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“Nature exhibits not simply a higher degree but an 
altogether different level of complexity”
- Benoit B. Mandelbrot, 1924-2010

1. Introduction

In the 4th century BCE, the eminent Greek 
mathematician Euclid laid the foundations for 
mathematics in the Elements, a work that persisted 
as the main text for teaching mathematics and 
especially geometry for as many as two millennia 
and still features prominently in the curriculum 
today. However, as Benoit Mandelbrot - the “father 
of fractals” - notes in his seminal work The Fractal 
Geometry of Nature (1977a, p. 1), “Clouds are not 
spheres, mountains are not cones, coastlines are 
not circles, and bark is not smooth, nor does 
lightning travel in a straight line”. Therefore, while 
mathematics has always sought to formalize the 
natural world, we remained until recently unable to 
characterize even the most common of natural 
objects and other natural phenomena. What the 
world needed, Mandelbrot concluded, was a 
‘theory of roughness’. His fractal geometry, along 
with the closely related chaos theory and more 

generally the emerging field of complexity science, 
has provided us with the tools necessary to assess 
such a theory and its influence has now penetrated 
all fields of science, including behavioral ecology.

In this essay, based on the Takashima Prize 
lecture I was invited to give at the 29th Congress of 
the Primate Society of Japan in Okayama, 2013, I 
modestly attempt to exemplify how the 
interdisciplinary study of complex phenomena — in 
this case fractal patterns in individual-level 
behavioral organization — can provide novel 
insights into important ecological processes. I begin 
with a brief (and admittedly simplified) introduction 
of key concepts in fractal geometry (Section 2: A 
Geometry for Nature), and then provide examples 
of how and why its analysis has been employed in 
biological/ecological studies (Section 3: Fractals in 
Ecology and Evolution). I then provide evidence 
from my own and other work that animal behavior 
sequences occur in fractal time, before illustrating 
how fractal analysis can be used as a sensitive 
indicator of behavioral ‘quality’ (Section 4: Toward 
the Diagnostic Fractal). I argue that complex 
behavior sequences both result from and are 
necessary to cope with environmental 
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heterogeneity. This body of work supports the 
hypotheses that complexity is biologically adaptive 
and that complexity loss, i.e. greater periodicity or 
stereotypy, is not only indicative of altered or 
impaired condition but may in addition carry with it 
significant fitness consequences. 

Despite the title, my aim throughout this review 
is to facilitate conceptual understanding only; very 
few equations will appear in these pages. Interested 
readers seeking more rigorous explanations of 
mathematical concepts, however, are directed to 
any of a number of excellent texts on this and 
various related topics (Mandelbrot 1977a; b; Beran 
1994; Vicsek et al. 1994; Vicsek 2001; Peitgen et 
al. 2004; Seuront & Strutton 2004; Seuront 2010; 
Viswanathan et al. 2011). Furthermore, this essay 
does not present an extensive or critical review of 
the evidence supporting or rejecting the use of 
fractal geometry in behavioral ecological studies, 
but instead highlights a number of ways in which 
the approach has been used and with hope, thereby 
presents an array of avenues for future studies. For 
a critique of the application of fractal tools in 
ecological studies, readers are directed to Halley et 
al. (2004). 

My own work in this context focuses on 
exploring complex and variable qualities in 
sequences of behavior at the individual level, 
particularly in relation to the various and often 
increasing ecological challenges that individual 
animals are likely to encounter in their changing 
environments. In The Foundations of Ethology 
(1981, p. 50), Konrad Lorenz notes that, “so much 
instinctive behavior is directly dependent on the 
physical condition of the animal”. Yet, directly 
linking altered condition and behavior under natural 
conditions remains exceptionally challenging. The 
work presented here therefore grew out of a great 
desire, if not need, to search for answers outside of 
our reductive and intra-disciplinary traditions, and 
instead incorporate ideas and methodologies from 

the non-reductive and multidisciplinary science of 
complexity. But more generally, I must echo the 
sentiments of a recent essay aimed at behavioral 
ecologists, in which Bradbury & Vehrencamp 
(2014) note, likely prophetically, that “complexity 
is one of the major remaining frontiers in our field”. 

In one of his many classics of non-fiction, 
Chaos: making a new science, James Gleick (1987, 
p. 38) notes that “Ideas that require people to 
reorganize their picture of the world provoke 
hostility.” He later goes on to quote Mandelbrot 
himself, however, in stating that “Science would be 
ruined if … it [withdrew] entirely into narrowly 
defined specialties” (Gleick 1987, p. 90). I sincerely 
hope that the ideas presented in this review 
encourage the receptive reader to continue in the 
tradition invoked by such ideals. 

2. A Geometry for Nature

2.1 Mathematical Monsters
Before fractal geometry was consolidated into a 

coherent field of study by Mandelbrot in the second 
half of the 20th century, various complex curves that 
defied mathematical explanation appeared 
sporadically beginning in the late 19th century. 
These ‘mathematical monsters’ included among 
other things the famous Cantor set, Koch snowflake 
and Sierpinski Gasket (Fig. 1). It was Mandelbrot 
who held that “The existence of these patterns 
challenges us to study these forms that Euclid 
leaves aside as being ‘formless’, to investigate the 
morphology of the ‘amorphous’” (Mandelbrot 
1977a, p. 1). Through such investigations, 
Mandelbrot’s work led to the creation of an entirely 
new field: fractal geometry. Ultimately, this branch 
of mathematics took hold because some curves are 
so intricate that they elude simple measurement 
properties such as length and surface area. These 
fractal shapes are self-similar, meaning that as you 
zoom in, the same patterns appear over and over 
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again as reduced-scale images of the whole, and 
their properties can be related to those at other 
scales through a scaling exponent (see below). For 
mathematical fractals of course, these patterns are 
reproduced with perfect fidelity, but nature tends 
instead to produce statistical fractals, 
generalizations of their ideal counterparts but often 
following the same, though imperfect, generative 
rules. It is interesting to note that the natural 
structures we see all around us more closely 

resemble those early monsters than they do 
Euclidean shapes. As a result, fractal geometry has 
taken over as the geometry of nature (Mandelbrot 
1977a). 

2.2 The Fractal Dimension
The exact definition of fractal has remained 

elusive, as was intended by Mandelbrot himself, 
but mathematically this class of shapes can be 
characterized as having Hausdorff-Besicovitch (H-

Figure 1:  These three ‘mathematical monsters’ appeared in the late 19th and early 20th centuries. These 
complex shapes are generated using simple iterative processes. For example, the Cantor set (top) 
is formed by simply removing the middle third of each line recursively. Similarly, construction of 
the Koch snowflake (bottom left) also begins by dividing each line segment into three equal parts, 
but instead of removing the middle third, an equilateral triangle is placed with the removed middle 
segment acting as the base. The Sierpinski triangle (bottom right) is a little more complicated. 
Beginning with a filled in equilateral triangle, place a point at the center of each of its three sides. 
By connecting these three points with new vertices, and keeping the old vertices intact, four 
smaller triangles are produced, among which the center triangle is removed. The result is three 
filled in equilateral triangles each with vertices half the length of the original and each touching 
both other triangles at a corner such that a triangle-shaped ‘hole’ is left in the center. Iteration 
of this process reveals the shape illustrated in this figure, but in fact, any shape subjected to the 
same procedure will magically produce more or less similar results. What is perhaps most striking 
about these curves is that their lengths are infinite, which can be understood clearly by looking at 
their generative processes. The fractal dimensions of these shapes are 0.63, 1.26 and 1.59 for the 
Cantor set, Koch snowflake and Sierpinski triangle respectively. For more on these curves see for 
example (Mandelbrot 1977a; b; Peitgen et al. 2004).
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B) dimensions which exceed their topological 
(Euclidian) dimensions (Mandelbrot 1977a). For 
non-fractal, Euclidian shapes like points, lines, 
planes, and spaces, the H-B dimensions are equal to 
their topological dimensions of 0, 1, 2, and 3 
respectively (Peitgen et al. 2004). For lines, squares 
and cubes, for example, a strict power law with an 
exponent equal to the topological dimension 
governs their scaling behavior. In other words, you 
can reduce a line by 1/3 and find that making two 
copies of the reduced version and aligning them 
together reproduces the original. Therefore, the 
self-similarity dimension - a type of fractal 
dimension estimate based on the relationship 
between the reduction factor and the number of 
pieces into which the object can be cut - is 1, the 
same as a line’s topological dimension. If you take 
1/3 of a square and want to reproduce the original, 
however, you will need nine pieces, or 32. Here, the 
self-similarity dimension is two, as indicated by the 
scaling exponent. As was the case for the line, this 
is equal to the topological dimension of a square. 
Similarly, twenty-seven pieces (33) that are 1/3 the 
size of a given cube are necessary to reproduce the 
original, and so on. There are two key differences, 
then, between these shapes and fractal shapes. The 
first is that the self-similarity dimension is an 
integer, i.e. not fractional. The second is that the 
reduction factor can be absolutely anything and the 
same power law holds, they are completely 
differentiable; for fractal shapes that even have 
them, the reduction factors themselves are 
characteristic (Peitgen et al. 2004). For example, 
the Koch snowflake shown in Figure 1 has a self-
similarity dimension of 1.26, a non-integer, and can 
only be reproduced using reduction factors 
following  1/3k . 

The above relationships hold for all strictly self-
similar objects, but the statistical fractals observed 
in nature are far more complicated. Nonetheless, 
the above description should illustrate some 

fundamental properties of fractal shapes, i.e. self-
similarity and scaling. Ultimately, though, what the 
fractal dimension gives us is a quantitative measure 
of inherent structural complexity, representing the 
relationship between patterns within a structure and 
the scale at which they are measured (Mandelbrot 
1967; 1977a). It is thus an indispensable tool in the 
mensuration of roughness. The fractal dimension 
can likewise describe the geometry of physical 
structures and the correlational properties of 
temporal processes, but the methods involved in its 
calculation tend to vary across systems. A classic 
example that can serve to illustrate the use of this 
paradigm can be found in Mandelbrot’s (1967) 
Science article “How long is the coast of Britain?”. 
Using a divider method, in which measuring sticks 
of variable length were used to measure the length 
of coastlines, Mandelbrot showed that, as predicted, 
the length of the coast varied as an inverse function 
of the measuring stick length, but there was a 
characteristic scaling relationship between the two, 
which differed across coastlines (D=1.25 for the 
coast of Britain, which is remarkably similar to that 
of the Koch snowflake shown in Fig. 1!).  

Over the past three decades there has been an 
explosion of interest in the development and use of 
fractal geometry in diverse fields of study, from 
pure mathematics and statistical physics to 
computer science and networking, economics, 
atmospheric sciences and even medical physiology. 
It is rather telling that an ISI Web of Science search 
with “fractal” as a search term revealed a total of 
49,330 indexed publications between 1980 & 2013, 
doubling between 1990 and 1991 and increasing 
steadily thereafter (Figure 2). Subject filters 
restricting the same search to publications in the 
fields of ecology and evolution produce 2,058 
results, just 4% of that original figure but still 
suggestive of genuine interest in the topic. There 
have been some areas in particular in which fractal 
geometry has provided insight into ecological and 
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evolutionary processes, and it is to these which I 
now turn my attention. 

3. Fractals in Ecology and Evolution

I begin this section with a rather poignant 
example of how complexity science and fractal 
geometry can radically transform our ideas about 
natural processes. In the 1970’s, Eldridge and 
Gould introduced and developed the theory of 
punctuated equilibria to explain temporal 
distributions in speciation events (Eldridge & 
Gould 1974; Eldridge & Gould 1977). Interestingly, 
the “burstiness” inherent in this model of evolution 
can be reproduced quite readily by invoking self-
organized criticality (SOC) (Bak et al. 1987). SOC 
is rather hard to define, but typifies dynamical self-
organized systems operating at disequilibrium (at, 
and continually attracted to, a critical point), with 
intermittency, spatio-temporal scaling (‘avalanches 
of all sizes’), and non-linear interactions being 
characteristic of their components (Bak et al. 1987). 
This is perhaps best illustrated using the canonical 
example of SOC, that of the sand pile on top of 

which individual grains of sand are perpetually 
added; once at its critical point, the sand pile 
releases its energy through cascades of avalanches 
of all sizes, but with smaller avalanches being 
much more frequent than larger avalanches, i.e. a 
power-law distribution of events. 

The relationship between SOC and evolution is 
as follows: ecological communities evolve into a 
critical state at which the fitness landscapes of each 
species are maximized given the landscapes of all 
other interacting species, as if in a state of Nash 
equilibrium (Kauffman & Johnsen 1991; Bak & 
Sneppen 1993). In this state, small changes can 
have cascading effects because of the vast 
interconnectedness existing at all ecological scales. 
At least for the Bak-Sneppen model, the key is that 
these critical states are reached naturally with no 
external stimuli or ‘fine-tuning’ necessary, i.e. they 
emerge as the result of simple interaction rules 
followed by each species (Bak & Sneppen 1993). A 
common feature of systems exhibiting SOC is that 
they produce fractal dynamics, like the power-law 
distribution of avalanches in the sand pile model. 
Both speciation and extinction events appear to 

Figure 2:  A search of the ISI Web of Science using the key word “fractal” returns a total of 49,330 
articles published since 1980, but only 2,058 (4%) remain when filtering search results 
by subject fields related to ecology and evolution (Environmental Sciences; Ecology; 
Evolutionary Biology; Zoology; Behavioral Sciences; Anthropology; Paleontology).



Andrew James Jonathan MacIntosh6

exhibit such fractal characteristics (Raup 1986; 
Kauffman & Johnsen 1991; Bak & Sneppen 1993; 
Solé et al. 1997; Chaline et al. 1999; Nottale et al. 
2002), leading Stuart Kauffman (1993, p. 78) to 
hypothesize that evolution constitutes a “marriage 
of selection and self-organization”. 

Within ecology proper, there is also a clear trend 
toward greater use of fractal tools, and many 
fruitful applications have already been identified 
(Wiens 1989; Sugihara & May 1990; Halley 1996; 
Solé et al. 1999; Seuront & Strutton 2004; Seuront 
2010). It is impossible to touch upon all of them 
here, but among these, fractal statistics have been 
used to understand structural hierarchies in coral 
reef (Bradbury & Reichelt 1983), succession 
dynamics in forest ecosystems (Hastings et al. 
1982), various properties of food webs (Sugihara et 
al. 1989), and variability in animal population 
densities (Pimm & Redfearn 1988). But one area in 
which the application of fractal statistics has 

flourished, perhaps even to the point of becoming a 
mainstream approach, and the one which is most 
closely related to my own interests, is in the field of 
animal movement ecology. Three general 
approaches have been undertaken in this area, and 
these are described in the following sections, 
beginning with the one that has garnered the 
greatest appeal: the Lévy flight foraging hypothesis.

3.1 The Lévy Flight Foraging Hypothesis
In order to understand what has come to be 

known as the Lévy flight foraging (LFF) 
hypothesis, we need to first think about movement 
as a reaction-diffusion process centered around 
biological encounters; animals diffuse via 
movements through their respective environments 
in search of relevant encounters, be they food or 
mates, or in avoidance of others such as predator 
encounterss, at which point they react in some 
appropriate manner before returning again to search 

Figure 3: Typical trajectories taken by random walkers with step length distributions exhibiting 
(A) Gaussian versus (B) Cauchy (Lévy) statistics. In both cases, turning angles were 
pulled from a random distribution. Notice the clear differences in coverage generated 
by the two walkers, despite that both mean step length and number of iterations are an 
order of magnitude (10x) larger in the Gaussian walk. Lévy walks are among those that 
produce anomalous diffusion; more specifically they are super-diffusive with variance 
increasing as a power-law function of time. The search strategies suggested by these 
contrasting figures can also be thought of as intensive versus extensive, and it’s easy to 
see how the Lévy walk presents a more energy-efficient alternative. A growing body 
of literature suggests that the patterns shown in B may more generally reflect observed 
patterns of animal search (Viswanathan et al. 2011). These simulations were run using 
a model from O'Sullivan & Perry (2013) implemented in NetLogo® (Wilensky 1999). 
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(Viswanathan et al. 2008; Viswanathan et al. 2011). 
Put this way, animal movement falls within the 
general area of reaction-diffusion processes, thus 
lending itself well to examination using existing 
mathematical concepts, e.g. random walk models 
(Codling et al. 2008; Raposo et al. 2009; Smouse et 
al. 2010). In normal diffusion processes, the mean 
squared displacement of a particle, i.e. the extent to 
which it has ‘explored’ its environment, is a linear 
function of time (Fig. 3A). However, in much of 
the animal movement literature, the diffusion 
process is instead anomalous, in which the mean 
squared displacement displays a non-linear 
relationship with time, i.e. exhibits a power-law 
function (Fig. 3B). Examples from across the 
animal kingdom abound, from wandering albatross 
(Viswanathan et al. 1996) to spider monkeys (Boyer 
et al. 2004; Ramos-Fernández et al. 2004; Boyer et 
al. 2006) to a range of marine predators such as 
sharks, sea turtles and penguins (Sims et al. 2008), 
and even to humans (Bertrand et al. 2005; Brown et 
al. 2007; Raichlen et al. 2013). The significance of 
this seeming ubiquity of complex search patterns is 
encapsulated by the LFF hypothesis, which predicts 
the emergence of complex, non-linear movement 
patterns (Lévy flights, Lévy walks, Lévy motions, 
all of which tend to be used interchangeably despite 
their actual differences in meaning) as an adaptation 
to the typically heterogeneous nature of biological 
encounters in both space and time (Viswanathan et 
al. 2011). 

It is beyond the scope of this essay to delve 
deeply into theory and practice concerning the LFF 
hypothesis, so I direct readers instead to the 
numerous reviews and critical assessments that 
have already done just that (Bartumeus et al. 2005; 
Reynolds 2006; Bartumeus 2007; Benhamou 2007; 
Edwards et al. 2007; Viswanathan et al. 2008; 
Raposo et al. 2009; Reynolds 2009; Reynolds & 
Rhodes 2009; Giuggioli & Bartumeus 2010; 
Benichou et al. 2011; James et al. 2011; Gautestad 

2012). What is important to note here, however, is 
that studies of Lévy patterns and processes in 
animal diffusion are only beginning to move 
beyond the identification of models that best 
describe species-typical movement trajectories, e.g. 
asking who does the Lévy walk, and into their 
underlying causes (Viswanathan et al. 2011). It is 
also clear that the observation of Lévy patterns in 
animal search does not imply that a Lévy process is 
necessarily at work, as such patterns can be 
generated through species-environment interactions 
following a mixture of simpler rules (Benhamou 
2007). For example, the many works of Andrew 
Reynolds an colleagues present various 
mechanisms by which scale-free movements can 
arise, including  avoidance of conspecific odour 
trails (Reynolds 2007), randomly reorienting at 
cues left by animals following more classical 
diffusion processes (correlated random walks) 
(Reynolds 2010), and general use of chemotaxis in 
prey location (Reynolds 2008). And, studies have 
shown that Lévy walks are particularly common 
when the resource base is heterogeneous, or in 
other words is itself Lévy-distributed (Boyer et al. 
2006; Humphries et al. 2010). Indeed it is in 
precisely this context in which Lévy patterns are 
expected to confer fitness advantages (Reynolds 
2006; 2009; Humphries et al. 2012; Reynolds 
2012).

Concerning primate studies, Lévy statistics have 
been found to characterize movement in some 
species (Boyer et al. 2004; Ramos-Fernández et al. 
2004; Boyer et al. 2006; Vandercone et al. 2013) 
but not in others (Sueur 2011), or a combination of 
Lévy and other statistics has been found in various 
components of primate diffusion (Schreier & Grove 
2010; Sueur et al. 2011a). But there are major 
methodological issues inherent in many of these 
primate studies, particularly with regards to data 
sampling. For example, studies have used locational 
points collected at arbitrary temporal resolutions set 
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by the observer which are unlikely to reflect natural 
timescales relevant to their subjects’ movements 
(Plank & Codling 2009). Such arbitrary set points 
actually preclude our ability to measure true step 
lengths, turning angles and waiting times (3 key 
elements of the reaction-diffusion process). Two 
other limitations, which have occurred in 
combination or in isolation, further exacerbate 
problems interpreting the results of these studies. 
One is that spatial recording devices have typically 
been attached not to the animals but to the observer, 
meaning that the latter’s location must be used as a 
proxy for that of their subjects. The other is that 
measurements have not always been at the 
individual level but rather at the level of the social 
group. Group-level movement patterns may reflect 
individual movements in a coarse way, but only at 
the largest of scales. Not only do such 
measurements preclude any analysis of finer scale 
movement patterns, they also eliminate all 
possibility of assessing variation across individuals. 
But even at large scales, it is not always so simple 
to take a location for an entire group, particularly 
when group spread is large. Finally, using group 
locations will invariably have a smoothing function 
that, particularly if dispersal is large relative to 
realized range size, might introduce further bias 
into the results. Despite the associated difficulties, 
researchers interested in pursuing such work with 
primates should consider using animal-attached 
devices to bring the quality of the data up to current 
standards. No doubt we have much yet to learn 
about multi-scale spatial patterns in primate 
movement, particularly with reference to the 
rampant habitat disturbance and impending climate 
change that are threatening the majority of species 
in existence.

3.2 Fractal Dimension, Tortuosity and Scale-
dependence

The second fractal approach surfaced in the late 

1980’s and early 1990’s in an attempt to understand 
the importance of landscape scales and perception 
of habitat heterogeneity on animal movement, 
dispersal and distributional properties (Dicke & 
Burrough 1988; Crist et al. 1992; Johnson et al. 
1992; Wiens 1993; Wiens et al. 1995). A key 
concept in this approach is tortuosity or sinuosity, 
or ‘wiggliness’ to quote Dicke & Burrough (1988), 
which refers to the degree to which a curve consists 
of frequent turns with large turning angles or 
otherwise ‘fills its space’. Tortuous paths diverge 
from bee lines along a continuous gradient of 
increasing complexity. In fractal dimension terms, 
curves range from the straight lines characteristic 
of the Euclidian first dimension (D=1) to those so 
convoluted and folded back onto themselves so as 
to fill  the entire plane, nearly overlapping the 
second Euclidian dimension (D=2). 

Unlike the studies testing the LFF hypothesis, 
which use distributional characteristics of step 
lengths, turning angles and waiting times, fractal 
dimension estimates can be roughly thought of as a 
composite of all of these parameters measuring 
global properties of the movement path itself, i.e. 
tortuosity and self-similarity. This approach thus 
has the desirable trait of being able to characterize 
complex systems such as those involving diffusion 
using a single parameter (Seuront 2010). In 
practice, however, single dimension estimates have 
been criticized in cases in which scaling has not 
been rigorously demonstrated (Turchin 1996), 
though this is also true for studies testing the LFF 
hypothesis (Edwards et al. 2007). 

The presence of multiple scaling regions itself, 
however, offers further insight into organism-
specific fundamental scales and responses to 
changing scales within or across landscapes (Fritz 
et al. 2003; Seuront et al. 2004a; Garcia et al. 2005; 
Nams & Bourgeois 2005). For example, fractal 
dimension estimates were shown to change with 
scale in wandering albatross (Diomedea exulans) 
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and were suggested to reflect scale-dependent 
movement patterns in response to wind currents at 
small scales, food search at medium scales and 
long-distance movements at large scales (Fritz et 
al. 2003). Scale-dependence has also been used to 
identify salience in landscape features; while 
microhabitat heterogeneity featured strongly in 
shaping American marten (Martes Americana) 
movements, grazing ewes responded only to 
landscape scales above a certain threshold (Garcia 
et al. 2005). Given the size differences and 
respective ecological roles of these species, this 
may seem intuitive, but determining ecologically-
relevant scales can be a complex matter and 
remains an active area of research in ecology with 
important implications for conservation and 
management strategies. 

Note that to my knowledge, no studies have yet 
investigated fractal dimension in primate movement 
paths. Fractal dimension has been used in at least 
two primate studies, but in both cases analyses 
were performed in the temporal rather than spatial 
domain. I will discuss these studies and the 
motivation behind them below, after first providing 
some context for the study of ‘fractal time’ in 
animal behavior.

3.3 Fractal Time
What we have to observe from the start is that 

there has been an interesting, yet perhaps 
unnecessary, dichotomy in the application of fractal 
analysis to animal behavior. On the one hand, the 
studies in movement ecology presented above have 
focused largely on presenting and interpreting 
patterns of animal movement in relation to 
theoretically optimal statistical patterns of search, 
which has culminated in the LFF hypothesis, or 
responses to landscape heterogeneity. On the other 
hand, studies of fractal time have largely been 
interested in using fractal analysis as a diagnostic 
tool to distinguish between the behaviors of animals 

in various physiological conditions (see next 
section). As a result, these latter studies have been 
exceptionally interested in individual differences in 
patterns of behavior, though perhaps too restricted 
in scope and ignoring other individual factors of 
ecological significance, such as those related to 
animal life history trajectories and even to some 
extent landscape-level variables. In contrast, 
interest in individual-level variation seems to be 
lacking in the spatial literature, particularly that 
concerning the LFF hypothesis. One notable 
exception, however, can be found in the study by 
Sueur et al. (2011a), which showed individual 
differences in the ways in which Tonkean macaques 
(Macaca tonkeana) diffused in relation to their ages 
and sex. Furthermore, the anecdotal account of a 
young basking shark (Cetorhinus maximus) 
producing aberrant diffusion statistics in Sims et al. 
(2008) provides an example of how individual 
variation can lead to insight into possible 
developmental processes involved in search 
strategies. It is therefore clear that much future 
work addressing individual differences in search 
patterns must now be done.

The concept of fractal time in animal behavior 
itself first appeared in the literature two decades 
ago, and while some authors were simply 
introducing a novel model of behavior to capture 
statistical properties in animal search, i.e. scale-free 
distributions in behavior sequences (Shimada et al. 
1993; Cole 1995; Shimada et al. 1995), others were 
using this approach to determine the effects of 
potential stressors on animal behavior (Motohashi 
et al. 1993; Escos et al. 1995; Alados et al. 1996; 
Alados & Weber 1999). It is these studies which set 
the stage for the discussion in the next section. But 
before moving on, it is important to first put these 
studies into the broader context of animal search. 
Like the movement ecology literature, studies of 
fractal time assume that there must be some optimal 
range of complexity within which behavior 
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sequences of normally-functioning individuals 
should fall, forming the basis for interpretation of 
deviations from this range. Rather than assessing 
this range using spatial data, these studies instead 
examine the sequential distributions of animal 
behavior across time, i.e. behavior time series, thus 
operating in the temporal rather than spatial 
domain. Such studies are critically dependent on 
the ability to clearly define and measure specific 
behaviors, as these form the basis of the time series 
upon which the analysis is performed. For 
movement trajectories, in contrast, there is often 
little or no consideration of what the animal is 
actually doing at each time step, though 
examination of intermittence has provided key 
insight into the importance of specific behaviors 
and behavioral modes in animal movement 
(Benichou et al. 2006; Bartumeus & Levin 2008; 
Bartumeus 2009; Benichou et al. 2011; Reynolds 
2011), as has the examination of scale-dependence 
in movement paths as shown above. 

But also like the movement ecology literature, 
studies of fractal time have contributed to our 
understanding of animal-environment interactions, 
supporting the general tenet of the LFF hypothesis 
that complex patterns are required to navigate less 
predictable environments. Taking an example from 
my own work, sequential distributions of behavior 
in Japanese macaques (Macaca fuscata yakui) 
showed a kind of behavior-environment complexity 
matching (MacIntosh et al. 2011). To elaborate on 
this, movement sequences were significantly more 
complex in arboreal contexts, which are much more 
discontinuous across all three dimensions than are 
terrestrial contexts across two. Conversely, foraging 
sequences were significantly more complex in 
terrestrial contexts, in which foraging problems (i.e. 
pursuit of cryptic food resources such as fallen 
seeds and insects) are clearly more difficult to solve 
than in arboreal contexts, in which the primary 
resources include visible and predictable resources 

such as fruits and leaves. That foraging on insect 
prey involved performance of significantly more 
complex sequences than did foraging on fruits and 
leaves further supports this hypothesis. 

Furthermore, studies on the foraging behavior of 
fruit flies (Drosophila melanogaster) (Shimada et 
al. 1995) and Japanese quail (Coturnix coturnix) 
(Kembro et al. 2009b), and on the vigilance 
behavior of domestic hens (Rutherford et al. 2003), 
all suggest that animals in novel environments or 
those otherwise motivated to explore their 
environments display increased complexity in their 
behavioral patterns. Analogously, the foraging 
trajectories of clownfish larvae (Amphiprion 
perideraion) (Coughlin et al. 1992) and foraging 
time series of Japanese macaques (MacIntosh et al. 
2011) both display smoothing as individuals age, 
becoming less complex over time. Results of the 
novel environment tests in Shimada et al. (1995) 
suggest that individuals can adapt to new conditions 
and alter their behavior accordingly to best exploit 
the resources therein. A similar process may 
underlie the observed age differences in complexity, 
but we might also speculate that immature animals 
are primed through natural selection to behave 
more erratically in search contexts if such behavior 
is indeed more effective in cases in which targets 
are not a priori known. It would be interesting to 
test the degree to which complexity is induced in 
adults relocated to novel environments, and 
whether this approximates levels of complexity 
seen in immature animals or whether behavior 
patterns smoothed with age and experience cannot 
or simply need not return to pre-maturation levels. 

Once again, these studies suggest the existence 
of optimal ranges of complexity which may be fine-
tuned through selection either alone or in 
combination with experience to the particulars of 
each organism’s typical environmental context. In 
the next section I address deviations from this 
optimal range, perturbations to the system that 
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result in behavior patterns that, in severe cases, can 
be diagnostic of some underlying pathological or at 
least physiologically challenging state.

4. Toward the Diagnostic Fractal

To begin with a slight digression, interesting 
examples abound illustrating the utility of fractal 
geometry as a diagnostic tool. For example, 
Physicist Richard Taylor discovered in the late 
1990’s that Jackson Pollock paintings could be 
described using fractal dimension statistics (Taylor 
et al. 1999). Remarkably, this work showed that the 
fractal dimensions of his works increased as the 
painter aged. Because of this, when a cache of 
alleged Pollock paintings was found in 2005, art 
authorities turned to Taylor to apply his fractal 
geometry to the new paintings so as to ‘diagnose’ 
them as authentic or not (Abbott 2006; Taylor et al. 
2007). Though there is debate about the 
applicability of this work (Jones-Smith & Mathur 
2006; Taylor et al. 2006; Jones-Smith et al. 2009), 
there does seem to exist a strong connection 
between art, aesthetics and fractal geometry, 
inclusive of human perception of what is beautiful 
(Spehar et al. 2003; Taylor et al. 2011). When 
tested, human subjects seem to prefer Pollock 
paintings with fractal dimension estimates in the 
range of ca. 1.5, though natural landscapes closer to 
dimension 1.3 were preferred in the same set of 
tests. 

The relationship between fractal geometry and 
aesthetics may yet have much tell us about human 
perception, but studies originating in human 
physiology and medicine may serve as better 
examples for our purposes here; it is from this work 
that stemmed the idea of ‘complexity loss’ in 
biological systems. As we have seen from the 
movement ecology example above, complexity 
seems to emerge as the result of an adaption to 
general diffusion problems, which need not be 

restricted to animal movement ecology. The 
mammalian lung provides a perfect example of an 
adaptive solution to a diffusion problem in finite 
space, and it perhaps comes as no surprise then that 
its architecture is best characterized using fractal 
statistics (Nelson et al. 1990; Shlesinger & West 
1991). Indeed, the same can be said of various 
physiological structures, including the heart, 
intestines and nervous system (West & Goldberger 
1987).

But complexity is also thought to be adaptive 
because it is error tolerant, i.e. able to cope with 
sudden changes and stresses arising from both 
intrinsic and extrinsic factors (West 1990). In this 
context, if we consider a complexity optimum 
falling somewhere along a spectrum from random 
to invariably cyclic, tendencies toward either pole 
may be indicative of a breakdown in optimal 
functionality (Goldberger et al. 2002a; Goldberger 
et al. 2002b). In a classic example of this, while it 
was once thought that regularity in the inter-beat 
intervals of a healthy heart were necessary to 
maintain homeostasis, fractal and other non-linear 
analyses have clearly shown this not to be the case; 
the inter-beat intervals of a healthy heart fluctuate 
more chaotically than do those of a diseased heart 
(West & Goldberger 1987; Goldberger et al. 1990; 
Peng et al. 1995). The results of such experiments 
appear so robust as to allow some researchers to 
suggest that fractal analysis can be used to diagnose 
underlying heart conditions. 

Similarly, the application of fractal analysis to 
human gait dynamics has also shown that healthy 
subjects display fractal-like patterns in their stride-
to-stride intervals (Hausdorff et al. 1995; Hausdorff 
et al. 1997; Hausdorff et al. 2001). In contrast to 
the heart rate example, however, irregularity in gait 
dynamics appears to increase with age and the 
advancement of neuromuscular disorder to the 
point of virtually unpredictable fluctuation 
(Hausdorff et al. 2001). Thus, it is important to note 
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that the fractal dimension of a biological system 
may increase or decrease with impairment, 
depending on the parameters of the system under 
investigation, but that altered complexity signatures 
are nonetheless indicative of compromised 
functionality. 

Further evidence of the existence of optimal 
complexity ranges can be found in dynamical 
properties of neural activity (Abasolo et al. 2008; 
Montez et al. 2009), lung architecture (Mishima et 
al. 1999; Boser et al. 2005) and even respiration, 
the latter of which can become more erratic in 
elderly men (Peng et al. 2002). Even outside of 
physiology, the growth of plants and trees, which 
bears striking resemblance to the branching patterns 
of the mammalian lung, also exhibits altered fractal 
geometry when subjected to stressful conditions 
(Alados et al. 1994; Escos et al. 1995; Alados et al. 
1999). Scaling up from individual plants, Kefi et al. 
(2007) demonstrated the vegetation patch structure 
in entire arid ecosystems is apparently fractal, and 
that the loss of such structure, for example under 
strong grazing pressure, is strongly predictive of 
imminent desertification. All of these studies have 
laid a solid foundation for investigating further the 
role of complexity and complexity loss in other 
biological systems such as, for instance, animal 
behavior.

4.1 Complexity Loss and Animal Behavior
As mentioned above, studies demonstrating 

complexity loss in animal behavior have invariably 
used temporal rather than spatial behavior 
sequences. This is likely to change in the near 
future, however, because (a) the use of fractal 
statistics are now commonplace in spatial ecology 
and (b) understanding how spatial distributions of 
various species are affected by, for example, 
climate change or more direct forms of 
anthropogenic disturbance is of paramount 
importance. Indeed, studies showing how livestock 

production systems can affect fractal characteristics 
of vegetation structure within an ecosystem have 
led to significant insights into ecosystem health and 
have allowed for improved predictive modeling of 
the effects of continued landscape abuse (Alados et 
al. 2002; Kefi et al. 2007; Alados & El Aich 2008). 
Such an approach could also be applied to animal 
movement behavior, e.g. in response to the 
construction of a road through important corridor 
habitat of species A or the selective logging of 
preferred feeding trees of species B. But in the 
absence of such studies, let us draw our attention to 
those that have examined the distribution of 
behaviors as they occur through time, and how it 
can change under stress.

First, it is worth explaining the rationale behind 
applying novel analytical tools such as fractal 
analysis to behavioral data in the context of 
diagnostics. Behavioral health monitoring programs 
are common in animal welfare contexts, largely 
because stressors tend to manifest in particular 
behavioral phenotypes (Cooper 1998; Dawkins 
1998; 2003; Weary et al. 2009). Clinical signs of 
health impairment, while obvious, tend to be rare 
and/or difficult to observe under natural conditions 
(Hart 1988; 1990; Huffman 1997; Krief et al. 
2005). In their absence, in situ behavioral measures 
are often too coarse to detect the various subtle 
changes that can present under mild or chronic 
stress (Rutherford et al. 2004). Fractal analyses, to 
the extent to which they have been applied in this 
context, can thus enhance our understanding of 
behavioural variation and how it relates to stress 
and disease (Rutherford et al. 2004; Asher et al. 
2009). Indeed, various studies have demonstrated 
cases in which fractal analyses were able to detect 
behavioural consequences of various stressors 
whereas traditional, frequency-based approaches 
were not (Motohashi et al. 1993; Alados et al. 
1996; Rutherford et al. 2004; Rutherford et al. 
2006; Kembro et al. 2009a; Kembro et al. 2009b). 
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Rutherford et al. (2004) therefore stress that fractal 
analysis can be a useful tool in behavioral 
assessments of animal welfare because of its ability 
to objectively measure qualitative differences in 
temporal sequences.

The first study to use fractal time in animal 
behavior as an indicator variable was probably that 
by Motohashi et al. (1993), who showed that rats 
exposed to Tetrachloroethylene, a common organic 
solvent of public health concern used in dry-
cleaning and degreasing, displayed significantly 
increased slopes of fluctuation in the power 
spectrum, deviating from the observed pre-
treatment optimal range which approximated 1/
f-noise, a model of optimality, almost perfectly 
over 24-hr cycles. There has since been some 
application of this approach in toxicological 
studies, including the demonstrations that: (1) lead 
exposure during critical developmental periods can 
have lasting impacts on the expression and 
complexity of mating rituals in adult male fathead 
minnows (Pimephales promelas) (Alados & Weber 
1999); (2) bioactive essential oils lead to increased 
complexity in mosquito larvae (Culex 
quinquefasciatus) locomotion patterns (Kembro et 
al. 2009a); and (3) complexity signatures  in 
zooplankton (Centropages hamatus) swimming 
behavior change in the presence of hydrocarbon 
contamination (Seuront & Leterme 2007). 

Another common context within which fractal 
time has been investigated is animal welfare 
(reviewed in Asher et al. 2009). As was mentioned 
above, behavior has long held an important place in 
animal welfare assessment, and studies have now 
seemingly added fractal analysis to the welfare 
assessment toolkit. In this context, perhaps the 
work by Kenneth Rutherford and colleagues has 
been the most extensive (Rutherford et al. 2003; 
2004; Rutherford et al. 2006). These studies 
showed that various livestock behaviors responded 
to stressors induced by typical housing and 

management conditions. For example, the 
organization of postural behaviors in pigs exposed 
to chronic social stressors,  repeated aggressive 
social interactions, was less complex and 
significantly more structured than that of controls 
(Rutherford et al. 2006). Conversely, hens subjected 
to an acute stress, exposure to a novel environment, 
exhibited increased complexity in the temporal 
dynamics of their vigilance behavior (Rutherford et 
al. 2003). Furthermore, three studies tested the 
effects of food limitation on behavior sequences of 
domestic fowl. In the first, chickens starved for 12 
hours before observation displayed reduced 
ambulatory complexity signatures when compared 
to controls (Maria et al. 2004). In the second, 
Japanese quail (Coturnix japonica) starved for 3 
hours before observation exhibited the opposite 
effect (Kembro et al. 2009b). These seemingly 
conflicting results can be explained, however, by a 
couple of  key differences between the studies, i.e. 
the lengths of food restriction (12 versus 3 hours) 
and the additional scattering of food across the 
ground to stimulate active foraging in the second 
study. A third study found no effect of food 
restriction on complexity of behavioral patterns in 
broiler chickens (Hocking et al. 2007). 

But investigation of the impacts that stressors 
can have on fractal time in animal behavior is most 
lacking in the area of wildlife health monitoring. To 
date there have been only a handful of studies that 
have used this approach with animals in natura 
(Alados et al. 1996; Alados & Huffman 2000; 
MacIntosh et al. 2011; Seuront & Cribb 2011; 
Cottin et al. 2014). Much of this work was inspired 
by the early work of Concepción Alados, whose 
many studies applying fractal tools in diagnostic 
ecology included the first example of complexity 
loss in wild animal behavior, in which pregnancy 
and external parasitism were correlated with 
complexity loss in foraging and vigilance behavior 
of Spanish ibex (Capra pyrenaica) (Escos et al. 
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1995; Alados et al. 1996). A second study showed 
that chimpanzee (Pan troglodytes schweinfurthii) 
social behavior became less complex and more 
structured through time in individual females 
presenting clinical signs of impaired health (Alados 
& Huffman 2000). Clinical health impairment, 
along with advanced reproductive state and, 
weakly, intestinal parasitism were also shown 
through my own work to correlate with features of 
complexity loss in Japanese macaques (MacIntosh 
et al. 2011). A pair of studies have also 
demonstrated complexity loss in marine predators 
exposed to certain stressors, i.e. Indo-Pacific 
bottlenose dolphins (Tursiops aduncus) exposed to 

boat traffic (Seuront & Cribb 2011) and Adélie 
penguins (Pygoscelis adeliae) exposed to increased 
concentrations of circulating glucocorticoids (Cottin 
et al. 2014). It is worth highlighting that the latter 
study was the first and currently only study to have 
experimentally manipulated a physiological 
parameter and then measured complexity signatures 
in a free-ranging animal. 

My own work with Japanese macaques on 
Yakushima (MacIntosh et al. 2011) perhaps 
provided the most comprehensive study of fractal 
time in animal behavior to date, not only addressing 
the impact of the aforementioned stressors on 
behavioral complexity but also the roles of various 

Figure 4: Detrended fluctuation analysis (DFA) of dive sequences collected from two little penguins (Eudyptula 
minor) using animal-attached time-depth recorders. (A, D) Binary sequences (z(i)) generated from the 
diving (black bars) and surface behaviour at 1 s intervals. (B, E) Integrated sequences (y(t)) generated by 
the accumulation of z(i). (C, F) Log-log plots of the average fluctuation F(n) on the y-axes as a function of 
scale (n) on the x-axes. The α -exponent is the slope of the regression line; the lower α -exponent reflects 
greater complexity. In this case, the sequence illustrated in D-F presents a more complex structure through 
time than that illustrated in A-C. This can easily be discerned by comparing the integrated time series in B 
and E, the latter presenting greater fluctuation throughout the sequence than the former. Note that only the 
points in black were used to fit the regression line, in accordance with the region of best scaling (MacIntosh 
et al. 2013), to avoid biases in calculation of the exponent caused by deviations at small (<10 s) and large 
(sequence length/10) scales. Data used in this figure were provided by Yan Ropert-Coudert, Akiko Kato 
and Andre Chiaradia.
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life history, demographic and environmental 
parameters, some of which were highlighted in 
Section 3.3. But even still, this study also 
exemplifies at least three of the major shortcomings 
of previous studies applying fractal analysis to 
animal behavior, namely; (1) relatively short 
behavioral sequence lengths; (2) insufficient 
evaluation of scaling behavior; and (3) reliance on 
a single method to estimate complexity, in this case 
detrended fluctuation analysis or DFA (Peng et al. 
1995) (see Fig. 4 for a description of the approach). 
The first is not always avoidable in studies of free-
ranging animals, but the second two can be 
addressed easily enough.

For my own part, I was later able to address each 
of these concerns using data collected via bio-
logging from little penguins (Eudyptula minor) 
foraging at sea in Australia (MacIntosh et al. 2013). 
This study addressed a number of key 
methodological concerns, showing for example that 
fractal scaling is indeed present in temporal 
sequences of animal behavior, though does not 
persist across the entire range of scales so one must 
be careful in interpreting scaling exponents 
generated from the entire set. We were also able to 
show that changing the sampling resolution does 
not always affect estimation of scaling exponents, 
contrary to what was demonstrated by Plank & 
Codling (2009) in their analyses of Lévy walks. It 
would be a great boon indeed if binary time series 
such as those used in our study are generally 
resilient to potential sampling biases, though this 
should be examined critically in future studies 
before jumping to any ill-fated conclusions. Finally, 
our study also employed 4 fractal estimators, all of 
which correlated very well with one another. 
Similar agreement across a different set of 
estimators was found in our study of Adélie 
penguins (Cottin et al. 2014), adding weight to our 
general conclusions about fractal scaling in penguin 
behavior.

In sum, these studies show that fractal analysis 
appears to be a rather useful tool for behavioral 
toxicology, biological conservation and animal 
welfare, but they also illustrate a flexibility to 
fractal time that is not captured by the animal 
movement ecology literature: almost any behavior, 
insofar as it produces a suitable time series, can be 
examined through the fractal lens. A brief scan of 
the above paragraphs reveals a number of 
possibilities beyond movement trajectories, 
including foraging, vigilance, diving, postural shifts 
and even social interactions such as grooming, play 
and mating displays. Undoubtedly this list is not 
exhaustive, and I for one look forward to seeing 
novel applications of this approach continue to 
appear in the future.

4.2 Complexity Loss Revisited: the Bigger Picture
The above section illustrates the apparent 

robustness of the fractal approach in a diagnostic 
sense, but it also makes it abundantly clear that 
complexity loss, while perhaps once thought to 
reflect a change in the complexity of behavioral 
organization in a single direction, i.e. toward more 
structured or stereotypical behavior, is a rather 
complicated matter. Though admittedly somewhat 
problematic in terms of making predictions and 
avoiding ad hoc explanations, we may now define 
‘complexity loss’ operationally as a change in 
either direction, i.e. toward lesser or greater 
roughness, along a spectrum of scaling exponents 
with random fluctuation at the center and greater 
structuring, either persistent or anti-persistent, at 
both ends (Fig. 5). The optimal complexity range, 
which we might think of as an attractor like those 
found in SOC, would first need to be identified in 
order to determine when and whether complexity 
loss has taken place. This might be done via 
comparisons of free-ranging individuals in various 
physiological conditions or exposed to various 
environmental stressors (Alados et al. 1996; Alados 
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& Huffman 2000; MacIntosh et al. 2011; Seuront 
& Cribb 2011) or through direct manipulation of 
the system to bring forth desired outcomes (Alados 
& Weber 1999; Rutherford et al. 2003; Maria et al. 
2004; Seuront et al. 2004b; Kembro et al. 2008; 
Kembro et al. 2009a; Seuront 2011; Cottin et al. 
2014). As always, the key challenges concern 
eliminating confounding factors and natural 
variability in the first case (observational) and 
assuming natural behavior as a starting point under 
unnatural conditions in the second (experimental). 
Perhaps a good compromise can be found in the 
field experimentation approach undertaken by 
Cottin et al. (2014), though this is not always 
desirable nor feasible.

Such comparative and correlational works can 
usefully discriminate between individuals, but a 
desirable outcome of all of this would certainly be 
the ability to use complexity signatures as 

standalone indicators of animal or environmental 
‘quality’, in every sense of the word (sensu Seuront 
& Leterme 2007). Studies in animal welfare would 
clearly benefit from this ability, particularly in the 
case of developing early-indicators of impending 
disease, as would domestic livestock production 
systems and test battery systems used in 
pharmacological studies. Conservation, 
management and environmental impact assessment 
programs could also all benefit from this approach 
if fractal behavior patterns could be used as such an 
indicator. Therefore, the potential applications of 
this approach are numerous and diverse, and clearly 
justify its continued investigation.

However, we have not yet established in the 
majority of cases which factors contribute to the 
emergence of and variation in observed complex 
fractal patterns in animal behavior. In studies of the 
dynamics of complex systems, and presumably 
those wanting to use the diagnostic capacity of 
complexity signatures as indicators, a central 
question concerns how the patterns observed are 
controlled through endogenous behavior-initiating 
mechanisms (Maye et al. 2007). From this 
perspective, external factors that cause further 
fluctuations in these systems, such as the effect of 
breathing (Perakakis et al. 2009) or activity level 
(Billat et al. 2009) on fractal patterns of heart-rate 
variability, or hydrodynamic disturbances on 
aquatic microorganism movements (Seuront et al. 
2004c) for that matter, are considered ‘noise’ and 
need to be controlled for. So to determine the 
importance of intrinsic factors responsible for 
mediating complex patterns in animal behavior, 
such noise or in this case environmental variability, 
must also be accounted for. Simply put, if such 
patterns arise as a result of animal-environment 
interactions centered around biological encounters 
in which the types, locations and accessibilities of 
sought resources are all salient features, this will 
always raise the question of whether changes in 

Figure 5: Schematic showing hypothetical  optimal 
complexity range within which we expect to find 
scaling exponents describing sequences of animal 
behavior. Deviations from this optimal scaling 
range may indicate underlying pathological 
conditions. The x-axis illustrates the Hurst 
estimator, a typical scaling exponent metric used 
to indicate fractal dimension. Note that this is a 
hypothetical scenario only, and optimal scaling 
ranges may occur at any point along this spectrum 
including, perhaps in some cases, white noise. 
See Section 4.1 for further explanation.
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fractal behavior patterns occur because of some 
internal condition related to stress or disease or 
simply that the type of resource sought has changed 
and therefore the search protocols have also 
changed. Either case is interesting, but suggestive 
of very different mechanisms at play. As a result, 
current interpretation remains complicated and 
further work addressing these issues is now 
necessary.

5. Conclusion

I have attempted to show how studies of 
complexity, specifically fractality, in animal 
behavior can lead to novel conclusions about 
ecological patterns and processes. Moreover, by 
thinking about and investigating behavior in this 
way, we are approaching it at a more fundamental 
level than, say, when we extract time budgets from 
blocks of observation. At least in theory fractal 
properties are scale-invariant, meaning that we can 
get a real sense of how animals behave across 
multiple spatial and temporal scales, though as we 
have seen even the scale-dependence in fractal 
dimension estimation is an extremely useful feature 
of this approach. While I do not wish to diminish 
the utility of classical measures of behavior, 
frequency-based approaches tend to convey 
secondary rather than fundamental information that 
is highly scale-dependent, i.e. the length of 
observation is a critical feature, and we are typically 
restricted to quantifying behavior (asking questions 
of how much?) rather than truly qualifying behavior 
(asking questions of how?). And, until now, it has 
been rather difficult to find objective measures of 
behavioral qualities.

There are also numerous extensions of the ideas 
presented in these pages, other contexts in which 
complexity in behavior is thought to be adaptive. 
For example, an idea proposed decades ago was 
that of proteanism in animal behavior. Humphries 

& Driver (1970) first used this term, which refers to 
unpredictable or highly variable patterns of 
behavior, to describe defense strategies in prey 
animals when encountering a predator, e.g. in 
evasive movements, color changes or variation in 
the fight or flight response. These authors argued 
that proteanism conferred a selective advantage to 
prey individuals, insofar as the presentation of 
unfamiliar escape patterns to predators allows them 
to avoid being eaten. Following this idea, Geoffrey 
Miller’s ‘Protean Primates’ (Miller 1997) 
hypothesis posits that being random or otherwise 
unpredictable in social contexts might be an 
adaptive strategy associated with successful 
maintenance of high rank; by keeping opponents 
off balance the protean primate will always be at a 
social advantage over those whose behavior can be 
readily predicted, and thus exploited. In a recent 
study, Martin et al. (2014) showed via computer 
touch panel tasks that chimpanzees exhibit virtually 
unpredictable choice patterns across trials in 
competitive social interactions, very closely 
approximating Nash equilibrium across a variety of 
pay-off structures and thus performing in an even 
more game-theoretic manner than humans. The 
robust theoretical framework presented in this essay 
provides a context within which these and other 
phenomena can be further examined and 
interpreted.

Still other avenues in which complexity in 
behavioral organization has recently become 
paramount in primate studies include social 
networks (Brent et al. 2011; Sueur et al. 2011b) and 
collective phenomena (King & Sueur 2011). The 
rising interest in social networks, for example, has 
been fueled by the realization that analysis of the 
complex interaction patterns within primate and 
other animal societies, many of which are non-
linear, allow for deeper understanding of various 
social processes, including but not limited to 
instabilities in social groups (McCowan et al. 2008; 
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Beisner et al. 2011), transmission of infectious 
disease agents (Griffin & Nunn 2011; MacIntosh et 
al. 2012; Rushmore et al. 2013) and of course the 
role of social structure in information transfer and 
collective decision-making (Sueur & Petit 2008; 
King et al. 2011). And, it has been suggested that 
not only do scale-free properties in nonhuman 
primate societies exist (Hill et al. 2008), they may 
confer clear advantages in the speed and accuracy 
with which collective decisions are reached (Sueur 
et al. 2013). 

Moving forward, then, studies in behavioral 
ecology will only become increasingly quantitative 
and complex (Seuront 2010; Bradbury & 
Vehrencamp 2014). However, this means that we 
will increasingly be able to identify both finer- and 
broader-scale phenomena in animal behavior and 
its relation to various ecological processes. 
Behavior is part of an adaptive, complex system 
designed to facilitate, mediate and mitigate 
biological encounters. Complexity science has 
since its inception been interested in identifying 
universal properties in just such systems, and is 
therefore poised to take us that much further on our 
way to a deeper understanding of the math behind 
the monkey. 
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（要約）

Andrew J. J. MacIntosh　
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Drawing upon a large body of literature comprising various applications of fractal theory and complexity 
science in ecology and evolution, I illustrate that animal behavior can be characterized usefully by its 
fundamentally fractal nature in both time and space. I begin with an introduction to fractal geometry and then 
provide examples of how and why its analysis has been employed in biological/ecological studies. I examine the 
three main approaches used to model animal behavior through the fractal lens, and show how (i) the Lévy flight 
foraging hypothesis, (ii) spatial fractal dimension estimates and (iii) fractal time have each complemented more 
traditional investigations of animal behavior and provided unique insights into ecological processes. I then focus 
on illustrating how fractal analysis can be used as a sensitive indicator of behavioral or environmental ‘quality’. I 
argue that complex behavior sequences both result from and are necessary to cope with environmental 
heterogeneity. This body of work supports the hypotheses that complexity is biologically adaptive and that 
complexity loss, i.e. greater periodicity or stereotypy, is not only indicative of altered or impaired condition but 
may in addition carry with it significant fitness consequences. Throughout this essay, I attempt to emphasize that 
by extending beyond our traditional disciplinary boundaries, behavioral ecologists stand to gain unprecedented 
insight into complex phenomena in the lives and activities of organisms all around us. It is my sincere hope that 
the ideas presented herein encourage future interdisciplinary research into the role of complexity in behavioral 
organization, and what that might mean for ecological processes.
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