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1. Introduction

In the present issue of Physics of Life Reviews, A.M. Reynolds publishes an interesting (and stimulating) work 
titled “Liberating Lévy walk research from the shackles of optimal foraging” [1]. As the title indicates, one of its 
main discussed points is that, in trying to understand and describe animal foraging through the Lévy walk (LW) 
framework [2–4], one should not surge into optimization ideas as the essential underlying mechanism. In other words, 
the reason for the existence of a wide diversity of animal foraging processes that follow the typical LW statistical 
behavior might not be driven by the maximization of the search outcomes. Actually, in a broad perspective LWs 
transcend Ecology and Biology, and can be found in a huge diversity of systems, including many inanimate ones [2–4]. 
Therefore, we do agree that constraining the LW research to the confines of optimal foraging theory can be restrictive. 
Moreover, given the huge complexity and diversity of biological phenomena, it is unlikely that a single impelling 
force would be responsible for all the observed life-related Lévy patterns.

But although wise as a caution message, the arguments put forth in Ref. [1] should be more carefully analyzed and 
interpreted. Reynolds claims that, even in the context of animal foraging, the scheme based on optimality (yielding 
LWs random searches) is too restrictive. Surely, this is a discussion worth having, in fact currently motivating a vivid 
debate in the literature [2–4]. However in our view there are a few caveats (a couple of them already discussed in 
Ref. [1]) that merit attention.

In this short contribution we aim to add some different perspectives on the general problem addressed in Ref. [1], 
also elaborating (hopefully) in clearer terms what has been known for some time by now as the – unfortunately often 
misunderstood – “Lévy flight foraging hypothesis”.
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We start providing a very short historical perspective about LWs ideas applied to animal foraging, also addressing 
the initial motivations for the optimization perspective on the random search processes applied to biological encoun-
ters [2,5]. We then outline the “Lévy flight foraging hypothesis”, highlighting its main assumptions and limits of 
validity. Finally, bearing these developments in mind, we elaborate on a few questions concerning LWs in animal 
foraging, specially adaptation versus emergence, and whether LWs could be approximated by the so-called correlated 
random walks (CRWs). These latter two topics are among the main issues addressed in Reynolds work [1].

2. Lévy walks in animal foraging: central ideas and further developments

To our knowledge, Shlesinger and Klafter [6] were the first to propose (already in 1985) LWs strategies as an 
improvement over Brownian searches when an individual is seeking for resources in an unproductive area of unknown 
extent. Such ideas motivated in 1996 a study which identified Lévy foraging behavior in the field data of wandering 
albatrosses [7]. Although this particular article has later motivated a strong discussion [2,8], it certainly triggered a 
great interest in the subject.1

In very simple terms, LWs (also commonly known as Lévy flights (LFs) in the biological literature, although 
LWs and LFs have subtle differences [2]) constitute trajectories whose: (a) angular turns of the individual steps are 
uniformly distributed; (b) and the step lengths � are drawn from the family of α-stable Lévy distributions Pα(�), 
with the Lévy index α lying in the interval 0 < α < 2. Because the second moment of Pα(�) diverges, the generalized 
central limit theorem (CLT) implies an anomalous (superdiffusive) dynamics of LWs. The asymptotically large-� limit 
of the Lévy distributions is given by a power-law tailed function P(�) ∼ �−μ, with μ = α + 1, so that 1 < μ < 3 leads 
to superdiffusion and the Brownian behavior is recovered for μ ≥ 3. Even if the step lengths are truncated in the small-
and large-length limits by biological reasons (e.g. the existence of a perceptual range below which random searches 
are meaningless and the natural impossibility of infinite displacements), we remark that the superdiffusive statistical 
properties of the LW searches hold for a long time, with an ultra-slow convergence to the CLT [10].

In the early times of the field of LW random searches (see Refs. [2–4] for a historical perspective), two of the 
main queries certainly were: Why, in the first place, animals should use LWs as a search strategy to find unanticipated 
resources? And which values of μ should be used in distinct situations? These two questions lead to a work coauthored 
by colleagues and the present authors in 1999 [11], in which the concept of optimization was introduced in the context 
of stochastic LW foraging. The essential guide is that biological processes usually tend (along the time) to be as 
efficient as possible, minimizing efforts and maximizing the gains (an almost ‘legendary’ example of this being the 
optimal shape of bees hives, a very old conjecture finally proved by Haves [12]).

In this sense, the theoretical analysis performed in Ref. [11] assumed the following simplifying conditions:

(i) No information about the targets location is known a priori and no learning takes place.
(ii) The perceptual range of the searcher is given by a relatively small characteristic scale and no ‘signals’ are emitted 

by the targets.
(iii) Targets are randomly distributed and their density is low.
(iv) Targets are of two types: either they represent a spatially very localized spot rich in resources, so the forager can 

return to it many times (non-destructive targets), or once visited they are depleted, becoming unavailable in the 
future (destructive targets).

(v) No directional correlations between the search steps are present.
(vi) No other tasks, except the random search itself and the resource acquisition, is performed during the foraging 

process.

Under these assumptions, we remark that the asymptotic power-law distributions of step lengths provide access 
to both Lévy and Gaussian statistics, depending on the value of the sole parameter μ, constituting therefore a very 
flexible and robust strategy of searching. Moreover, such strategy does optimize the search efficiency by properly 
adjusting μ ≈ 2 and μ → 1 for the non-destructive and destructive cases, respectively. Hence, there is a very strong 
underlying reason for a foraging individual to follow a Lévy pattern.

1 For instance, the evolution of both the techniques to provide empirical data of better quality and more powerful statistical methods of analysis 
of foraging tracks recently proved that wandering albatrosses indeed forage according to LW behavior [9].
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Nevertheless, the assumptions of the 1999 original paper actually represents a restrictive scenario. Indeed, there 
are countless different instances and conditions in which foraging cannot be described by the specific features (i)–(vi) 
above. Consequently, since the publication of Ref. [11], an enormous number of conceptual studies, theoretical mod-
els, and data analyzes have enlarged the perspectives on LW foraging. A limited account on the progress in this subject 
includes settling issues like the exact limits of low and high targets density and when an optimal strategy is indeed 
necessary [13], LWs as an alternative to the dilemma of behavior near starvation and species survival [14–16], proper 
(optimal) values of μ for the case of targets having regenerative times [17,18], the effect of small correlations in 
direction and the presence of partial cognitive power [19,20], to what extent superdiffusion could emerge from other 
distributions rather than Lévy [21], and finally, and perhaps more impressive, in which landscapes (fractal, patchy, 
lattice-like, etc.) LWs are able to optimize the random search efficiency, the answer being basically in all of them [20,
22,23]. These works have shown that the Lévy is a very plastic strategy, leading to good solutions for the problem of 
adapting the random search strategy in distinct situations [24,25].

In the face of such general results, a somehow intuitive principle, mostly known as the “Lévy flight foraging 
hypothesis” (LFFH), asks whether the observed LW behavior is a consequence of an evolutive process trying to 
optimize foraging. This hypothesis, however, should be understood in its right context. In fact, the Lévy strategy 
by itself, namely, assuming the asymptotic power-law distribution of the step lengths and a uniform distribution for 
the turning angles, has no substantive meaning if the associated biological conditions are not properly specified. 
The LFFH may or may not apply, and this of course depends on the existence of a surge for improvement in the 
foraging efficiency, say, being a matter of survival in a changing environment or a response to strong competition. 
For instance, no actual necessity for an optimized random search exists when an individual knows a priori the pattern 
of the resources distribution, or rapid learning plays a relevant role (like in many cases involving humans, apes, and 
animals used to human habits for their needs), or even when resources (e.g., food) are plentiful. On the other hand, if 
fitness pressure is an issue and the conditions are compatible with the LFFH, the evolutive explanation for the Lévy 
behavior should not be discarded (in fact quite the contrary) without a careful analysis based on concrete and sound 
facts.

3. Two relevant debates: adaptation versus emergence and LWs versus CRWs

As it should be in any serious scientific debate [26] – aimed to move forward the understanding of the causes of 
any natural phenomenon – there are important proposals of other possible origins for LWs, specially emergent and 
even coincident (instead of evolutive) mechanisms. Those will be addressed below in a close relation to Reynolds 
review [1]. However, first we shall introduce an extra ingredient to the present discussion.

Suppose that the LW behavior can be switched on and off depending on a physiological response to an environ-
mental general signal. By a general signal we mean that, e.g., the individual can either notice a global diminishing of 
resources or sense that the targets in the landscape are changing from patchy to more uniformly (randomly) distributed 
(this, of course, contrast with particular clues associated to, say, olfactory detection). An interesting example is that of 
fish that become more stressed, thus chemically inducing in their organisms more ballistic-like movements when the 
availability of food is low [27]. Then, some may argue that such a triggering effect is an indication of an emergent be-
havior: LWs arise from another inner biological (physiological) process stimulated by the habitat features. But could 
not this have taken place because of a previous (conceivably much older) try-and-error natural selection mechanism, 
which has eliminated individuals with the wrong answer of not doing LWs? If so, only those individuals presenting 
the correct “emergent” answer to the environment, i.e., efficient Lévy strategies – would survive, passing on to future 
generations such characteristics.

Thus, indeed, LWs may emerge from something else, but the emergent connection itself can be due to an evolutive 
process driven by efficiency maximization. This could constitute a hierarchical LFFH, where the whole chain of cor-
relations (i.e., the hierarchical ‘emergent’ links) stemmed from evolutive optimization pressure. In this respect, one of 
the examples discussed in [1] is very illustrative. In certain species, the time between neuronal firing events (TBNFE) 
are just the proper ones to lead to the execution of LWs. But since these exact time intervals are ubiquitous (hence 
“not plastic”), the LWs would be simply emergent. Reynolds suggests that since “in some organisms Lévy flight 
search patterns are under the control of a fixed nervous system”, then “the ‘optimality’ of associated movement pat-
terns would be merely coincidental”. The hierarchical LFFH might object to this view. Eventually, selective pressure 
would, in the first place, act on the more basic (e.g., than specific movement patterns) biological process of TBNFE, 
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selecting the correct time intervals for a balanced compromise between all the activities TBNFE controls. Among 
these activities, selection would yield the most possible favorable foraging strategy compatible with the improvement 
of other biological functions, and in some cases giving rise to LWs.

From all the previous discussion, it is clear that one the most fundamental questions in the context of animal 
foraging concerns the dichotomy adaptation × emergence. In Ref. [1] the main thesis is that the LFFH should be 
“amended, or even replaced, by” a simpler but more general emergentist hypothesis. Actually, it is true that LWs 
can emerge as a result of interaction with the environment. This has been more or less well established over the last 
decade (e.g., see Ref. [28]). In such case, there is no optimization going on and search efficiency as a selective agent 
is irrelevant. Hence, it seems plausible to infer which is “purely coincidental” (using the author’s term) the fact LWs 
optimize searches.

But the rest of the arguments in Ref. [1] need a more critical analysis. Reynolds argues that LWs may “emerge 
spontaneously and naturally from innate behaviors and innocuous responses to the environment but, if advantageous, 
then there could be selection against losing them”. The crucial point is that if there is any selection pressure at all, 
then LWs are adaptive by definition, as the hierarchical LFFH would advocate.

Consider the analogy with eyesight. It is quite possible that the original photosensitive processes occurred acci-
dentally. But since they were advantageous, there was selection pressure that led to (better) eyesight. Nevertheless, it 
would be quite incorrect to argue that eyesight is an emergent phenomenon. On the contrary, it is well understood that 
eyesight is adaptive. This analogy makes it clear that just because LWs may sometimes arise accidentally, this does 
not mean that Lévy strategies are not selected for.

In order to establish the authors’s claim in favor of emergence, more evidence is needed. It is quite possible that fu-
ture studies may bring forth such evidence, but it is equally possible that new evidence will be found of adaptive value. 
On this point in particular, we believe that it is too soon to come to a clear conclusion or even worst, inadvertently to 
abandon LW optimization ideas [29].

A second point relates to how LWs can be well approximated by composite CRWs. From a more technical (math-
ematical) perspective, we completely agree on it. A LW is scale-free, which means that there are structures (e.g., 
jumps) of all sizes. A composite CRW of N standard CRWs can approximate this scale-free behavior. In the limit 
N → ∞ one will obtain a scale-free walk, indistinguishable from a LW. In practice, N = 3 should be sufficient [30]
(see also [31]).

However, what this also means is that composite CRWs can be well approximated by LWs. So it should be clear that 
distinguishing composite CRWs and LWs is somewhat analogous to debating about half a dozen versus six. Instead 
of saying that LWs can optimize random searches, one could say that composite CRWs optimize random searches. 
Calling this ‘duality’ whatever one likes the most, the actual issue is that such random walk patterns do optimize 
foraging searches in several situations.

Moreover, the clear identification between composite CRWs and LWs in each particular instance would demand 
a substantial volume of data, powerful statistical methods, and field studies associated to other tasks rather than just 
foraging.

4. Conclusion

In summary, the article [1] by A.M. Reynolds that appears in the present issue of Physics of Life Reviews is a 
positive and very valuable contribution to the field of animal foraging and raises important questions that merit further 
investigation. We do not agree with all the points, mainly because of lack of sufficient data. Moreover, we have strong 
reasons to believe that specific biological mechanisms have evolved in such way to generate optimal Lévy walks and 
similar movement patterns. On the other hand, it could well be that the complete answer in this debate will involve a 
combination of both the adaptationist and the emergentist explanations, depending on the species and even on specific 
features of the entire ecosystem. We agree with the author that “more surprises are likely to be in store” in this rapidly 
evolving interdisciplinary subfield of ecology. But whatever the reason for the observation of a LW pattern in the 
individual movement, yet it optimizes foraging.
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