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Spatial scale-invariant L�evy walk (power-law) patterns seem common among animals that move
continually during searching. Scaling laws also describe well the spontaneous patterns of waiting times
of sit-and-wait ambush predators, which show random ‘burstiness’ that appears scale-invariant across a
broad set of scales. The occurrence of these scaling laws has been attributed to stochastic decision-based
queuing processes. Taken together these various studies suggest that stochastic decision-based queuing
processes may apply more generally across taxa with divergent foraging strategies, ranging from highly
mobile pursuit predators to the less mobile ambush predators. Here we provide support for this prop-
osition by demonstrating that simple stochastic priority processes capture accurately the timings of dives
made by little penguins, Eudyptula minor, in their natural habitat, whose use of space and time falls
between that of sit-and-wait predators and L�evy walkers.
© 2015 The Association for the Study of Animal Behaviour. Published by Elsevier Ltd. All rights reserved.
The decisions that animals make about how long to engage in
particular activities (e.g. waiting or moving) have a central influ-
ence on the success of behaviours that can affect survival and
lifetime reproductive output (Houston & McNamara, 1999;
Stephens & Krebs, 1986). For sit-and-wait ambush predators
(cephalopods, sharks, skates, teleosts) the distributions of waiting
times show random ‘burstiness’ that appears scale invariant across
a broad set of scales (Wearmouth et al., 2014). These temporal
(waiting time) scaling laws may represent the parallel in ambush
predators of the spatial scale-invariant L�evy walk (power-law)
patterns that seem common among animals that move continually
during searching (Harris et al., 2012; Hays et al., 2011; Humphries
et al., 2010; Humphries, Weimerskirch, Queiroz, Southall, & Sims,
2012; Korobkova, Emonet, Vilar, Shimizu, & Cluzel, 2004;
Raichlen et al., 2014; Reynolds et al., 2007; Sims et al., 2014,
2008; Viswanathan, da Luz, Raposo, & Stanley, 2011). Although
the occurrence of these statistical laws seems remarkable given
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that an animal's behaviour is strongly shaped by its psyche and by
complex environmental interactions, they can in fact be attributed
to simple stochasticedeterministic decision processes (Reynolds,
2011; Viswanathan et al., 2011; Wearmouth et al., 2014).

Decision-based queuing process models prioritize certain ac-
tions over others (e.g. exploration over exploitation), making
them appropriate candidate models to examine how simple rules
may potentially underlie apparently complex movement patterns.
The models capture a tension between two mutually exclusive,
competing activities. In the simplest version, two competing
behaviours (activities 1 and 2) are given ‘priorities’ x1 and
x2 ¼ 1 e x1, which are randomly selected from some distribution
r(x) (Reynolds, 2011). These priorities are treated as probabilities
such that activity 1 is chosen with probability x1 and activity 2 is
chosen with probability x2. If activity 1 is chosen, then priorities
x1 and x2 remain unchanged (because the animal's internal state
does not change significantly), whereas if activity 2 is chosen the
animal actively forages and may feed or become hungrier,
affecting its ‘state’, and thus new priorities are randomly selected
from r(x).
evier Ltd. All rights reserved.
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Wearmouth et al. (2014) introduced a degree of determinism
into the model by replacing x1 with x01 ¼ 1

1þ
�

x2
x1

�g and x2 with

x02 ¼ 1� x01. This form is chosen because it smoothly interpolates
between the aforementioned stochastic protocol (obtained when
g ¼ 1) and a deterministic protocol (obtained as g/∞). In the
deterministic protocol the highest priority activity is always per-
formed next (i.e. low-priority activities are no longer selected,
because x01/1 if x1 > x2 and x01/0 ifx2 > x1). For intermediate cases
(g > 1) the highest-priority activity is executed with probability
close to unity while the lower-priority activity is rarely executed.
The model predicts that the durations of bouts of activity 1 are
power-law distributed while those of activity 2 are exponentially
distributed. A simple proof of this can be found in Reynolds (2011).
The power-law exponent depends upon the degree of determinism
(i.e. the value of g) and ranges between 2 (the purely stochastic
case) and 1 (the strongly deterministic case).

The simplest, purely stochastic version of this model may ac-
count for some movement patterns in probabilistic foragers that
can be approximated by L�evy walks. The scaling behaviours of sit-
and-wait predators, which are dependent upon body size and en-
ergy content of the prey, are captured by the more general version
of themodel which incorporates a degree of determinism. None the
less, it remains to be seen whether stochasticedeterministic pri-
ority processes arise in taxa exploiting alternative foraging strate-
gies. Here, we addressed this by testing whether or not the model
captures accurately the foraging patterns of active predators, little
penguins, Eudyptula minor, in their natural habitat. Our objective
was not to refine or develop the model but rather to apply it to a
novel subject, that of an active predator, and thereby test the range
of its validity.
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Figure 1. Rank frequency plot showing evidence of bimodal surfacing times between
consecutive dives in free-ranging little penguins. Observations (B) pooled over the 28
individuals in the data set are shown together with theoretical expectations for the
stochastic priority list model (dashed black line), and the best fit bi-exponential (solid
green line), power-law (solid black line) and exponential distributions (dotted).
METHODS

During the 2010 breeding season, we fitted 28 free-living little
penguins from the Penguin Parade, Phillip Island (38�310S,
145�090E), Victoria, Australia, with timeedepth data loggers
(ORI400-D3GT, Little Leonardo, 12 � 45 mm, 9 g) set to record
depth to a resolution of 0.1 m with an accuracy of 1 m (range
0e400 m) at 1 s intervals. Dive records were collected during the
guard stage of the chick-rearing period when penguins conduct
single, 1-day foraging trips. Devices were attached using water-
proof Tesa tape (Beiersdorf AG, Hamburg, Germany) along the
median line of the lower back feathers to minimize drag and
facilitate rapid deployment and easy removal upon recapture. Birds
were recaptured after one foraging trip and the logger and tape
were removed (MacIntosh, Pelletier, Chiaradia, Kato, & Ropert-
Coudert, 2013).

Observed surface time intervals were fitted to the stochastic
priority list models described above, which producemixed bimodal
(power-law exponential) distributions (equation (1a) below). We
then tested whether the stochastic priority list model provided
better fits to our observed surface time intervals than other three
competing models: (1b) a power-law model; (1c) an exponential
model, indicative of a Poisson process; and (1d) a bi-exponential
model. These model distributions are prescribed by:

p1ðlÞ ¼ AN1l
�m þ ð1� AÞN2 expð�llÞ (1a)

p2ðlÞ ¼ N1l
�m (1b)

p3ðlÞ ¼ N2 expð�llÞ (1c)
p3ðlÞ ¼ AN3 expð�l1lÞ þ ð1� AÞN4 expð�l2lÞ (1d)

where N1, N2, N3 and N4 are normalization factors that ensure that
the frequency distributions sum correctly to unity when integrated
over all time intervals between the lower and upper cutoffs; m is the
power-law exponent (known as the L�evy exponent in the literature
on L�evy flight foraging; Sims et al., 2008); l, l1 and l2 are the
exponential decay rates; and A and 1 � A are the relative weights of
the two modes in the bimodal distributions. Fits to data were ob-
tained using maximum likelihood methods. The lower cutoff was
taken to be 50 s and the upper cutoff was taken to be longest of the
intervals under consideration. However, comparable results were
obtained when the lower cutoff was taken to be 10 s (data not
shown).

Ethical Note

Animal handling during fieldwork was approved by the Phillip
Island Animal Experimentation Ethics Committee (2.2010), with a
research permit issued by the Department of Sustainability and
Environment of Victoria, Australia (number 10006148). Handling of
birds was conducted by a team of two trained scientists under the
supervision of Dr Chiaradia, a member of staff at the Penguin
Parade since 1995. The protocol for deploying loggers has been
used since 2003 on an annual basis. Birds are identified using
subcutaneous transponders, which are injected when they are ju-
veniles, and are monitored continuously using an automated
identification system in place at one of the entrance points of the
colony. Birds breed in artificial nestboxes, which have removable
lids that allow researchers to easily access the bird upon capture
without causing stress during approach. Capture, handling and
release of birds was conducted within 5 min, after which the bird
was returned to its nestbox. During handling, a hood was kept on
the bird's head, preventing it from seeing us. All instrumented birds
were recaptured after a single foraging trip and none deserted its
nest.

RESULTS

We found that the hallmark of the stochastic priority list model
was evident in the diving patterns of free-ranging little penguins,
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which are known to have fractal characteristics (MacIntosh et al.,
2013). Time intervals between consecutive dives were bimodal
(Figs. 1 and 2); they were power-law distributed in one mode and
exponentially distributed in the other, albeit with individual-
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Figure 2. Rank frequency plot showing evidence of bimodal surfacing times between con
dividuals randomly sampled from the total of 28 examined in the data set are shown togeth
and the best fit bi-exponentials (solid green lines).
specific parameters (Table 1). This is evident at both population
level (Fig. 1) and individual level (Fig. 2). The bimodality cannot be
captured by either power law or single exponentials (Fig. 1), and for
this reason these distributions are not shown in Fig. 2 and are not
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Table 1
Maximum likelihood estimates for model parameters across individuals

Bird ½ log-likelihood bimodal ½ log-likelihood bi-exp Akaike weight for bimodal A l m

3002M �398.0 �411.7 0.98 0.66 0.044 1.60
3004M �581.9 �582.8 0.67 0.41 0.040 1.60
3020M �506.3 �508.4 0.89 0.18 0.034 1.05
3024M �476.3 �480.3 0.98 0.16 0.020 1.10
3027M �614.7 �618.4 0.98 0.16 0.043 1.10
3072M �600.6 �604.3 0.98 0.62 0.048 1.70
3076M �697.1 �698.7 0.83 0.41 0.026 1.70
3079M �479.5 �485.4 1.00 0.45 0.050 1.85
3081M �696.1 �700.7 0.99 0.24 0.022 1.10
3086M �511.6 �513.5 0.87 0.24 0.049 1.05
3098M �378.9 �379.0 0.52 0.20 0.042 1.05
3111M �718.8 �719.8 0.73 0.32 0.040 1.45
4018M �274.0 �275.9 0.87 0.55 0.049 1.05
4020M �231.1 �231.4 0.57 0.51 0.050 1.05
3004F �687.6 �692.7 0.99 0.43 0.050 2.00
3020F �872.9 �876.6 0.98 0.46 0.027 2.05
3024F �989.7 �989.1 0.35 0.43 0.022 1.75
3027F �820.4 �821.0 0.65 0.25 0.034 1.50
3058F �892.9 �894.1 0.77 0.15 0.024 1.05
3072F �422.3 �424.9 0.44 0.21 0.043 1.35
3076F �669.1 �674.1 0.99 0.68 0.046 1.80
3078F �328.1 �328.2 0.48 0.42 0.050 1.05
3079F �533.1 �533.9 0.69 0.10 0.048 1.05
3081F �483.5 �485.5 0.88 0.32 0.029 1.25
3093F �1090.7 �1093.4 0.94 0.36 0.033 1.90
3098F �1157.7 �1158.5 0.69 0.92 0.011 2.10
3104F �890.1 �893.1 0.95 0.17 0.023 1.05
3114F �914.1 �917.6 0.97 0.21 0.020 1.35

A is the weight of mode 1, l is the exponential decay rate and m is the power-law exponent.
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presented in the accompanying Table 1. Bi-exponentials are, how-
ever, more strongly competing model distributions. The estimates
for the characteristic power-law exponents, m, were typically less
than 2 (Table 1), indicating that in most cases decision making was
strongly deterministic rather than stochastic, which was previously
shown to be the case for L�evy walkers (Sims et al., 2008). For
ambush predators, characteristic scaling exponents are species
dependent and range between 1.5 and 2 (Wearmouth et al., 2014).
The fits of such bimodal distributions to the empirical observations
are striking, and are visibly better than those attained by power-law
or exponential distributions. Furthermore, comparison of
maximum likelihood estimates and Akaike weights clearly
demonstrate that the stochastic priority list model provides a
significantly better fit to the observed data in the majority of cases
than the more strongly competing bi-exponential distributions.

DISCUSSION

In this study, we demonstrate that the stochastic priority list
models developed by Reynolds (2011) and applied to sit-and-wait
predators by Wearmouth et al. (2014) also accurately describe the
behaviour sequences of an active predator, the little penguin. Our
results thus provide strong evidence that stochastic priority list
models can describe scale-invariant behaviour across taxa with a
wider range of foraging strategies than previously acknowledged.
Taken together, the results of our study and those of Reynolds
(2011) and Wearmouth et al. (2014) may provide a unifying
mechanism for scale invariance across ecological contexts. Scale-
invariant patterns of switching between two contrasting activities
have, after all, been observed in a diverse range of behaviours. The
durations of waking episodes during sleepewake transitions in
mammals (mice, rats, cats and humans) are, for example, power-
law distributed (Blumberg, Seelje, Lowen, & Karlson, 2005; Lo
et al., 2004, 2002). The walking patterns of Drosophila flies in
featureless environments are organized into alternating bouts of
activity and inactivity, such that the durations of the bouts of
inactivity are power-law distributed across a broad range of scales
(Martin, 2004). Scale-invariant patterns of switching between
contrasting activities have even been reported in pigs during nest
building, when nosing the ground and alertness compete with the
need to rest, feed, drink and defecate (Harnos, Horv�ath, Lawrence,
& Vattay, 2000; Reynolds, 2011). But these cases appear to be ex-
amples of purely stochastic decision-making processes, as the
characteristic power law exponents are close to 2. Decision making
in the penguins, however, can be more deterministic (Table 1) and
so provides more scope for the testing of model predictions.

Additionally, the observed bimodal distribution of surface times
echoes the results of conventional methods used to identify diving
bouts, to separate periods of food patch exploitation (within
foraging bouts) from between-patch exploration (interbout; Mori,
Yoda, & Sato, 2001). Exploitation of food resources is the more
heavily constrained of these competing activities because time at
the surface is used primarily to replenish oxygen stores, anticipate
stores needed for subsequent dives (Wilson, 2003) and remove the
lactic acid that accumulates in the blood during diving (Butler,
2006). These physiological constraints prevent penguins from
quickly returning to depths where prey are located to optimize prey
intake. Between bouts, time at the surface is probably less con-
strained and birds can thus engage in a range of behaviours
including exploring their environment in search of subsequent
foraging patches, communicating, preening, etc.

The tensions between competing priorities encapsulated by the
model are not necessarily consciously realized by the animal but
could instead represent subliminally conflicting behaviours trig-
gered by hormones, neurotransmitters and even body condition. It
is known, for example, that corticosterone levels in penguins rise
before foraging trips (Angelier et al., 2008), and that low body mass
in little penguins triggers longer foraging trips (Saraux, Robinson-
Laverick, Le Maho, Ropert-Coudert, & Chiaradia, 2011). Moreover,
corticosterone and body mass have been linked to organizational
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complexity in penguin dive sequences (Cottin et al., 2014;
MacIntosh et al., 2013). In fact, scaling in temporal sequences of
animal behaviour is known to be condition dependent, varying
significantly in the presence of both endogenous and exogenous
stressors (Alados, Escos, & Emlen, 1996; Asher et al., 2009;
MacIntosh, Alados, & Huffman, 2011; Rutherford, Haskell,
Glasbey, Jones, & Lawrence, 2004), a phenomenon known in the
literature on fractal physiology as ‘complexity loss’ (Goldberger,
1996, 1997; Lipsitz & Goldberger, 1992). Our findings may provide
a plausible explanation for this loss of behavioural complexity and
incumbent loss of fractal scaling seen in individuals in impaired and
distressed states: such individuals may simply dispense with
prioritizing competing demands, leading tomore deterministic and
thus less complex sequences of behaviour.

Our analysis suggests that stochastic decision-making processes
are pervasive and underlie scale-free patterns of behaviour seen
across taxa. With the discovery of this generative mechanism for
scaling in decision making it will become possible to disentangle
innate, truly random behaviours from the additional influences of
the environment, and so better understand the inherent complexity
of natural behaviour patterns. Our results indicate that scale-specific
complexity may be the result of environmental cues overriding
innate behaviour, and that scale-free movements may be intrinsic
and not limited to ‘probabilistic’ foragers aswas previously thought.
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