were equal to those of the Lévy model. The simula-
tion code is written in R (R Core Team, 2016); the Bayesian model
for empirical analysis is written in Stan via rstan (Stan Develop-
ment Team, 2016). Both workflows are included in the Supplemen-
tary Materials and will be maintained at: http://www.github.com/

8/6/18, 11:24 AM
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leaving the moungd interior. We compare and contrast our model
of encounter-conditional search with a model of search that uses
Lévy flights under each of these assumptions about resource re-

covery.

The simulation model implements the equations presented
above to determine the path of a forager moving through its
environment—see Supplementary Appendix and model code for
details on the specific parameter values used. The forager can de-
tect prey items within a small radius of his or her loca ton at each
time point; we set this parameter at approximately % of the av-
erage step-size of the search algorithms. Note here that the for-
ager only evaluates if prey have been encountered at each discrete
time-point; prey are not encounterable en route between locations.
This assumption simplifies the simulation, and ensures that the de-
tection area at each time-step is constant, rather than step-size de-
pendent. The adaptive forager makes use of encounter information
to update its search parameters (i ;) and 7(g) in the next time-
step, following Eqs. (7)-(10).

All foragers begin their paths at the origin and are run for 500
time-steps. The simulations were carried out both on a flat plane
and on a flat torus in order to avoid possible edge effects—we find
similar qualitative results in both cases; see Supplementary Mate-
rials. Each simulation was replicated 300 times; our findings sum-
marize the entire resultant distribution. We tested each compar-
ison between search models under varying levels of spatial cor-
relation. Here, we present results under moderate levels of spa-
tial correlation. We present further results in the Supplementary
Materials. Varying the level of spatial correlation alters the nu-
merical values presented in the main paper, but not the qualita-

ctross/adaptivesearch.

2.1. Non-destructive foraging

In the case of non-destructive foraging, foragers encounter and
consume prey, but the prey item is returned to its original position
after a single time step of depletion, unbeknownst to the predator.
While there will almost always be at least some decreasing returns
to encounters over short time periods with the same prey item
in nature, this model serves to ground one extreme of the search
problem. In natural settings, this model may correspond to cases
where prey items become only temporarily depleted or where prey
items may be encountered but are not easily captured.

Our simulation results show strong differences in the behavior
of the search algorithms. Fig. 2 depicts the principle findings. First,
we plot a representative path of the random flight taken by each
search algorithm: Fig. 2a plots a sample Lévy flight and Fig. 2b
plots a sample flight of the adaptive encounter-conditional search
model. The Lévy flight exhibits its classic behavior, and explores
the environment with a heavy-tailed mix of step lengths. Because
there is no feedback between encounters and behavior, the Lévy
flight prematurely leaves the high density patches it encounters
rather than remaining to exploit them; it also enters phases of ap-
parent area-restricted search in the absence of any indication that
the area is dense in prey. The adaptive search model, however, uses
a Lévy-like flight to find a patch, but once there reduces its step-
size significantly and increases its average change in heading to in-
crease its probability of remaining in a high density region of prey.

C. Ross et al./Journal of Theoretical Biology 455 (2018) 357-369
(a) A Lévy flight for 500 steps. (b) An adaptive search for 500 steps.
2500- 2500
Prey Prey
> 0 * Encountered > 0- + Encountered
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2500 2500
2500 ) 2500 2500 0 2500
X X
(¢) Mean and dispersion of log step-size. (d) Mean and dispersion of heading change.
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Fig. 2. Diagnostics from the non-destructive foraging model over 300 random simulations. Frames 2a and 2b each plot an example track of the indicated search strategy,
chosen to demonstrate typical behavior. The prey distribution is held constant over simulation runs, but forager tracks vary from one simulation to the next. Frame 2c
illustrates the distribution of the mean and standard deviation of the log of step-size over simulations under each search mode. Note that these values are much more
variable under adaptive search, since step-size is modulated whenever the forager encounters prey, and foragers randomly stumble into patches of prey in some simulations
but not others. Frame 2d illustrates the distribution of the mean and (inverse) dispersion of heading change (as a fraction of 7 radians, or 180°) over simulations under each
search mode. Finally, frames 2e and 2f plot the distributions of the mean and standard deviation of encounter rate (proxies for foraging efficiency) over simulations; a t-test

for difference of means between the adaptive and Lévy models in frame 2e is significant at the 0.001 level, with a mean difference of 0.79 (95PCI: 0.75, 0.84).

362

Fig. 2c demonstrates that in the case of the Lévy flight, a single
set of parameters controls the log of step-size across all foraging
trips, as is apparent from the tight clustering of blue points on the
plot. In contrast, the adaptive model allows the step-size distribu-
tion on any trip to vary based on encounter-contingent responses
to environmental conditions like prey density, as indicated by the
more disperse set of red points on the same plot.

Fig. 2d demonstrates that the parameter for heading change
shows a similar pattern; in the case of the Lévy flight, a single
set of parameters controls heading change across all trips. In con-
trast, the adaptive model generates an over-propensity to change
heading relative to the value expected under pure Lévy movement
when in patches. This ensures increased backtracking and fine-
scale resolution of search when in high yield patches, and less
backtracking when not in patches.

Finally, Fig. 2e and f present the mean return rates of each strat-
egy in encounters per time-step, as well as the associated coeffi-
cients of variation. These figures demonstrate that adaptive search
yields higher and less variable returns than Lévy flights in this
non-destructive foraging context.

https://reader.elsevier.com/reader/sd/F61D507DF5954AECCCC1A...3A74D79E10426C89E752D64C07E5CD40568739ABOESF7AE07BACFD7CEEQ
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serious food shortfall—associated with the two using the Z-score
model (Stephens, 1981; Stephens and Charnov, 1982), at least in
contexts where outcomes are distributed approximately normally.
The Z-score model states that the optimal choice from a gien
strategy set is the option which maximizes the value: %@,
where the function M(X) gives the mean of some measure of yield,
X, S(X) gives the standard deviation of X, and R .;, gives the min-
imum amount of X needed to avoid starvation. The option which
maximizes this value also minimizes the probability of starvation.

Fig. 4a demonstrates an application of the Z-score model for
varying levels of R i, <0.5. We present the difference in the proba-
bility of survival implied by M(XS)T_};'"’" between the adaptive search
and Lévy flight algorithms. Here, X is a vector of the number of
prey items encountered at each time-step—these items are as-
sumed to be of uniform caloric yield. For both mon-destructive and
destructive foraging the mean values of MS&@ under the adap-
tive search model exceed the same values under the Lévy flight
model over the entire range of applicable R ., values, indicating
that the adaptive model better minimizes the probability of star-
vation.
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2.2. Destructive foraging

In the case of destructive foraging, foragers encounter prey
items and completely and permanently deplete them for the du-
ration of the simulation. This model serves to ground the alterna-
tive extreme of the search problem. In natural settings, this model
may correspond to cases where prey items are consumed and not
replaced over the entire course of the foraging endeavor.

We again see differences in the behavior of the search al-
gorithms, although they are not as pronounced as in the non-
destructive case. Fig. 3 outlines the principle findings. Fig. 3a plots
a sample Lévy flight and Fig. 3b plots a sample flight of the adap-
tive model. The Lévy flight exhibits its classic behavior, and ex-
plores the environment with a heavy-tailed mix of step lengths.
Because there is no feedback between encounters and behavior,
the Lévy flight leaves high density patches prematurely (as in
Fig. 2a), when they still contain resources that would be harvested
efficiently under a more locally adaptive search tactic. The adap-
tive model, however, uses a Lévy-like flight to find a patch, but
once there reduces its step-size significantly and increases its av-
erage change in heading to enhance its probability of remaining
in a high density region. This strategy eventually reduces the prey
density in the patch, leading to reduced encounters and a return
to an inter-patch heuristic governing motion, in a pattern like that
predicted by the marginal value theorem (Charnov, 1976).

Fig. 3c demonstrates that in the case of the Lévy flight, a single
set of parameters controls the log of step-size across all trips, as is
apparent from the tight clustering of points. In contrast, the adap-
tive model allows the step-size distribution on each trip to vary
based on environmental feedbacks in the search process. Neverthe-
less, the contrast is less stark than in the non-destructive foraging
case, since prey depletion leads to a return of Lévy-like, inter-patch
movement. Fig. 3d demonstrates a similar pattern, but with head-
ing change.

Finally, Fig. 3e and Fig. 3f present the distributions of mean
return rate and standard deviation in return rate across search
strategies. These figures demonstrate that adaptive encounter-
conditional heuristics yield higher and less variable returns than
Lévy flights, even in the case of destructive foraging.

2.3. Risk sensitive analysis
Simulation of the two search modes (Lévy vs. adaptive) allows

us to compare them for both mean and standard deviation of en-
counter efficiency. Thus, we can assess the risk—i.e., the odds of a

C. Ross et al./Journal of Theoretical Biology 455 (2018) 357-369

(a) A Lévy flight for 500 steps.

2500~

Prey

* Missed
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* Encountered

ﬁs a robustn ss check h lack of normality, we also ¢ Ialcu—
lated T minus t e 1ntegra e kernel density function of en-

counters from 0 to R, numerlcally This procedure yields a finer
approximation of the probability of avoiding starvation. We then
calculate the difference in survival probabilities. We present these
results in Fig. 4b. We draw the same qualitative conclusions as
from the Z-score model.

2.4. Innate versus epiphenomenal Lévy patterns

It has been argued that linked predator-prey dynamics can
produce gross predator movement patterns similar in structure
to Lévy movement depending on the distribution of resources in
the environment (Boyer et al.,, 2006; Reynolds, 2015) and that
correlated random walks can lead to Lévy-like movement pat-
terns (Benhamou, 2007). As such, observations of apparent Lévy
search are not necessarily indicative of innate adaptations to search
with Lévy movement. For example, a forager employing the adap-
tive heuristics described in the present analysis may have w in
Eg. (9) small enough to produce an approximately Gaussian step-
size distribution in an environment devoid of prey, and yet move
under an apparently heavy-tailed step-size distribution in the pres-
ence of patchily distributed prey. This would be the case if tempo-
ral variance in 7y is large, due the non-zero values of ¢ [s) coupled
with variance in encounters (Fig. 5).

Kolzsch et al. (2015) have used experimental methods to sug-
gest that mud snails have innate adaptations to search with Lévy
movement, since they forage in such a manner even under experi-
mental conditions where food items have been removed from the
environment. However, our model shows that foragers with innate
adaptations to search using encounter-conditional heuristics, will
also search using an apparent Lévy flight in an environment de-
void of prey, if w in Eq. (9) is large enough to produce a heavy tail.
This results from the fact that: (1) under the Lévy flight foraging
hypothesis, the ¢(5) parameters, which control the effects of lagged
encounters on step-size are equal to zero, and (2) search in envi-
ronments devoid of prey ensures that E;_g will be zero. As such,
in an empty environment, identical values of n [ will be produced
by the Lévy and adaptive search models with the same ¢ [o; and @
parameters (Fig. 6).

These observations imply that it will be difficult to test whether
animals of a given type have specific adaptations for search us-
ing Lévy flights or encounter-conditional heuristics using only
distribution-level analysis, since both mechanisms can lead to sim-
ilar distributions of step-size in both prey-possessing and prey-

(b) An adaptive search for 500 steps.

2500-

Prey
* Encountered
* Missed

> o
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Fig. 3. Diagnostics from the destructive foraging model over 300 random simulations. Frames 3a and 3b each plot an example track of the indicated search strategy, chosen
to demonstrate typical behavior. The prey distribution is held constant over simulation runs, but forager tracks vary from one simulation to the next. Frame 3c illustrates
the distribution of the mean and standard deviation of the log of step-size over simulations under each search mode. Note that these values are much more variable under
adaptive search, since step-size is modulated whenever the forager moves into or out of a high density region of prey, and foragers randomly stumble into patches in
some simulations but not others. Frame 3d illustrates the distribution of the mean and (inverse) dispersion of heading change (as a fraction of = radians, or 180°) over
simulations under each search mode. Finally, frames 3e and 3f plot the distributions of the mean and standard deviation of encounter rate (proxies for foraging efficiency)
over simulations; a t-test for difference of means in frame 3e is significant at the 0.001 level, with a mean difference of 0.08 (95PCI: 0.06, 0.10).
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(a) Difference in risk estimated using Z-score model.

Non-Destructive Destructive i Difference in Mean

-

https://reader.elsevier.com/reader/sd/F61D507DF5954AECCCC1A...3A74D79E10426C89E752D64C07E5CD40568739ABOESF7AE07BACFD7CEEQ Page 8 of 15

1.00- 1.00-



A general model of forager search: Adaptive encounter-conditional heur...s outperform Lévy flights in the search for patchily distributed prey 8/6/18, 11:24 AM

0.75- 0.75- 0.3+
2 2
= 3
% Type § § Type
= . = o Destructive
n'| 0.50 Adapiive n'| 0.50- ® 0.2- = Adap[l)ve(v. Lt_évy)
1 " = = ion-Lestructive
_g l_] Lévy _S (=) " (Adaptive v. Lévy)
c 2
= =
7] 17
0.25 0.25
0.1-
200, 220, /
00 01 02 03 04 05 00 01 02 03 04 05 00 01 02 03 04 05
Rmin Rmin Rmin
(b) Difference in risk estimated using integral of kernel density function.
Non-Destructive Destructive Difference in Mean
1.00- 1.00- 0.8-
0.75 0.75 0.6-
2 2z
3 3
F Type g Type 3 Type
“9: 0.50 Adaptive ELE 0.50 Adaptive ® 04 [ %W"C”VE Lé
= = < = 2 — Korebesiane
= vy = Y a {Adaptive v. Lévy)
c <
> =3
w w
0.25 0.25 - 0.2
0.00- 0.00- 0.0-
':I:ﬂ ﬂ"‘ Cj? DTJ 0:4 Dt:’: L'J'D ﬂj'l .’}'7 Cf3 E'td OTS .’l:.’l D"‘ C:? C'3 C:d (',"5
Rmin Rmin Rmin

Fig. 4. Risk-sensitive comparison of adaptive versus Lévy search modes. Frame (a) plots the probability of survival with 90% confidence intervals under the Z-score model as
a function of R, in both non-destructive and destructive foraging situations (the first two sub-frames). The final sub-frame plots the mean difference in survival probability
between algorithms for each foraging context. Frame (b) plots the same measures, but uses 1 minus the integral of the kernel density function of X from 0 to R |, to define
the probability of survival. For both cases, the majority of the confidence region for the difference in survival probability rests above the value of zero, which implies that
the adaptive search model provides lower average probability of starvation relative to Lévy flights. Note that, in the case of destructive foraging in frame (b), R, values

greater than about 0.5 lead to almost certain starvation under both Lévy flight and adaptive models.

free environments. Encounter-conditional models, like the one pre-
sented here, however, provide a promising empirical means of dis-
entangle these explanations, by separating out the extent to which
variance in step-size is driven by encounter-dependent factors,
controlled by ¢ s, and encounter-independent factors, controlled
by w.

Moreover, because our approach accounts for heading-angle
change and step-size jointly, equal-interval GPS data can be appro-
priately modeled at fine time-scales, without use of data manipula-
tions (like use of turning angle thresholds to define ‘steps’). Empir-
ically, animal movement measured over small, consistently spaced
time intervals are unlikely to be heavy-tailed; there are normally
strong limits on maximum foraging velocity. The fact that much
animal movement appears to show Lévy-like patterns may reflect
a tendency to move with highly correlated direction across time
steps (Benhamou, 2007), rather than a tendency to move with a
heavy-tailed velocity distribution.

While this qualification is well conveyed in discussions of Lévy
search, empirical work has nevertheless focused mainly on analyz-
ing the distributional properties of step-size—but see Auger-Méthé
et al. (2016) for a more nuanced analysis of both terms. By con-
sidering step-size and heading change jointly, our model, like that

https://reader.elsevier.com/reader/sd/F61D507DF5954AECCCC1A...3A74D79E10426C89E752D64C07E5CD40568739ABOESF7AE07BACFD7CEEQ

of Auger-Méthé et al. (2016), allows for the differential effects of
velocity and heading-angle change on overall foraging dynamics to
be estimated. Rather than comparing which of two basic models
of search better correspond to the distributional forms of predator
movement paths, these more general models allow an estimation
of how variation in biologically meaningful parameters of move-
ment are associated with variation in ecological circumstance.

2.5. Predictions for empirical studies

A merit of the modeling approach presented here is that it per-
mits some explicit empirical tests contrasting the adaptive model
with the Lévy flight foraging hypothesis. Specifically, with respect
to the distribution of the difference in heading (Eqs. (7) and (8)),
the Lévy flight foraging hypothesis predicts that:

1. pv =1 and (1- p)v =1, which is solved when pu = % and

v = 2. These results follow from the fact that the Lévy flight
foraging hypothesis predicts a random uniform heading, and
the absolute value of the difference of two independent ran-
dom uniform variates—after selecting the shortest path around
the circle—also follows a uniform distribution.
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Fig. 5. Simulations (n = 200) from an adaptive model and a Lévy model in an environment with prey. The parameters of the adaptive model were set so that: (1) step-size
in the absence of encounters is approximately Gaussian, and (2) heading direction is auto-correlated in the absence of encounters, but highly tortuous in the presence of
encounters. See Supplementary Appendix for exact parameter values. Frame (a) plots the kernel density distribution of step-size under each simulation. For the majority of
simulations, the adaptive and Lévy models produce very similar step-size distributions. In a subset of cases, the adaptive model fails to encounter a patch, and thus spends
the majority of its time using a large inter-patch step-size exploring mostly empty space, leading to the secondary density peak between 250 and 500 units. Frame (b) plots
the kernel density distribution of heading angle on a circle for each simulation. In this plot, a uniform density forms a circular curve; density peaks correspond to heading
angles with increased occurrence. For the adaptive model, we see an elevation of density in the higher-angle, tortuous parameter region (near —1 and 1 radians), and in the
low-angle, temporally auto-correlated region (near 0 radians). We see a uniform density on heading change for the Lévy flight.

higher density near zero and a lower density at higher values

And, it predicts that:
when between patches, and vice versa when in patches.

2. Y1), --» Yisp =0, indicating an absence of relationship be-
tween encounters and heading changes over all time lags. In general, we would predict that:

In contrast, in situations of well-defined patchiness—empirically

https://reader.elsevier.com/reader/sd/F61D507DF5954AECCCC1A...3A74D79E10426C89E752D64C07E5CD40568739ABOESF7AE07BACFD7CEEQ Page 10 of 15



A general model of forager search: Adaptive encounter-conditional heur...s outperform Lévy flights in the search for patchily distributed prey 8/6/18, 11:24 AM

stimable by the parameter, £—the adaptive search heuristics out- 3. Y0l,..., wis] > 0, indicating a positive relationshjp . betyween
1neﬁ‘l in thl% paplgr predict that %ea&%g change s oulcf show a %[c%)unte}g[a]nd (I'Jleaéllng cl!la%ges lc))ver some range oflptlme ags.

366 C. Ross et al./Journal of Theoretical Biology 455 (2018) 357-369

(a) Step-size.

0.006-
0.004-
= Search_Mode
2 == Adaptive
a == Lévy
0.002-
0.000
0 250 500 750 1000
Step-size
(b) Heading-angle change.
~1.0/1.0
0.2-
0.1-
=2 Search_Mode
2 0.0- 05 _05 == Adaptive
a == Lévy

00

Heading

Fig. 6. Simulations from an adaptive model and a Lévy model in an environment with no prey. The parameters of the adaptive model were set to be exactly equal to the
Lévy flight parameters in the absence of encounters. See Supplementary Appendix for exact parameter values. Frame (a) plots the kernel density distribution of step-size
under each simulation. Frame (b) plots the kernel density distribution of heading angle on a circle for each simulation. In this plot, a uniform density forms a circular curve;
density peaks correspond to heading angles with increased occurrence. In both frames, the distributional forms are identical (note that a small jitter was added to help

visualize the results).

https://reader.elsevier.com/reader/sd/F61D507DF5954AECCCC1A...3A74D79E10426C89E752D64C07E5CD40568739ABOESF7AE07BACFD7CEEQ Page 11 of 15



A general model of forager search: Adaptive encounter-conditional heur...s outperform Lévy flights in the search for patchily distributed prey

With respect to the distribution of step-size (Eqs. (9) and (10)),
the Lévy flight foraging hypothesis predicts that the mean of the
log of step-size is constant over time, and that the variance of the
log of step size should be large:

4. ¢p].. ... ¢rs) =0, indicating an absence of relationship between
encounters and step-size over all time lags.

5. w is large enough to produce a heavy tailed step-size distribu-
tion.

In contrast, the adaptive search heuristics outlined in this paper
suggest that the overall distribution of step-size should be sensitive
both to the degree of auto-correlation among prey items and the
likelihood that one is in a patch. We would predict that:

6. @1}, . ... ¢js) < 0, indicating a negative relationship between en-
counters and step-size over some range of time lags.

C. Ross et al./Journal of Theoretical Biology 455 (2018) 357-369 367

Finally, in cross-population or cross-species comparisons of
these search parameters as a function of prey distributions, we
would predict a positive relationship between the patchiness of
prey and the extent to which forager movement patterns diverge
from Lévy flights:

8. As the patchiness parameter of the prey distribution over space,
¢, increases, we predict a co-occurring increase in the val-
ues of w[ﬂ*“'* 1//[5], as well as an increase in the number of
time-steps, s for which ¥ ) > 0 holds, indicating a progressively
stronger relationship between encounters and heading change
as the patchiness of prey increases.

9. As the patchiness parameter of the prey distribution over space,
¢, increases, we predict a co-occurring decrease in the val-
ues of ¢[1],...,¢[5], as well as an increase in the number of
time-steps, s, for which ¢ 5} <0 holds, indicating a progressively
stronger relationship between encounters and step-size as the
patchiness of prey increases.

3. Discussion
3.1. Simulation findings

The simulation models suggest that adaptive search outper-
forms Lévy search by increasing foraging returns. If prey are patchy
in distribution, information-based measures should behave this
way (see also Benhamou and Collet, 2015)—better information gen-
erally allows for better predictive inference.

In the case of non-destructive foraging, adaptive search sharply
outperforms the Lévy flight. In the case of destructive foraging,
the differences are smaller but adaptive search still outperforms
Lévy movement. In the limit, as prey density and consequently en-
counters decrease to zero, the Lévy and adaptive search strategies
can converge to identical behavior. However, as prey become more
dense within their patches and encounters provide information to
the forager, gains to adaptive search increase. Moreover, not only is
adaptive search more efficient on average, our risk sensitive forag-
ing analysis shows that it also minimizes the chances of resource
shortfalls.

Our findings here echo previous theoretical (Bartumeus et al.,
2002; Benhamou and Collet, 2015) and empirical (Humphries et al.,
2010) results demonstrating that a forager’s search behavior is ex-
pected to change as a function of environmental conditions. For
example, it is frequently argued that Lévy flights should occur
in environments where prey are sparse and that Brownian mo-
tion should occur where prey are abundant (Bartumeus et al.,
2002), with foragers altering their search tactics as the environ-
ment shifts. Our model provides a formal, biologically-rooted ex-

https://reader.elsevier.com/reader/sd/F61D507DF5954AECCCC1A...3A74D79E10426C89E752D64C07E5CD40568739ABOESF7AE07BACFD7CEEQ

cal contexts. This result arises from the fact that once in a high-
density region of prey, the forager adaptively decreases step-size
and increases heading angle change to thoroughly search the local
environment (intra-patch behavior). However, as the prey in the lo-
cal environment become sufficiently depleted, encounters become
less likely and the forager adaptively increases step-size and de-
creases heading angle change in order to return to a locomotion
style that elevates search efficiency between high density clusters
(inter-patch behavior).

Thus, “giving up time,” a classic metric from the marginal value
theorem literature (Krebs et al., 1974; Oaten, 1977; Wildhaber
et al., 1994) used to measure patch leaving, has a simple analog
in our model. It is the maximum value of time-step lags, s, such
that 1[5 > 0 for heading changes and ¢ [5) <0 for step-size changes,
since these parameters directly measure the relationship between
an encounter s lags in the past and one’s choice of movement at
the present time-step. We leave a more formal exploration of the
links between the marginal value theorem and our model of search
to future work.

3.3. Modeling optimal search, beyond Brownian and Lévy movement

Although Brownian and Lévy movement are well studied, many
animals forage in ways that are not easily described by either
of these models. For example, the movement behavior of sand-
bubbler crabs (e.g., Scopimera and Dotilla) normally consists of a
series of radially distributed linear paths to and from burrow holes
(Gherardi and Russo, 2001), see Fig. 7. This style of foraging, like
Brownian and Lévy movement, can also be described by a special
case of our model. Specifically, these paths correspond closely to
our simulation results under contexts with a very low value of v—
note here that small values of v <1 force turning angles to primar-
ily take values very close to 0 or 180°; i.e., the forager predomi-
nately moves directly away from or directly back to the origin.

The search problem of these deposit feeders differs from that
of large predatory fish, birds, and mammals normally modeled
as using Lévy or Brownian search. Here the challenge is not one
of encountering hard to find prey items, since the crabs feed
on a roughly uniform substrate of tidally deposited detritus and
plankton (Gherardi and Russo, 2001; Maitland, 1986); rather, the
search problem consists of minimizing the risk of being attacked
by a predator while foraging in a completely open environment.
Absent other cues, the difficulty of calculating the optimal heading
direction to minimize travel distance back to one’s primary shelter
(e.g., the burrow for a sand-bubbler crab) will depend on the
complexity and length of the foraging sequence since departure.
The greater the range of possible turning angles taken at each step,
for example, the greater the difficultly in calculating the shortest

8/6/18, 11:24 AM
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lalﬁat'on for these findings, as it gxplicitly accounts for the feed-
acks between environmental conditions and predator movement
through the use of encounters as a metric of local environmental

richness. It advances theoretical understanding of search behavior
by considering how both heading and step-size changes between
time-steps should be related to environmental conditions. We ex-
pect to see as much structured variation in heading change condi-
tional on encounters in empirical data as we observe for step-size,
and we provide a statistical framework along with model code that
might help to test for such variation.

3.2. Adaptive search heuristics and the marginal value theorem

The adaptive search model leads to forager behavior sim-
ilar to that predicted by the marginal value theorem (MVT)
(Charnov, 1976), but generalizes the MVT model to continuous en-
vironments with spatially auto-correlated yields, rather than dis-
crete patches, which are frequently difficult to define in empiri-

368

(a) Deposits left
during low tide.

by sand-bubbler crabs foraging
Photograph by author (CTR).
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path to ho&ne. 50{) a fixed value of w[t], the complexity of the pa}h
can be reduced by minimizing v ‘as much as possible—i.e., only

ever taking steps directly away from, or directly towards one’s
shelter. This, in turn, reduces the time required to reach shelter if
a predator is spotted.

While our model was not developed to examine the search pat-
terns of sand-bubbler crabs, its generality allows a theoretically
based exploration of many forms of movement that do not cor-
respond to the standard Brownian and Lévy modes of search. For
the same reason, by incorporating many standard search modes
as special cases, our model allows wider-scale investigations of
the relationship between environmental context and the param-
eter values of a single generative model of search. For example,
according to Gherardi and Russo (2001); Gherardi et al. (2002),
sand-bubbler crabs sometimes engage in wandering behavior
while foraging, rather than foraging around the primary bur-
row. Wandering typically yields access to higher quality food de-
posits, and quicker nutrient acquisition, but increases predation

C. Ross et al./Journal of Theoretical Biology 455 (2018) 357-369

(b) Simulated path of a forager with » = 0.1. This param-
eter value produces a movement form with predominate

‘out-and-back’ behavior.

(¢) Kernel density distribution of step-size under each simula-
tion of a forager with v = 0.1.
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Fig. 7. Empirical and theoretical foraging movement by sand-bubbler crabs.

risk (Gherardi and Russo, 2001; Gherardi et al., 2002). Our model
predicts that wandering behavior (high v) would be favored in
contexts where predation risk is relatively low, whereas the stan-
dard foraging behavior would be favored when it is high. Although
v was not modeled as a function of predictor variables in the cur-
rent draft, such an extension of our model could be implemented
to address such a question.

3.4. Conclusions

In environments with patchy prey distributions, adaptive
encounter-conditional heuristics can improve search efficiency rel-
ative to Lévy flights. In our simulations, adaptive encounter-
conditional heuristics outperformed Lévy flights under both non-

C. Ross et al./Journal of Theoretical Biology 455 (2018) 357-369

needed to fit such a model using empirical movement data col-
lected from human and non-human foragers.

Acknowledgments

The Max Planck Institute for Evolutionary Anthropology, De-

partment of Human Behavior, Ecology and Culture supported this
work. Anne Kandler and Sheryl Gerety provided helpful feed-
back. This paper further benefited from two anonymous reviewers,
and the input from several anonymous reviewers of empirically-
oriented analyses based on this model.

Supplementary material

Supplementary material associated with this article can be

found, in the online version, at doi:10.1016/j.jtbi.2018.07.031.
References

Abrahamsen, P.,, 1997. A Review of Gaussian Random Fields and Correlation Func-
tions. Norsk Regnesentral/Norwegian Computing Center.
Auger-Méthé, M., Derocher, A.E., DeMars, C.A., Plank, MJ., Codling, E.A., Lewis, M.A,,

2016. Evaluating random search strategies in three mammals from distinct feed-

ing guilds. ]. Anim. Ecol. 85 (5), 1411-1421.

Auger-Méthé, M., Derocher, A.E., Plank, M., Codling, E.A., Lewis, M.A,, 2015. Dif-
ferentiating the Lévy walk from a composite correlated random walk. Methods
Ecol. Evol. 6 (10), 1179-1189.

Barrett, B.J., McElreath, R.L., Perry, S.E., 2017. Pay-off-biased social learning underlies

the diffusion of novel extractive foraging traditions in a wild primate. Proc. R.
Soc. B 284 (1856), 20170358.
Bartumeus, F, Catalan, J., Fulco, U., Lyra, M., Viswanathan, G., 2002. Optimizing the

encounter rate in biological interactions: Lévy versus Brownian strategies. Phys.

Rev. Lett. 88 (9), 097901.
Benedix Jr, J., 1993. Area-restricted search by the plains pocket gopher (Geomys bur-
sarius) in tallgrass prairie habitat. Behav. Ecol. 4 (4), 318-324.

Benhamou, S., 2007. How many animals really do the Lévy walk? Ecology 88 (8),

https://reader.elsevier.com/reader/sd/F61D507DF5954AECCCC1A...3A74D79E10426C89E752D64C07E5CD40568739ABOESF7AE07BACFD7CEEQ

destructive and destructive foraging tasks, but the relative dif-
ference in performance was greater in cases of non-destructive
foraging—and/or when patches have high density.

Nevertheless, nothing about our model demonstrates that
heavy-tailed step-size distributions are inefficient when com-
bined with encounter conditional heuristics. In fact, as argued by
Kolzsch et al. (2015) it is theoretically possible for animals to have
innate adaptations for both adaptive encounter-conditional mod-
ulation of search parameters and adaptations for search using a
heavy-tailed step-size distribution. Validation of such predictions
about search tactics and their possible dependence on encounters,
however, will require estimates of the parameters of a generative
model that explicitly accounts for both possibilities. Our approach
provides the conceptual basis and code (Supplemental Materials)

369

Hills, T.T., Kalff, C., Wiener, ].M., 2013. Adaptive Lévy processes and area-restricted
search in human foraging. PLoS ONE 8 (4), e60488.

Humphries, N.E., Queiroz, N., Dyer, J.R.M., Pade, N.G., Musyl, M.K., Schaefer, K.M.,
Fuller, D.W., Brunnschweiler, J.M., Doyle, TK. Houghton, ].D.R,, Hays, G.C,
Jones, CS., Noble, L.R., Wearmouth, V.., Southall, EJ., Sims, D.W., 2010. Envi-
ronmental context explains Lévy and Brownian movement patterns of marine
predators. Nature 465 (7301), 1066-1069.

Humphries, N.E., Sims, D.W., 2014. Optimal foraging strategies: Lévy walks balance
searching and patch exploitation under a very broad range of conditions. J.
Theor. Biol. 358, 179-193.

Jackson, R.R., Wilcox, R.S., 1993. Spider flexibly chooses aggressive mimicry signals
for different prey by trial and error. Behaviour 127 (1), 21-36.

Kareiva, P., Odell, G., 1987. Swarms of predators exhibit “preytaxis” if individual
predators use area-restricted search. Am. Nat. 130 (2), 233-270.

Kitowski, I, 2009. Social learning of hunting skills in juvenile marsh harriers Circus
aeruginosus. J. Ethol. 27 (3), 327-332.

Kolzsch, A., Alzate, A., Bartumeus, F.,, de Jager, M., Weerman, E.J., Hengeveld, G.M.,
Naguib, M., Nolet, B.A., van de Koppel, J., 2015. Experimental evidence for in-
herent Lévy search behaviour in foraging animals. In: Proc. R. Soc. B, 282,
p. 20150424.

Krebs, J.R., Ryan, J.C., Charnov, E.L,, 1974. Hunting by expectation or optimal forag-
ing? A study of patch use by chickadees. Anim. Behav. 22, 953-964.

Leadbeater, E., Chittka, L., 2007. Social learning in insects—from miniature brains to
consensus building. Curr. Biol. 17 (16), R703-R713.

Maitland, D.P, 1986. Crabs that breathe air with their legs-Scopimera and Dotilla.
Nature 319 (6053), 493-495.

Mandelbrot, B., 1960. The Pareto-Lévy law and the distribution of income. Int. Econ.
Rev. 1 (2), 79-106.

Miramontes, O., DeSouza, O., Hernandez, D., Ceccon, E., 2012. Non-Lévy mobility
patterns of Mexican Mephaa peasants searching for fuel wood. Hum. Ecol. 40
(2), 167-174.

Oaten, A., 1977. Optimal foraging in patches: a case for stochasticity. Theor. Popul.
Biol. 12 (3), 263-285.

Pearce-Duvet, ].M., Elemans, C.P, Feener Jr, D.H., 2011. Walking the line: search be-
havior and foraging success in ant species. Behav. Ecol. 22 (3), 501-509.

Plank, M., Codling, E.A., 2009. Sampling rate and misidentification of Lévy and
non-Lévy movement paths. Ecology 90 (12), 3546-3553.

R Core Team, 2016. R: A Language and Environment for Statistical Computing. R
Foundation for Statistical Computing. Vienna, Austria.

Raichlen, D.A., Wood, B.M., Gordon, A.D., Mabulla, A.Z., Marlowe, EW., Pontzer, H.,
2014. Evidence of Lévy walk foraging patterns in human hunter-gatherers. Proc.
Natl. Acad. Sci. 111 (2), 728-733.

8/6/18, 11:24 AM

Page 14 of 15



A general model of forager search: Adaptive encounter-conditional heur...s outperform Lévy flights in the search for patchily distributed prey

Y —

Benl%lajr?f)u}gg,y'COII t, ], 2015. Ultimate failure (if Ehe Lév fora§i% hﬁ/pothesis:
'wo-scale’searching strategies outperform scale-free onés eve erl prey are
scarce and cryptic. ]. Theor. Biol. 387, 221-227.

Borak, S., Hdrdle, W., Weron, R., 2005. Stable distributions. In: Statistical Tools for
Finance and Insurance. Springer, pp. 21-44.

Boyer, D., Ramos-Ferndndez, G., Miramontes, O., Mateos, J.L., Cocho, G., Larralde, H.,
Ramos, H., Rojas, F, 2006. Scale-free foraging by primates emerges from their
interaction with a complex environment. Proc. R. Soc. Lond B 273 (1595),
1743-1750.

Charnov, E.L., 1976. Optimal foraging, the marginal value theorem. Theor. Popul. Biol.
9 (2), 129-136.

Charnov, E.L, Orians, G.H., Hyatt, K., 1976. Ecological implications of resource de-
pression. Am. Nat. 110 (972), 247-259.

Eaton, R.L., 1970. The predatory sequence, with emphasis on killing behavior and its
ontogeny, in the cheetah (Acinonyx jubatus Schreber). Ethology 27 (4), 492-504.

Edwards, A.M. Phillips, R.A., Watkins, N.W., Freeman, M.P, Murphy, EJ.,
Afanasyev, V., Buldyrev, S.V., da Luz, M.G.E., Raposo, E.P, Stanley, H.E.,
Viswanathan, G.M., 2007. Revisiting Lévy flight search patterns of wandering al-
batrosses, bumblebees and deer. Nature 449 (7165), 1044-1048.

Fauchald, P., 1999. Foraging in a hierarchical patch system. Am. Nat. 153 (6),
603-613.

Ferrari, S., Cribari-Neto, F., 2004. Beta regression for modelling rates and propor-
tions. J. Appl. Stat. 31 (7), 799-815.

Gherardi, F,, Russo, S., 2001. Burrowing activity in the sand-bubbler crab, Dotilla fen-
estrata (Crustacea, Ocypodidae), inhabiting a mangrove swamp in Kenya. J. Zool.
253 (2), 211-223.

Gherardi, F, Russo, S., Lazzara, L., 2002. The function of wandering in the sand-bub-
bler crab, Dotilla fenestrata. ]. Crustac. Biol. 22 (3), 521-531.

Gumbert, A., 2000. Color choices by bumble bees (Bombus terrestris): innate prefer-
ences and generalization after learning. Behav. Ecol. Sociobiol. 48 (1), 36-43.
Hamer, K., Humphreys, E., Magalhaes, M., Garthe, S., Hennicke, ]., Peters, G., Grémil-
let, D., Skov, H., Wanless, S., 2009. Fine-scale foraging behaviour of a medi-

um-ranging marine predator. J. Anim. Ecol. 78 (4), 880-889.

Hewlett, B.S., Fouts, H.N., Boyette, AH., Hewlett, B.L, 2011. Social learning among
Congo Basin hunter-gatherers. Philos. Trans. R. Soc. Lond. B 366 (1567),
1168-1178.

Hill, S., Burrows, M., Hughes, R., 2000. Increased turning per unit distance as an
area-restricted search mechanism in a pause-travel predator, juvenile plaice, for-
aging for buried bivalves. ]. Fish Biol. 56 (6), 1497-1508.

https://reader.elsevier.com/reader/sd/F61D507DF5954AECCCC1A...3A74D79E10426C89E752D64C07E5CD40568739ABOESF7AE07BACFD7CEEQ

8/6/18, 11:24 AM

Reyr}i%L]cIl’%,‘ %ﬁ}%sq}_?fe]flkg\r/?tﬂ,g g_gl/gg\./valk research from the shackles of optimal for-

Reynolds, A., Ceccon, E., Baldauf, C., Karina Medeiros, T., Miramontes, O., 2018. Lévy
foraging patterns of rural humans. PLoS ONE 13 (6), 1-16.

Rhee, L, Shin, M., Hong, S., Lee, K., Kim, S.J., Chong, S., 2011. On the Lévy-walk nature
of human mobility. [EEE/ACM Trans. Netw. 19 (3), 630-643.

Riffell, J.A., Alarcén, R., Abrell, L., Davidowitz, G., Bronstein, J.L., Hildebrand, J.G.,
2008. Behavioral consequences of innate preferences and olfactory learning in
hawkmoth-flower interactions. Proc. Natl. Acad. Sci. 105 (9), 3404-3409.

Sims, D.W., Humphries, N.E., Bradford, R.W., Bruce, B.D., 2012. Lévy flight and Brow-
nian search patterns of a free-ranging predator reflect different prey field char-
acteristics. . Anim. Ecol. 81 (2), 432-442.

Sims, D.W., Southall, EJ., Humphries, N.E., Hays, G.C., Bradshaw, CJ.A. Pitch-
ford, J.W., James, A., Ahmed, M.Z,, Brierley, A.S., Hindell, M.A., Morritt, D., Mu-
syl, M.K,, Righton, D., Shepard, E.L.C., Wearmouth, V.J., Wilson, R.P,, Witt, M.J.,
Metcalfe, ].D., 2008. Scaling laws of marine predator search behaviour. Nature
451 (7182), 1098-1102.

Stan Development Team, 2016. RStan: the R interface to Stan. R Package Version
2.14.1.

Stephens, D.W., 1981. The logic of risk-sensitive foraging preferences. Anim. Behav.
29 (2), 628-629.

Stephens, D.W., Charnov, E.L., 1982. Optimal foraging: some simple stochastic mod-
els. Behav. Ecol. Sociobiol. 10 (4), 251-263.

C. Stover, and E.W. Weisstein (2014) “Polar Coordinates.” From MathWorld-A Wol-
fram Web Resource. http://mathworld.wolfram.com/PolarCoordinates.html.

Viswanathan, G., Raposo, E., da Luz, M.G.E., 2008. Lévy flights and superdiffusion in
the context of biological encounters and random searches. Phys. Life Rev. 5 (3),
133-150.

Viswanathan, G.M., Buldyrey, S.V., Havlin, S., da Luz, M.G.E., Raposo, E., Stanley, H.E.,
1999. Optimizing the success of random searches. Nature 401 (6756), 911-914.

Weimerskirch, H., Pinaud, D., Pawlowski, F.,, Bost, C.-A., 2007. Does prey capture in-
duce area-restricted search? A fine-scale study using GPS in a marine predator,
the wandering albatross. Am. Nat. 170 (5), 734-743.

Wildhaber, M.L., Green, R.F., Crowder, L.B., 1994. Bluegills continuously update patch
giving-up times based on foraging experience. Anim. Behav. 47 (3), 501-513.
Winterhalder, B., 1983. Boreal foraging strategies. In: Steegmann Jr., A.T. (Ed.), Bo-
real Forest Adaptations: The Northern Algonkians. New York: Plenum Press,

pp. 201-241.

Wosniack, M.E., Santos, M.C., Raposo, E.P, Viswanathan, G.M., da Luz, M.G.E., 2017.

The evolutionary origins of Lévy walk foraging. PLoS Comput. Biol. 13 (10), 1-31.

Page 15 of 15





