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ABSTRACT

Fractals have been applied to describe the complexity of behavioral displays in a
range of organisms. Recent work suggests that they may represent a promising tool
in the quantification of subtle behavioral responses in marine mammals under
chronic exposure to disturbance. This paper aims at introducing the still seldom
used fractals to the broader community of marine mammal scientists. We first
briefly rehearse some of the fundamental principles behind fractal theory and review
the previous uses of fractals in marine mammal science. We subsequently introduce
two methods that may be used to assess the complexity of marine mammal diving
patterns, and we apply them to the temporal dynamics of the diving patterns of
killer whales in the presence and absence of sea kayaks, the sequential behavior of
harbor and gray seals in environments with distinct levels of anthropogenic influ-
ence, and southern right whales with and without calves. We discuss the ecological
relevance of identifying fractal properties in marine mammal behavior, and the
potential strength of the fractal behavioral parameters in comparison to more stan-
dard behavioral metrics. We finally briefly address the relevance fractal methods may
have for the design and implementation of management and conservation strategies.

Key words: behavior, stress, disturbance, fractals, conservation and management
strategies.

The potential impact anthropogenic activities—including those related to
research and whale watching—may have on marine mammals is an area of ever
growing interest, (e.g., Stamation ¢ #/. 2010, Ellison ¢ a/. 2012). These activities
are a potential source of both acute and chronic stress, in both offshore and
inshore waters (e.g., Balmer er @/. 2013, Rossman ¢t al. 2013, Bas et al. 2015,
Monnahan er a/. 2015). More specifically, coastal ecosystems are impacted by a
multitude of anthropogenic disturbances, including commercial shipping and the
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subsequent noise (Hildebrand 2009), pollution (Thompson e /. 2004, 2009),
habitat alteration (Waycott e /. 2009), deployment of coastal defense structures
(Airoldi er al. 2005), overfishing (Greer et /. 2014), and climate disruption
(Firth and Hawkins 2011, Glavovic and Smith 2014). All these disturbances
have critical implications in terms of conservation of marine mammals (see
Wartzok et al. 2003, Trathan et «/. 2014) because even short-term behavioral
responses to disturbance could have long-term consequences at both the individ-
ual and population levels (Bejder er @/. 2006, Lusseau and Bejder 2007). Besides,
these disturbances have widely been shown to impact a range of marine mammal
species (Lessage e al. 1999; Williams er a/. 20024, b, 2006; Scheidat ez «/. 2004;
Patenaude er «/. 2006; Hodgson and Marsh 2007; Brandt ez #/. 2011; Andersen
et al. 2012; Thompson et a/. 2013; Isojunno and Miller 2015; Mathews et a/.
2016). These issues are particularly relevant for marine mammals inhabiting
urbanized coastal areas that have increasingly been exposed to a variety of poten-
tial human disturbances (Kelly ez /. 2004), including the increase in the occur-
rence of recreational motorized vessels (Buckstaff 2006), recreational fishing
(Powell and Wells 2010), dolphin watching (Mustika er /. 2015) and swim-
with-dolphin tourism (Peters er @/. 2013) over the last two decades (McCarty
2004, O’Connor et al. 2009).

The increase and diversification of anthropogenic activities have raised concerns
about both the effects of anthropogenic noise and the physical presence of boats,
as well as their speed and type. For instance, slow-moving or immobile vessels
do not cause immediate stress on the dolphin community, while fast moving
boats disrupt behavior and social life (Lusseau 2005, Matson e /. 2005, Lemon
et al. 2006) and may elicit escape behaviors (La Manna ez «/. 2013). Dolphins
have been reported to chase fishing vessels (Parsons 1998, Jefferson 2000), flee
from motorboats (La Manna er /. 2013), and change their acoustic behavior to
compensate for the masking noise in the presence of trawlers (La Manna ez /.
2013). The responses of dolphins to boats and related noise are, however, not
straightforward as it is hard to disentangle the combined effects of noise and the
physical presence of boats (Pirotta et #/. 2013). For instance, boat noise can mask
acoustic cues (Clark er /. 2009), affect the behavior of both the dolphins (Pir-
otta et /. 2013) and their prey (Popper e /. 2003), and cause stress (Wright
et al. 2007). In turn, the physical presence of boats may disrupt activity pat-
terns, particularly when boats seek direct interactions (e.g., dolphin watching and
swim-with-dolphin). In such instances, dolphins essentially respond through
avoidance and other anti-predatory strategies such as increase in swimming
speed, decrease in resting behavior, decreased interanimal distance, increased
breathing synchrony, and longer dive durations (e.g., Nowacek ¢ /. 2001; Lus-
seau 2003z, b; Constantine et a/. 2004; Lemon et a/. 2006, Williams ez al.
2006). Note, however, that the presence of boats and their movement pattern
may also affect dolphins, irrespective of the noise that they produce, as suggested
by kayaks having significant impacts on both bottlenose dolphin Tursiops trunca-
tus and killer whale Orcinus orca activity (Lusseau 2006, Williams ez «/. 2011).
Besides, the observed responses depend on quality of a foraging patch, social
context, condition of an individual and its previous encounters with specific
stressors (Lemon et @/. 2006; Lusseau 200354, 2004; Sini et /. 2005). Individuals
might hence decide to tolerate disturbance rather than flee from exposed areas
(Bejder et al. 2009); this is likely to be the case where dolphins are known resi-
dents. Under this type of chronic exposure to disturbance, it has been suggested
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that dolphins may exhibit changes in activity budgets (Gill ez #/. 2001; Bejder
et al. 2009). This is consistent with a recent study (Seuront and Cribb 2011)
based on the analysis of more than 6,000 dive durations of the Indo-Pacific bot-
tlenose dolphin, Tursiops aduncus, recorded when they were traveling—sensz Con-
stantine e /. (2004), i.e.,, moving in a persistent, directional way—in a highly
urbanized coastal environment, the Port Adelaide River-Barker Inlet Estuary
(South Australia). That study showed that dive duration was not significantly
affected by either boat presence or boat type. In contrast, the complexity (as
estimated using a fractal approach) of the temporal dynamics of dive duration
obtained in the absence of boat traffic and under different conditions of boat
interferences was affected by boat presence and boat type (Seuront and Cribb
2011). These results—in agreement with behavioral observations conducted on
organisms ranging from minute invertebrates to large vertebrates, including
humans (Coughlin ez /. 1992; Motohashi er @/. 1993; Rutherford er /. 2003,
2004; Sturmberg and West 2013; Maclntosh 2014; Seuront 2015)—suggest that
standard behavioral metrics (e.g., the mean duration of a given behavior, or the
time allocated to different behavioral sequences), and the related statistical infer-
ences of mean duration or frequency may not be sensitive enough to detect sub-
tle behavioral changes, and that the behavioral changes induced by a chronic
exposure of dolphins inhabiting anthropogenically impacted coastal areas to vari-
ous boat disturbances may be much more difficult to detect than those related
to the acute source of stress reported above.

Chronic exposure to even low levels of stress has implications for energy balance,
physiological conditions and vital rates (New ez «/. 2013), and is likely to induce
long-term consequences at the population level (Lusseau 2004, Bejder ez a/. 2006).
This is a critical issue for dolphin welfare, as well as the related development and
implementation of effective mitigation and management strategies. Indeed, the
habituation to boat traffic reported for bottlenose dolphins (Sini ¢z /. 2005) did not
imply the absence of stress, which may simply be undetectable using standard behav-
ioral metrics, hence may be thought a pernicious threat (Seuront and Cribb 2011,
Cribb and Seuront 2016). The assessment of the potential impacts of boat traffic,
hence the identification of potential long-term ramifications, requires an objective
quantitative assessment of the behavioral complexity as well as the related context-
dependent changes in behavioral complexity of dolphins inhabiting anthropogeni-
cally impacted coastal areas. However, to our knowledge, behavioral studies in marine
mammal ecology still heavily rely on standard behavioral metrics, e.g., the mean dura-
tion of a given behavior and the time allocated to different behavioral sequences. This
is particularly problematic as those metrics are much less sensitive to changes in
behavioral complexity than fractal-based metrics (e.g., Coughlin ez 2/. 1992; Moto-
hashi et a/. 1993; Rutherford et «/. 2003, 2004; Seuront and Cribb 2011; Seuront
2015; Cribb and Seuront 2016).

In this context, the objectives of this paper are (1) to briefly rehearse some of the
fundamental principles behind fractal theory, (2) to review the still seldom uses of
fractals in marine mammal science, (3) to introduce two methods that may be conve-
niently used to assess both the complexity of marine mammal diving patterns and
context-dependent changes in behavioral complexity, and (4) illustrate them on origi-
nal data sets related to a range of marine mammals with distinct behavioral strategies,
i.e., the harbor and gray seals (Phoca vitulina and Halichoerus grypus), the southern right
whale, Enbalaena glacialis, and the killer whale.
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FRACTALS IN MARINE MAMMAL SCIENCE
What are Fractals?

A fractal is “a rough or fragmented geometric shape that can be split into parts,
each of which is (at least approximately) a reduced-size copy of the whole” (Mandel-
brot 1977). This property is called scale invariance, and means that the observed struc-
ture remains unchanged under magnification or contraction. This scale invariance can
be observed in two distinct, though conceptually similar, forms referred to as self-
similarity and self-affinity.

Self-similarity has originally been illustrated using theoretical objects that were
first described in the late 19th and early 20th centuries such as the Cantor set, the
Koch snowflake, the Sierpinski carpet and gasket, and the box-fractal (Fig. 1), and
sometimes coined “mathematical monsters” (Gordon 2000, Edgar 2004). The funda-
mental common feature of all these objects—beyond the fact that each smaller por-
tion is a reduced version of the whole—lies in the fact that they are all created using
simple iterative processes. Note that these iterative processes also lead to more realis-
tic constructions, such as the fractal tree shown in Figure 2A. There is, however, a
fundamental difference between the iterative processes leading to nonfractal and frac-
tal objects. Specifically, nonfractal forms such as points, lines, surfaces, and volumes
can be described by Euclidean dimensions of 0, 1, 2, and 3. In practice this means
that if one reduces a line, a square, and a cube by a factor £, the number of pieces N
needed to reproduce the original is linked to the dimension & as 4 = log N/log £. This
relation holds true’ whatever the value of 4. In contrast, the dimension of fractal
objects is fundamentally dependent of the reduction factor £ applied between two
successive steps of the iteration process. For instance, at each step of the construction
of the Cantor set (Fig. la) and the Koch snowflake described (Fig. 1b), there are
respectively two and four elements that are three times smaller than the original one.
The fractal dimension D is subsequently defined as D = log 2/log 3 = 0.631 and D =
log 4/log 3 = 1.2618, respectively.

More generally, many natural phenomena have a nested irregularity and may look
similarly complex under different resolutions. For instance, the complexity of
coastlines will repeatedly become evident if a section of a coastline is studied in finer
and finer detail, ultimately until the outlines of individual boulders, rocks, and grains
of silt and sand are being traced. A fundamental consequence of this nested structure
is that the length of a coastline, or the surface of any two-dimensional fractal struc-
ture, does not converge to a fixed value, but keeps increasing, theoretically without
any upper limit. As early formalized in the seminal paper titled How long is the coast of
Britain? Statistical self-similarity and fractional dimensions (Mandelbrot 1967), coastli-
nes do not have a length; instead, they have fractal extents, and common statements
such as “the length of coastline of Great Britain plus its principal islands is about
19,491 miles” (Ordnance Survey 2016) are fundamentally flawed (Seuront 2015).
The relationship between the length Ls of a complex line and the observation scale 0
can be generally written as

*Applying reduction factors of 2 and 3 to a cube respectively leads to 8 and 27 cubes 2 and 3 times
smaller than the original one, but a constant dimension 4, that is & = 3; specifically 4 = log 8/log 2 = 3
and & = log 27/log 3 = 3 in the former and later cases.
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Figure 1. Four theoretical fractal objects illustrated the concept of self-similarity. The com-
mon feature of all these objects is that they are generated using simple iterative processes. The
Cantor set (A) is created by simply removing the middle third of each line recursively; hence
from one step of the construction to the next the iterative process leads to two elements three
times smaller than the original one, hence the fractal dimension is defined as D = log 2/log 3
= 0.631. The construction of the Koch snowflake (B) necessitates to replace each side of an
equilateral triangle by four line segments three times smaller with the middle one forming a
baseless equilateral triangle, leading the fractal dimension D = log 4/log 3 = 1.2618. The Sier-
pinski gasket (C) and carpet (D) may seem more complicated, but are constructed following a
similar principle. An equilateral triangle and a square are divided into four equilateral trian-
gles and nine squares that are respectively two- and three-times smaller than the original one.
The center triangle and square are subsequently removed, and the iterative procedure can be
repeated ad infinitum. The related fractal dimensions are D = log 3/log 2 = 1.585 and D = log
8/log 3 = 1.893 for the Sierpinski gasket and carpet, respectively.

Ls = C5(17D>7 (1)

where C is a constant and D the fractal dimension. For example, the coastline of the
United Kingdom has a fractal dimension of 1.27 (Mandelbrot 1967), and a typical
cloud outline has a fractal dimension D = 1.35 (Lesmoir-Gordon ez /. 2000).



6 MARINE MAMMAL SCIENCE, VOL. *#, NO. *%*, 2017

n=3 n=4
Time 0.17 ‘N
n=2
Time 0.01¢
-1
—
L., ~
I
-
n=1

Figure 2. (A) Illustration of the first five successive steps of the iterative process leading to a
self-similar fractal tree. At each step i of the process, each terminal branch of the tree is
replaced by a rescaled version of the original tree. Specifically, here the scale ratio between two
successive steps is 1/3, ie., between any two steps of the iterative process, each branch is
replaced by a copy of the whole tree three times smaller than the original one. (B) Illustration
of the concept of self-affinity based on simulated temporal fluctuations of a given quantity.
This kind of fractality is not geometrical, but statistical in nature. The successive magnifica-
tions of the original curve (from top to bottom) lead to two statistically identical reproductions
magnified by factors 10 and 100.

Self-affinity characterizes an object that may be written as a union of rescaled copies
of itself, where the rescaling is anisotropic, that is dependent on the direction. A typi-
cal example of self-affinity is given by the temporal fluctuations of a given quantity
(Fig. 2B); it looks rough, like the boundary of a fractal object, but with the two axes
corresponding to physical quantities that are fundamentally different. This type of
fractality is not geometrical, but statistical in nature. Specifically, the fluctuations vis-
ible in Figure 2A are fractal as the statistics of the entire time series is repeated in
every interval of the time series. Consider the red section of the top curve in Fig-
ure 2B and its magnified version in the center curve. These two curves look very sim-
ilar, and the same can be said from the center curve and the one in the lower panel.
When the magnified regions of a time series reproduce the statistics of the original
time series, the statistics are fractal. Note that the visual similarity is not
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representative of the zoomed in portions being exact copies of the original, but in
having similar statistical properties. The fractal nature of the distribution manifests
itself as a scaling property in the statistical moments and probability density as dis-
cussed below.

Generally put, the fractal dimension of any pattern or process measures the degree
to which it fills the available space, e.g., see Mandelbrot (1967, 1977, 1983). Fractals
dimensions—whether they are considered in a self-similar or self-affine context—
have also more generally been used as a measure of the complexity of natural patterns
and processes observed in research fields ranging from landscape ecology to physiol-
ogy, health, and behavior (e.g., Alados ez /. 1996; Alados and Huffman 2000; Com-
mito and Rusignuolo 2000; Maria ¢ «/. 2004; Rutherford ez al. 2006; West et al.
2008; Matias et a/. 2010; West 2010; Seuront 2010, 2015; Meager ¢t /. 2011,
MacIntosh et /. 2011, 2013; Sturmberg and West 2013; Maclntosh 2014). From
the aforementioned statements, it implicitly comes that the higher the fractal dimen-
sion, the higher the complexity. The geometry of a line (D = 1) is hence the simplest
instance of an object embedded in a two-dimensional space, and the complexity of
any broken line increases as D — 2. Note that the term “complexity” is here specifi-
cally used to describe the level of fractal structure perceptible in a behavioral pattern.
It does not provide, however, any information about the complexity of the underlying
processes. For instance, the Sierpinski carpet and gasket have different fractal dimen-
sions, hence different fractal complexity, but the generating mechanisms have argu-
ably the same level of complexity.

Fractals in Marine Mammal Science

The Web of Science (accessed 12 December 2016) returned 25,563 and 60,300
articles, respectively containing the word fractal in their title and topic between
1967° and 2016. Fractals are hence a prolific topic, and have found applications in
nearly all scientific areas, including terrestrial and aquatic ecology (Falconer 1985,
1993; Frontier 1987; Feder 1988; Hasting and Sugihara 1993; Kenkel and Walker
1993; Seuront 2010; Barnsley 2014). Fractals have been successfully applied to a wide
range of marine biology and ecology topics, including species diversity, the topo-
graphic complexity of coral reefs and rocky shores, the morphology of aquatic fauna
and flora, the geometric complexity and allometric properties of marine snow, the
temporal pattern of dissolved inorganic nutrients, phytoplankton and zooplankton,
the spatial distribution of intertidal and pelagic communities, and the behavior of
organisms ranging from microbes to large vertebrates (Seuront 2010, 2015; Viswa-
nathan ¢ @/. 2011; Maclntosh 2014). In contrast, the concept of fractals and the
related tools have still barely been used in marine mammal science. For instance, the
Web of Science (accessed 25 April 2016) returned two and seven papers that include
the words fractal and whale, respectively in their title and topic, and one and three
papers that include the words fractal and dolphin, respectively in their title and topic
between 1967 and 2016. Fractal approaches have nevertheless been used to assess dif-
ferent aspects of the biology and ecology of a range of marine mammals, including
polar bears, Ursus maritimus (Ferguson et al. 1998, Andersen ez a/. 2008, Wang ¢t al.
2012, Yang and Baleanu 2013), whales (Mouillot and Viale 2001, Havsteen 2002,

*When Mandelbrot, the father of fractals, defined in his seminal work, entitled How long is the coast of
Britain? Statistical self-similarity and fractional dimensions (Mandelbrot 1967), what will formally be coined
[ractal geometry a decade later (Mandelbrot 1977, 1983).
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Laidre ez /. 2004, Santhaseelan and Asari 2013), dolphins (Hill ez «/. 2008, Seuront
and Cribb 2011) and seals (Austin ez «/. 2004).

Fractals have been used through Equation (1) to assess movement complexity and
space use in polar bear (Ferguson ez «/. 1998, Andersen ez 2/. 2008), fin whale, Balae-
noptera physalus (Mouillot and Viale 2001) and narwhal, Monodon monoceros (Laidre
et al. 2004). Specifically, Ferguson er 2/. (1998) and Andersen er «/. (2008) found
fractal dimensions ranging from 1.20 to 1.96 in movement patterns of polar bears.
The movement patterns of polar bears ranging in the Canadian Arctic were character-
ized by fractal dimensions ranging between 1.29 and 1.96 (Ferguson er /. 1998).
These dimensions were significantly correlated with the fractal dimension of sea ice,
suggesting a possible mechanism linking geography and population dynamics.
Specifically, polar bears ranging within regions consisting mostly of sea ice showed
less irregular and less tortuous patterns (low fractal dimension), while bears moving
in areas characterized by greater irregularity in the spatial structure of sea ice
responded with a greater irregularity in their movement patterns. The fractal dimen-
sions of the movement pathways of two Svalbard polar bears were D = 1.20 and 1.31
(Andersen ¢t al. 2008). The related relatively low tortuosity of movements was
explained by the tendency of the movement to be long range and directional as Sval-
bard polar bears tend to make north—south directed migrations during the year, fol-
lowing the sea ice. Wang ¢t @/. (2012) and Yang and Baleanu (2013) also used
fractal-based methods to characterize heat conduction in polar bear hairs.

The trajectory of a single B. physalus tracked in the Mediterranean Sea was charac-
terized by a low fractal dimension (D = 1.03); this nearly linear behavior was sug-
gested to be a response to the aggregated distribution of their zooplankton prey
(Mouillot and Viale 2001). Laidre ez «/. (2004) went further through the analysis of
the trajectories of 20 narwhals obtained from satellite tracking in the eastern Cana-
dian high Arctic and West Greenland and subsequently divided into three seasons
(summer, fall, and winter). These authors found fractal dimension that significantly
differ between seasons. Fractal dimensions were the highest during the summer (D =
1.61 =% 0.04) and winter (D = 1.69 £ 0.06) when narwhals made convoluted move-
ments that suggest searching efforts in localized areas. In contrast, fractal dimensions
were the lowest during fall (D = 1.34 4 0.03) when whales were migrating south
ahead of the forming sea ice, suggesting they do not intensively forage on patchy
resources until they arrive at summer or winter sites. Noticeably, no significant
effects related to size category or sex was found on fractal dimension by season, while
significant differences between the fractal dimensions on two separate wintering
grounds in Baffin Bay indicate differential movement patterns in response to the
dynamics of sea ice. Havsteen (2002) used fractal methods to show that gas transport
through sperm whale (Physeter macrocephalus) myoglobin significantly diverge from,
hence is much more efficient then, simple linear diffusion.

Austin er a/. (2004) used an alternative approach to assess the movements of 52
gray seals off Sable Island, Canada. These authors investigated if gray seal movements
followed a Lévy flight. A Lévy flight is stricto sensu a random walk for which each
movement direction and step are respectively independently drawn from a uniform
distribution and a probability distribution that has a heavy power law tail (ben-Avra-
ham and Havlin 2000); a power law tail meaning that very large steps occur more fre-
quently than in the case of a Normal distribution. The resulting pattern is of clusters
of short steps that are connected by rare long steps, in contrast to the classical Brown-
ian motion (Fig. 3). The signature of a Lévy flight is when the probability distribu-
tion of move lengths / fits a Lévy distribution described as P(/) = 2/ ™", where z is a
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Figure 3. Two-dimensional simulations of a Lévy flight (black line) and a Brownian ran-
dom walk (gray line) of identical total length of 1,000 units. Note the efficiency of the Lévy
flight to explore the available space through rare long steps joining clusters of short steps,
when a Brownian walker returns many times to the same location, resulting in a less efficient
search strategy.

constant and p (1 < pu < 3) is a characteristic exponent; see Reynolds and Rhodes
(2009), Viswanathan et 2/. (2011), and Méndez et a/. (2014) for reviews. Only 8 of
the 52 seals had frequency distributions of movement lengths that fit the power law
distribution described above; this led the authors to state that food patches used by
most seals are not randomly distributed. Note that the results of this study have been
recently invalidated on the ground of the inaccuracy and problematic methods used
to estimate {t (Edwards 2011). The Lévy flight approach has, nevertheless, been
increasingly popular (Sims ez #/. 2008, 2012, 2014; Humphries ez «/. 2010, 2012;
Viswanathan ¢z /. 2011; Reynolds 20154, b)—probably motivated by the Lévy flight
foraging hypothesis, which under certain conditions predicts that predators should
adopt Lévy search strategies for locating sparsely and randomly distributed prey and
Brownian movement where prey is abundant and probably more predictable (Viswa-
nathan er a/. 1999)—though highly controversial; see e.g., Reynolds and Rhodes
(2009), Pyke (2015) and Reynolds (20154, b) for comprehensive reviews and critical
assessments.

Fractals have also been used to describe (1) the relationship between size, function,
metabolism, and life expectancy for animals that vary in size from mouse to blue
whale, Balaenoptera musculus (Kuikka 2003), (2) the universal relation for the PR
interval (i.e., the time taken by an electrical impulse generated in the sinoatrial node
to propagate from atria to ventricles) of the electrocardiogram of mammals (Noujaim
et al. 2004, Mazgalev 2005), and (3) the relationship between the complexity of hier-
archical mammalian society including in the killer whale (Hill ez 2/. 2008). More
recently, fractals were used as a tool to assess the stress induced in the Indo-Pacific
bottlenose dolphin by boat presence and type from the fractal properties of breathing
rhythms (Seuront and Cribb 2011) and as a shape analysis tool to detect whale blows
from their infrared signature (Santhaseelan ez 2/. 2013).
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Fractals as a Stress Assessment Tool

The behavior of a variety of organisms ranging from insects to mammals (in-
cluding humans) has been shown to be inherently very complex, and there are no
simple @ priori models to explain spatial patterns and/or temporal structure. This
complexity is generally considered as biologically advantageous. For instance, the
complex, folded surface area available for absorption in the intestine and the rami-
fication of blood vessels, bile ducts, and bronchiae lead to a higher efficiency in
the transport of food and oxygen in humans, the complexity of neuronal connec-
tions control the capabilities and synaptic efficiency with which signals are trans-
mitted and processed, and recurvation in bone sutures imparts structural strength
(West er al. 2008, West 2010, Sturmberg and West 2013). This complexity is
also believed to be biologically adaptive as it avoids restricting the functional
response of an organism to highly periodic behavior and it is error tolerant, allow-
ing organisms to cope with both intrinsic and extrinsic stressors (Goldberger ez /.
1990, 2000). Specifically, fractal analysis has been introduced in the study of
human physiology to distinguish between systems operating in normal zs. patho-
logical states (Goldberger and West 1987, Goldberger er a/. 1990); see also
Sturmber and West (2013) for a recent review of the applications of fractals in
physiology and medicine. The complexity (hence the fractal dimension) of a range
of biological systems decreases under stressful conditions. For instance, the time
series of heartbeat intervals in healthy subjects have more complex fluctuations
than patients with severe cardiac disease (Peng ez @/. 1995, Ivanov et al. 1999,
Mishima e 2/. 1999). Similarly, the geometry of the lung terminal airspace
branching architecture is more complex in normal subjects than in patients with
chronic obstructive pulmonary disease (Mishima ez /. 1999). In contrast, the
complexity of human gait dynamics, though displaying fractal-like patterns in
their stride-to-stride intervals (Hausdorff ez 2/. 1995, 1997), has been shown to
increase with age and the advancement of neuromuscular disorder to the point of
virtually unpredictable fluctuation (Hausdorff ez #/. 2001).

This issue is also particularly relevant in welfare assessment, and the design of con-
servation and management strategies as most behavioral measures, e.g., diving dura-
tion, distance traveled, turning rate, are not sensitive enough to detect subtle changes
associated with mild or acute stress (Rutherford ez /. 2004; Asher et /. 2009; Seu-
ront 2010, 2011; see also Seuront 2015) for a review and a discussion on this topic.
Specifically, stressed (e.g., diseased, infested with parasites, under the influence of
unnatural conditions such as anthropogenic contamination of their habitats) animals
typically reduce the complexity of their behavioral displays (Alados ez /. 1996; Ala-
dos and Huffman 2000; Maria ez /. 2004; Maclntosh ez /. 2011, 2013) though a
few exceptions exist, i.e., no change in complexity (Hocking ez /. 2007) and increase
in complexity of behavioral patterns (Rutherford er #/. 2003; Kembro er /. 20094,
b). Fractal analysis has hence been extensively used as a noninvasive assessment of the
general health of wild and captive animals (Asher ez 2/. 2009), including marine
mammals, 7.e., the Indo-Pacific bottlenose dolphin (Seuront and Cribb 2011, Cribb
and Seuront 2016). Note, however, that caution should be taken when it comes to
interpreting a change in the fractal property of the behavioral display of a given
organisms as different fractal dimensions could occur simply because of changes in
the type of behavior, foraging »s. migration; e.g., see the work of Laidre ez a/. (2004)
on narwhal. The results returned by fractal analysis may then somehow be idiosyn-
cratic, and special care must be taken to avoid this potential source of confounding.
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For instance, recent studies on the effect of boat presence and boat type on the tempo-
ral patterns of diving durations in the Indo-Pacific bottlenose dolphin have specifi-
cally been conducted when individual dolphins were only exhibiting one macroscopic
behavior that is traveling, 7.e., moving in a persistent, directional way (Seuront and
Cribb 2011, Cribb and Seuront 2016).

TwoO FRACTAL METHODS FOR MARINE MAMMALS: A TALE OF LOG-LOG PLOTS

We present and briefly illustrate hereafter two methods that can be used to
assess the complexity of the typical temporal diving patterns encountered in
marine mammals. Specifically, while traveling marine mammals spend most of
their time underwater and only briefly surface to empty and refill their lungs,
which usually takes no more than 1-2 s. In contrast, when engaged in other
activities such as resting, socializing, or a range of foraging activities, their
behavioral repertoire gets more complex and their diving patterns may consist of
a nontrivial alternation between the time they spent underwater (Tp) and the
time spent at the surface (T5). In contrast to traditional behavioral metrics such
as the mean duration of a given behavior, or the time allocated to different
behavioral sequences, fractal methods explicitly take into account the probability
of occurrence of one or several behavioral states (hence are independent of any «
priori hypothesis on the statistical nature of the data) as well as the structure of
their temporal fluctuations.

A Fractal Method for One Behavioral State

Seuront and Cribb (2011) introduced a method to quantify the complexity percep-
tible from the temporal patterns of diving durations T based on the scaling proper-
ties of the cumulative probability distribution function (CDF) of dive duration T,
greater than a determined duration 7 as:

P(t<Tp) = kit ?, (2)

where £, is a constant, and ¢ the scaling exponent describing the distribution; is esti-
mated as the slope of P(r < Tp) vs. ¢ in log-log plots, and is expected to decline under
stress (Fig. 4A); e.g., see Alados et . 1996; Seuront and Leterme 2007; Seuront
2010, 2011, 2015). The related fractal dimension D, z.e., D = f (Seuront 2010), is
hence also expected to decrease under stress. Note that for the sake of simplicity and
ease of implementation, Equation (2) can be rewritten in simpler terms following
(Seuront and Mitchell 2008):

Tp(r) = kar %, (3)

where £, is a constant, 7 is the rank of the dive duration Tp(r), ze., in a series of #
dives, the longest dive has a rank » = 1 and the shortest a rank » = 7, and a0 = 1//) is
the slope of the log-log plot of Tp(r) vs. r. The presence of significant differences
between two exponents o and between more than two exponents o can further be
inferred using standard statistical approaches, 7.e., a modified #-test and an analysis of
covariance, respectively (Zar 1999). The exponent o and the related fractal dimension
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Figure 4. Log-log plots of (A) the cumulative probability distribution function P(z < T) of
dive duration T)p greater than a determined duration ¢ and the dive durations Tx(r) vs. their
rank their 7 for Indo-Pacific bottlenose dolphins, Tursiops aduncus, observed in the absence of
boat traffic (open symbols; B) and when powerboats were present (black symbols; C). The lin-
earifﬁy of the log-log plots in (A) and (D) indicates that Equations (2, 3)—i.c., Pt < Tp) =
kit ¥ and T(r) = kor 7, respectively—are verified, hence the presence of an underlying fractal
structure in the distribution of dive durations T, observed in the absence of boats (B) and
where powerboats were present (C). Note the one-to-one correspondence between the fractal
exponents ¢ and o returned by the two methods, 7.e., ¢ = 1/0.. (A) has been modified from Seu-
ront and Cribb (2011).

D, ie, D = 1/a (Seuront 2010), are hence respectively expected to increase and
decrease under stress.

The applicability of Equations (2) and (3) to marine mammal behavior as well as
the one-to-one correspondence between them are illustrated using a previously pub-
lished (Seuront and Cribb 2011) data sets assessing the fractal structure of dive dura-
tions of the Indo-Pacific bottlenose dolphins travelling (i.e., moving in a persistent,
directional way) in the absence of boat traffic (Fig. 4B) and in the presence of power-
boats (Fig. 4C). Nonsignificant differences were found in dive duration T)5 between
the two conditions, while Equation (3) clearly showed distinct scaling properties in
the absence and presence of powerboats with respectively o = 0.67 and 0.98
(Fig. 4D). Note that the one-to-one correspondence between o and ¢ is verified in
both cases (Fig. 4A, D). More fundamentally, both the exponents o and ¢ derived
from Equations (2) and (3) are respectively the slopes of log-log plots of P(z < Tp) vs.
t, and Tp(r) vs. r. As a consequence, their confidence intervals and any comparison
needed between individuals, species or environmental conditions can be estimated
and run using standard the statistical and inferential tools related to linear regression
equations; e.g., see Zar (1999).

A Fractal Method for Sequential Behaviors

In cases where marine mammals are alternating between periods of diving and
surfacing, the method described above is not optimal as it cannot take into
account the information available in the complexity of both behavioral sequences,
though the temporal patterns of both diving and breathing times Tp and Ty
can be analyzed separately using Equations (2) or (3). The nature of behavioral
sequences can be assessed through the construction of a binary sequence z(7) for
each behavioral activity i taken from continuous observations equally spaced in
time. When diving and surfacing is observed, 2(;) = 1 and z(7) = -1, respec-
tively. The binary sequences z(7) are subsequently used to construct a behavioral
sequence random walk w(z) as:
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w(t) = Zz(z'), (4)

where N is the number of behavioral observations equally spaced in time. First, Equa-
tion (4) provides a graphical representation of the degree of correlation in the behav-
ioral time series (Fig. 5). Second, the random walk «(#) can be used to quantify those
correlations. Specifically, the fluctuations of the random walk w(7) can be character-
ized by their gth order structure functions defined as:

()| Aw(s) ||") = #5779, (5)

where HAw(r)T H = ||w(# + t) — w(7)|| is the norm of the fluctuations observed dur-
ing a temporal increment T, 45 is a constant, the angle brackets “()” indicate

8
4

2

0
2
4
-6
8
-10
-12

2(d)
w(t)

@

z(i)

w(®)

=

2@
w(t)

Sequence # Sequence #

Figure 5. Theoretical illustration of a binary behavioral sequence z(7), where z(7) = 1 (black
vertical lines) and z(7) = -1 (white vertical lines), and the resulting behavioral sequence

N
random walk w(z) = > z(7) for H=0.05 (A, B), H=0.5 C, D) and H = 0.85 (E, F), where
i=1
H (0 < H < 1) is the exponent characterizing the fractal structure of the random walk w(z).
H = 0.5 and H # 0.5 respectively for Brownian motion or a fractional Brownian motion,
and H < 0.5 and H > 0.5 for antipersistent (i.e., negatively autocorrelated) and persistent
(i.e., positively autocorrelated).
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ensemble average, and the moment function {(g) characterizes the stochastic proper-
ties of the random walk w(7) regardless of scale and intensity (Seuront er 2/. 1999).
Conveniently, the shape of the function {(g—initially introduced in marine sciences
to quantify the nature of plankton distribution in turbulent flows (Seuront ez /.
19964, b, 1999) and later used as a diagnostic tool to unambiguously identify the
type of motion exhibited by swimming organisms (Seuront and Stanley 2014, Seu-
ront 2015)—is proposed here to characterize the complexity of behavioral random
walks without any & priori hypothesis on the nature of the data, such as the standard
normality and homoscedasticity assumptions. Specifically, when the function {(g) is
linear (i.e., {(g) = gH, with {(1) = H), the behavioral random walk «(#) can either be
described as a Brownian motion or a fractional Brownian motion respectively when H
=0.5and H # 0.5. When H = 0.5 (Fig. 5A), the increments of /() are independent
of each other; that is an increase in w(z) observed at time ¢ (i.e., 2(;) = 1, the observed
individual is diving) is as likely to be followed by a decrease (i.c., z(i) = -1, the
observed individual is surfacing) than by another increase. In contrast, when H > 0.5
and H < 0.5, the increments of w(z) are positively and negatively correlated, respec-
tively. More specifically, if H > 0.5 (Fig. 5B), the behavioral random walk w(z) is pos-
itively correlated or persistent, in the sense that an increase in w(#) at time ¢ tend to
be followed by another increase at time # + 7. Hence, an individual observed diving
at time ¢ is more likely to still be diving than surfacing at time # + 7. Alternatively, if
H <0.5 (Fig. 5C), the behavior is negatively correlated, or antipersistent; an individ-
ual diving at time 7 is more likely to be at the surface than diving at time 7 + 7. Note
that the structure function exponent H is related to the fractal dimension D as D = 2
- H (Seuront 2010); decreasing values of H (hence increasing fractal dimensions) are
indicative of greater complexity in the sense that the related random walks present
greater fluctuations throughout the sequence (Fig. 5B, D, F). More complex types of
variability also exit, such as Lévy walks and multifractal random walks. In the former
case, the function {(¢g) is (1) bilinear with {(¢) = g/(t - 1) for g < -1 and {(g) = 1
for ¢ > pt- 1; the exponent p (1 < u < 3) characterizes the power-law tail of the proba-
bility distribution of the move-step length / as P()) = /', where 1 < < 3. In the lat-
ter case, {(¢) is nonlinear and convex; see Seuront and Stanley (2014) and Seuront
(2015) for further examples and discussion. As stressed in the previous section, the
moment function {(g) is fundamentally the slopes of log-log plots, and as such can be
compared between individuals, species or environmental conditions using standard
inferential tools related to linear regression equations; e.g., Zar (1999).

In the next three sections, we illustrate the generality of the two methods
described above to marine mammal sciences through their applications to (1) the
temporal dynamics of the diving patterns of killer whales in the presence and absence
of sea kayaks, and (2) the sequential behavior of harbor and gray seals in environ-
ments with distinct levels of anthropogenic influence in the Dover Strait, and (3)
southern right whales with and without calves. We subsequently discuss the ecologi-
cal relevance of identifying fractal properties in marine mammal behavior, and the
potential strength of the fractal behavioral parameters described here in comparison
to more standard behavioral metrics. We finally briefly address the implications the
use of fractal methods may have in terms of the design and implementation of man-
agement and conservation strategies. Note that the three case studies presented here
should not be considered as exhaustive studies per se due to the relatively low number
of individuals considered in our analysis. Instead, they are used as a basis to illustrate
the applicability of fractal methods to marine mammals with very distinct biology
and ecology.
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CASE STUDY 1: KILLER WHALE AND SEA KAYAKING

The diving durations of two distinct male killer whales were recorded both in the
absence (Fig. 6A) and the presence (Fig. 6B) of sea kayaks while traveling along the
West Sound shore of Orcas Island, Washington, in August 2008; observations were
consistently conducted from a promontory overlooking West Sound from cz. 50 m
using binoculars (magnification X20), and dive durations were recorded using a
handheld stop-watch and internally stored until analysis. Kayaks were the only ves-
sels present on the water during our observations, and they were consistently travel-
ling along the shoreline without ever moving towards the killer whales, hence no
direct interactions were ever observed.

No significant differences in diving durations T were found between individuals
in the absence and presence of kayaks (Wilcoxon-Mann-Whitney U-test, p > 0.05).
Similarly, no significant differences were found between observations conducted in
the absence (T, = 37.9 + 3.5 s; x £ SE) and presence (T, = 36.5 &£ 5.0 s) of kayaks
(Wilcoxon-Mann-Whitney U-test, p > 0.05). In both the absence and presence of
kayaks, Equation (3) fits very well the dynamics of dive duration T}, (Fig. 6C, D).
This indicates the presence of an underlying fractal structure in dive duration dynam-
ics whether sea kayaks were present or not. The exponent o (.e., the slope of the log-
log plot of dive duration T versus their rank 7) did not significantly differ (modified
t test, p > 0.05) between the two killer whales in the absence of kayaks with oo = 0.60

A a=0.6 C

T, (sec)
log T}, (sec)

Tp (sec)
g &
log T, (sec)
@

Dive # log r

Figure 6. Dive duration T of a male killer whale Orcinus orca in the absence (A) and the
presence (B) of whale watching sea kayaks, shown with their corresponding rank analyses C,
D). The linearity of the log-log plot of dive duration T, vs. rank » C, D) is indicative of the
presence of an underlying fractal structure in dive duration dynamics whether sea kayaks were
present or not. Note, however, that the exponent « (i.e., the slope of the log-log plot of dive
duration T, us. rank) significantly increased from 0.6 in the absence of kayaks, to 0.74 in the
presence of kayaks, indicating an overall decrease in the complexity of dive durations.
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(Fig. 6C) and o = 0.64. Similarly, no significant differences were found between the
two killer whales when kayaks were present with « = 0.74 (Fig. 6D) and « = 0.76.
These results suggest a lack of interindividual variability in the fractal structure in
killer whale duration dynamics, though this conclusion needs to be considered with
caution given our limited sample size. In contrast, these exponents significantly
increased (modified #-test, p < 0.01) from 0.62 in the absence of kayaks to 0.75 in the
presence of kayaks, indicating an overall decrease in the complexity of dive durations.
Note that the different sample size of the two data sets used in the analysis of the dive
duration pattern of the first killer whale male were very different with » =98 and » =
50 in the absence and presence of kayaks, respectively (Fig. 6A, B; Table 1). This dif-
ference, however, did not impact the results of the subsequent rank frequency analysis
as a repeated (7 = 50) bootstrap resampling procedure without replacement of 50
points from the original » = 98 points data set followed by a subsequent rank-fre-
quency analysis led to a distribution of the exponent o (¢ = 0.61 £ 0.02) that cannot
be statistically distinguished (modified #-test, p > 0.05) from the exponent estimated
from the original data set (a = 0.60).

CASE STUDY 2: HARBOR AND GRAY SEALS AND HUMAN DISTURBANCE

The temporal patterns of the diving and surfacing times of the harbor and gray seals,
were investigated from two sites, Fort de Croy (50°45.766'N, 1°35.962'E) and Phare
de Walde (50°5936.64"N, 1°54'52.98"E), respectively located along the French coast
of the eastern English Channel and the North Sea. Fort de Croy is located near a sailing
club, along a shoreline essentially made of concrete seawalls and coastal defense struc-
tures, and is punctually visited at high tide by harbor and gray seals that were only very
rarely observed hauling out on anthropogenic structures (LS, personal observations). In
contrast, at Phare de Walde both species are regularly observed hauling out at low tide
on a remote sand bar void of anthropogenic disturbance, and located 700 m away from
the lowest limit of the intertidal zone, parallel to the coast, 6 km long and 1 km wide
at low tide. Opportunistic observations were conducted noninvasively at both sites,
consistently at high tide in spring and summer 2012, 2013, and 2014 at Fort de Croy,
and at low tide in spring and summer 2002, 2003, 2004, and 2005 at Fort de Walde
(Table 1). Both sites share a flat bottom, essentially made of soft sandy sediment. The
times spent underwater and at the surface were recorded (1) using a digital camera (DV
Sony DCR-PC120E) mounted on a second floor window of the “Marine Station of
Wimereux” that overlooks Fort de Croy, and later classified as diving and surfacing
durations Tp and Ts upon review of the footages, and directly using a hand held
chronometer from the beach using binoculars (magnification X 60) at Phare de Walde.

Significant interindividual differences were found for diving and surfacing dura-
tions at both sites for harbor seals and at Phare de Walde for gray seals (Wilcoxon-
Mann-Whitney U-test, p < 0.05). This result is consistent with the widely reported
individual variability in behavior reported for those species, e.g., Van Parijs e al.
(2000), Wilson ez al. (2014), and Russell and McConnell (2014). In contrast, diving
and surfacing durations did not significantly (Wilcoxon-Mann-Whitney U-test, p >
0.05) differ between sites for both harbor and gray seals (Table 1). No significant dif-
ferences were found for diving duration between species (Wilcoxon-Mann-Whitney
U-test, p > 0.05), though significant interspecific differences exit for surfacing dura-
tions, which were significantly shorter (Wilcoxon-Mann-Whitney U-test, p < 0.05)
in the harbor seal than in the gray seal (Table 1). Note, however, that both maximum
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diving durations and maximum surfacing durations were consistently longer in H.
grypus than in P. vitulina (Table 1). In contrast, both the temporal patterns of the bin-
ary behavioral sequence of diving and surfacing durations z(7) and the exponents {(¢g)
estimated from the behavioral random walk «(#) vary depending on species and sites.
Specifically, the alternation of diving and surfacing durations was clearly less random
in P. vitulina at Phare de Walde (Fig. 7A, C) than at Fort de Croy (Fig. 7B, D). In
contrast, no clear differences were visible between the binary behavioral sequences of
H. grypus observed at both sites (Fig. 8). This qualitative information is specified by
the shape of the function {(g) that has been estimated for each individual seal through
Equation (5). From a methodological perspective, it should be noted that there is a
one-to-one correspondence between the average of the exponents {(g) estimated for
each individual seal and the exponents {(g) estimated from an ensemble average of
the ||Aw(7),|| of all the seals considered; see Seuront (2005, 2010) and Seuront and
Schmitt (20054, b) for further details.

First, it is stressed that no significant differences were found between the exponents
{(¢) estimated for distinct individuals P. vitulina and H. grypus (analysis of covariance, p
> 0.05). This result suggests that despite the interindividual differences in diving and
surfacing durations reported above and in the literature, the complexity of the temporal
dynamics of the alternation of diving and surfacing durations did not differ between
individuals. Both P. vitulina and H. grypus diving and surfacing patterns were hence
consistently characterized as fractional random walks as {(¢) = gH, with H = 0.42 and
H = 0.31 for P. vitulina respectively at Fort de Croy and Phare de Walde, and H =

>

B

Binary behavioural sequence z(i)

Behavioural random walk w(7)

0 100 200 300 400 500 0 100 200 300 400 500

Time (s) Time (s)

Figure 7. Binary behavioral sequence z(i) of the harbor seal, Phoca vitulina (A, B), where z(7)
=1 (black vertical lines) and z(7) = -1 (white vertical lines) when seals were respectively diving
NV

N

and surfacing, and the resulting behavioral sequence random walk w(¢) = z(i) (C,D)
i=1

observed at sites nonimpacted (A, C) and impacted (B, D) by anthropogenic activities.



SEURONT AND CRIBB: FRACTALITY IN MARINE MAMMAL BEHAVIOR 19
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Binary behavioural sequence z(i)
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Behavioural random walk w(7)
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Figure 8. Binary behavioral sequence z(7) of gray seals, Halichoerus grypus (A, B), where 2(7)
=1 (black vertical lines) and 2(7) = -1 (white vertical lines) when seals were respectively diving

N
and surfacing, and the resulting behavioural sequence random walk w(z) = > z(i) (C,D)
i=1
observed at sites nonimpacted (A, C) and impacted (B, D) by anthropogenic activities.

0.57 at Fort de Croy (Fig. 9A) and H = 0.61 at Phare de Walde (Fig. 9B). Specifically,
H < 0.5 and H > 0.5 for P. vitulina and H. grypus, showing that the dynamics of the
alternation between diving and surfacing behaviors belong to the class of nonpersistent
(or negatively correlated) and persistent (or positively correlated) fractional Brownian
motion, respectively. The surfacing patterns of P. witulina and H. grypus are then
describe by two different types of fractal models. This result may suggest that behav-
ioral complexity may be species-specific in pinnipeds, though further work is needed to
validate this hypothesis. Now, no significant differences were found between sites in H
estimated for H. grypus, indicating that the complexity of H. grypus behavioral display
is not affected by the differences in anthropogenic activities and coastal structures
between our two sites. In contrast, we found a significant increase in the values of H for
P. vitulina between Fort de Croy and Phare de Walde. This is indicative of a decrease
in behavioral complexity at the most anthropogenically impacted site; i.e., Fort de Croy
is located in the immediate vicinity of a sailing club, along a shoreline essentially made
of concrete seawalls and coastal defense structures, in contrast to the remote Phare de
Walde, which is located away from any anthropogenic activities.

CASE STUDY 3: SOUTHERN RIGHT WHALE

Southern right whales have a circumpolar distribution in the southern hemisphere,
ze., from 20°S to 60°S (Townsend 1935). Annually they migrate south during
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Figure 9. Structure function exponents {(g) shown for P. vitulina (A) and P. grypus (B) at
sites nonimpacted (gray) and impacted (black) by anthropogenic activities. The dashed line
indicate the Brownian motion theoretical expectation, ze., {(g) = /2.

warmer months to feed and north during winter months to coastal regions for breed-
ing (Rowntree ez /. 2001, Pirzl ez /. 2009). The coastal waters of Southern Australia
are considered an important habitat for this species (Allen and Bejder 2003), where
they are recurrently observed forming aggregations especially in Encounter Bay and
at the Head of the Great Australian Bight (Burnell and Bryden 1997). Specifically,
unaccompanied individuals as well as females typically return annually to these shal-
low, sheltered, nearshore waters to give birth, raise young, and socialize (Burnell and
Bryden 1997, Carroll ez a/. 2014). The applicability of fractal methods to assess the
binary temporal patterns of the diving and surfacing durations of E. australis was here
inferred from records of the times spent underwater and at the surface by one solitary
individual, and a female with a calf. Observations were conducted from a land-based
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Figure 10. Binary behavioral sequence z(7) of southern right whale, Eubalaena australis
female (A) and accompanying calf (B), where 2(7) = 1 (black vertical lines) and z(7) = -1 (white
vertical lines) when they were respectively diving and surfacing, and the resulting behavioral

N
sequence random walk () = >_ z(i) (C, D).

=1

station (Freeman’s Knob, Port Elliot, South Australia; 32°32/15"S, 138°41'52"E) on
10 July 2006 and 14 August 2006, respectively. In both cases, the times spent under-
water and at the surface were recorded using a hand held chronometer from the beach
using binoculars (magnification x60).

Both diving and surfacing durations did not significantly (p > 0.05) differ between
the two adult individuals, even though the shortest and longest surface durations of
the unaccompanied individual lasted respectively 400% and 33% longer than in the
accompanied adult (Table 1). Calf surface durations did not significantly differ from
those of both the accompanying female and the unaccompanied individual (Table 1).
In contrast, the calf diving durations were on average 2-fold shorter than in adults
(Table 1). The corresponding binary behavioral sequence of diving and surfacing
durations z(7) vary between an adult (Fig. 10A) and its accompanying calf (Fig. 10B),
resulting in a more persistent behavioral random walk w/(?) for adult (Fig. 10C) than
calf (Fig. 10D). These observations result in significantly different fractal behavior,
with H = 0.71 and H = 0.73 for nonaccomanying and accompanying adults, respec-
tively, and H = 0.63 for a calf. These results suggest that while nonaccomanying and
accompanying adults exhibit similar behavior, the decrease in H is indicative of a
lower persistence (7.e., greater complexity in the sense that the related random walks
present greater fluctuations throughout the sequence) in calf behavior than in adults.

Discussion
Fractality in Marine Mammal Bebavior

The three case studies considered in the present work show that the complexity of
(1) the dive duration patterns of the Indo-Pacific bottlenose dolphin and killer whale,
and (2) the alternation between diving and surfacing times of two common seal spe-
cies, the harbor seal and the gray seal and (3) the southern right whales were all quan-
tifiable using fractal techniques. These observations indicate the presence of an
underlying fractal structure, which may be independent on the species, and the type
of behavior they are engaged in. The presence of fractal fluctuations in biological
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systems suggests that there are biological mechanisms that are adaptive, in that these
mechanisms serve as an organizing principle for highly complex, nonlinear processes,
and they avoid restricting the functional response of an organism to highly periodic
behavior (Goldberger ez 2/. 2000). Fractal fluctuations are also error tolerant, as they
allow organisms to cope with stress and unpredictable environments (Goldberger
et al. 1990). Because behavior is the end-product of the continuous interactions
between the internal state of an organism and the nature of its environment, the frac-
tal properties identified in the present work in the behavior of a range of marine
mammals with different size, feeding habits and foraging strategies are consistent
with the fractally colored environment in which they are embedded. Fractal proper-
ties have indeed been consistently found in the abiotic and biotic properties of marine
mammal environments. These properties include, e.g., the topographic complexity of
coral and rocky reefs (Bradbury ez a/. 1984), coastline (Chattopadhyay and Kumar
2007) and seafloor (Ashalatha 2007), the spatial patterns of seagrass meadows (Man-
zanera and Romero 2000), the architecture of sessile flora and fauna (Abraham 2001),
sound attenuation in sediment (Qian 1996), wave propagation (Dimri and Srivastava
2007), oil spills (Redondo and Platonov 2009), marine traffic (Hu ez «/. 2009) and
the foraging behavior of fish and fish schools (Tatsuro ¢ /. 2001, Tikhonov ez /.
2001, Medvinsky e /. 2002). A direct consequence of the aforementioned fractal
properties of the marine environment is that the distribution of information needed
to fulfill basic activities such as foraging and navigation are fundamentally multiscale,
spanning from relatively short temporal (changes in the trajectory of fish and fish
schools, or in wave field) and small spatial scales (sound propagation in sediment
when scanning for prey) to much longer temporal (migratory patterns of prey species)
and larger spatial scales (coastline topography). The adoption of fractal strategies is
highly adaptive as it allows an organism to efficiently scan a wide range of scales
(Sagan 1994), and optimize key processes such as searching patterns (Humphries
et al. 2012, Sims et /. 2012) and predator-prey encounter rates (Seuront and Stanley
2014). The identification of fractal fluctuations in marine mammal behavior is hence
critical to improve our understanding of marine mammal ecology, and how they
interact with their spatially and temporally complex environment. More specifically,
further work is needed to assess if (and eventually how) the fractal properties of the
environment (both biotic and abiotic) of marine mammal may affect the fractal prop-
erties of their behavior.

A Note on Individual Variability and Fractality Marine Mammal Bebavior

The behavior of a range of marine mammal has widely been shown to differ
between individuals of the same species, e.g., Perrin ez a/. (2009). These differences
can either be temporally or spatially consistent (Twiss and Franklin 2010), hence the
concept of personality (see Bell 2007). Alternatively, individual variability in behav-
ior can also be related to sites, seasons, time of day, and be sex-specific, e.g., Rogers
and Cato (2002), Van Parijs ¢t /. (2000), Wilson er a/. (2014), and Russell and
McConnell (2014). In this context, the results presented here should « priori be con-
sidered with caution due to the relatively limited number of distinct individuals used
in our analyses (see Table 1). It is, nevertheless, stressed that no interindividual dif-
ferences were ever found in the present work in the fractal properties of the observed
behaviors even when significant differences were found between individuals using
standard behavioral metrics such as, e.g., diving and surfacing durations in harbor
seal. These results suggest that the underlying fractal structure of a given behavior
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may be a more resilient property than the actual duration of the behavior itself, at
least at the species level. The presence of a fractal structure may hence represent a fun-
damental property of marine mammal behavior that may have ramifications well
beyond the species level, considering the inter-specific differences observed in the div-
ing behavior of a range of marine mammals; see Hooker ez #/. (2011) for a review.
The resolution of this issue is beyond the scope of the present work, but nevertheless
stresses the fact that further work is needed to explore marine mammal behavior
through the fractal lens through, e.g., a systematic quantification of behavioral inter-
individual variability assessed using both standard and fractal metrics.

May Fractals Provide More Sensitive Metrics to Assess Stress Levels in Marine Mammals?

Beyond the evidence of the presence of an underlying fractal structure in the behav-
ioral complexity of two species of seals (harbor and gray seals), two species of odonto-
cetes (the Indo-Pacific bottlenose dolphin and the killer whale), and one mystycete
(the southern right whale), our results indicate that fractal analysis may be more sen-
sitive than traditional behavioral metrics to detect subtle changes in behavioral com-
plexity. The strength of the fractal methods introduced here lies in the fact that they
take into account two fundamental behavioral properties that are typically ignored by
traditional behavioral metrics, Ze., the probability of occurrence of behavioral states
and the temporal nature of behavior. These properties are explicitly embedded into
the fractal methods introduced here, see Equations (2, 3) and Equations (4, 5),
respectively.

No statistically significant differences were detected in the diving durations
observed in the absence of boats and where boats were present for both the Indo-Paci-
fic bottlenose dolphin and the killer whale. In contrast, the fractal exponent o signifi-
cantly increased (hence indicated a decrease in behavioral complexity) from 0.67 to
0.98 for the Indo-Pacific bottlenose dolphin and from 0.60 to 0.74 for the killer
whale, respectively when boats were absent and present. Note, however, that these
results should be taken with caution given the relatively low number of distinct indi-
viduals considered in our analyses. The higher behavioral complexity observed in the
killer whale in the absence of boat also suggests that their behavioral repertoire is
richer than the Indo-Pacific bottlenose dolphin, hence they may have more behavioral
flexibility to respond to disturbances. This statement should be considered with cau-
tion given the lack of additional information related to the properties of the environ-
ments where the killer whale and the Indo-Pacific bottlenose dolphin were observed.
Similarly, the diving and surfacing durations did not significantly differ between sites
in both harbor and gray seals (Table 1). No significant differences were found for div-
ing duration between species, though significant interspecific differences exit for sur-
facing durations, which were significantly shorter in the harbor seal than in the gray
seal (Table 1). The fractal exponent H significantly differs (1) between species, 7.e., H
ranges from 0.31 to 0.42 in the harbor seal, and from 0.57 to 0.61 in the gray seal,
and (2) between sites for the harbor seal (H decreased from 0.42 to 0.31 from the less
to the most anthropogenically impacted sites). These results suggest that standard
metrics (here dive duration) typically used in marine mammal studies may not be
sensitive enough to detect species-specific and disturbance-driven changes in behav-
ioral complexity. This conclusion is consistent with previous work showing that
behavioral traditional metrics are much less sensitive to changes in behavioral com-
plexity than fractal-based methods (Motohashi ¢ #/. 1993, Rutherford ez a/. 2003,
Seuront and Cribb 2011, Seuront 2015). This discrepancy between traditional and
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fractal-based methods hence generalizes to marine mammal behavioral ecology the
early claim that it creates “the need for fractal analysis” in behavioral studies (Cough-
lin et al. 1992).

Finally, for the southern right whale, if diving and surfacing durations did not sig-
nificantly differ between nonaccompanying and accompanying adults and calf, fractal
analysis clearly shows that the complexity of the temporal alternation between diving
and surfacing differ between adult (H in the range 0.71-0.73) and calf (H = 0.63).
Attempting to provide a mechanistic explanation for the observed patterns is far
beyond the scope of the present work and would be at best speculative considering
the low number of individuals considered here. Our results nevertheless indicate that
the temporal structure of baleen whale surfacing and diving behavior can be described
as a persistent correlated random walk—it exhibits an underlying fractal structure—
and that the complexity of this pattern may be driven by ontogeny as previously
shown in both invertebrates (Osborne ez /. 2013) and vertebrates (Dowling er /.
2000).

Fractal-based Methods and Marine Mammal Management and Conservation Strategies

Our results have potential ramification in the establishment of management and
conservation strategies. Specifically, chronic exposure to even low levels of distur-
bance (which is typically the case when, ¢.g., dolphin-watching sea kayaks co-occur
daily with Orcinus orca) has implications for energy balance, physiological conditions,
and vital rates (New ¢ «/. 2013), and is likely to induce long-term consequences at
the population level (Bejder ez /. 2006). This chronic exposure has critical implica-
tions for marine mammal welfare, hence the related development and implementa-
tion of effective mitigation and management strategies. The habituation to, e.g., boat
traffic reported for bottlenose dolphins (Sini e 2/. 2005) did not imply the absence of
stress. This fact may be thought a pernicious threat, as suggested in a preliminary
study (Seuront and Cribb 2011). The identification of even subtle changes in the
behavioral complexity of marine mammals is then critical to infer their susceptibility
to disturbance, in particular, for species inhabiting anthropogenically impacted
coastal areas. For instance, the clear decrease in the behavioral complexity observed in
the harbor seal in the environment that is the most impacted by anthropogenic activ-
ities may be indicative of a high susceptibility to disturbance. In contrast, both the
higher behavioral complexity exhibited by the gray seal relative to the harbor seal
and the lack of observed changes in their behavioral complexity in anthropogenically
impacted environments suggest that this species may be more resistant to distur-
bance, as their baseline behavioral repertoire is richer, which allows them more
behavioral flexibility to respond to disturbances. In this context, the assessment of
the potential impacts any anthropogenic activity may have on marine mammals,
hence the identification of their potential long-term ramifications, necessitates very
sensitive tools to unambiguously infer the presence of behavioral changes.

Conclusion

This work illustrates how standard behavioral metrics may fail to identify changes
in the behavioral complexity of a range of marine mammals (i.e., Tursiops aduncus,
Orcinus orca, Phoca vitulina, Halichoerus grypus, and Eubalaena australis). The fractal
methods described and illustrated in the present work, beyond being relatively easy
to implement, provide a powerful alternative to traditional behavioral metrics used
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in marine mammal studies. Specifically, the strength of these fractal methods lies in
the fact that they take into account two fundamental behavioral properties that are
typically ignored by traditional behavioral metrics, i.e., the probability of occurrence
of behavioral states and the temporal nature of behavior. Combined with land-based
observations, fractal analysis provides an objective and quantitative tool to quantify
subtle behavioral changes in marine mammals. The approach described in this work
is suggested as a way to provide baseline information about marine mammal behav-
ioral complexity and infer their behavioral flexibility and the related behavioral
changes that may be induced by anthropogenic activities.
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