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Abstract

The fractal index by Katz and George (1985) for the characterization of planar curves is applied to wolf
search paths recorded by radio-telemetry. All the sets of paths studied show spatial patterns whose com-
plexity is between a straight line and a true random walk. Females’ fractal dimensions show significant
changes throughout the year, depending on the state of their life cycle (normal, breeding and wandering).
There are also differences between males and females, but not between adults and non-adults. The results

are discussed with regard to wolf food-search strategies.

1. Introduction

In nature there is a wide range of self-organized
spatial structures in multiple hierarchical levels. In
many situations, such structures are the counter-
part of a gain in entropy because of their dissipa-
tive origin. The resulting geometry is not the clas-
sical Euclidean one, but corresponds to what we
call Fractals. Mandelbrot (1977) introduced this
term to describe systems which (i) do not have an
integer dimension but a fractional one, and (ii)
have the property of self-similarity when observed
at different levels of the hierarchy. In other words,
the detail is similar to the whole; there is no
defined main scale. In recent years, the geometry
of fractals has been applied to a surprising set of
phenomena ranging from electrochemical deposi-
tion (Mach et al. 1994) to the architecture of phys-
iological systems such as the bronchial tree
(Shlesinger and West 1991) or the Hiss-Purkinje
conduction (Goldberger et al. 1985), the growth
of Dbacterial colonies (Fujikawa and Matsushita
1989; Matsushita and Fujikawa 1990), taxonomy

(Burlando 1990, 1993), and clusters of stars (Man-
delbrot 1983).

Among others, the ecological sciences have
benefited from this new approach, which provides
a new way to answer multiple questions about
structure and scale in ecological systems (see the
detailed review by Sugihara and May 1990). For
example, there are significant differences in the
community structural pattern (characterized by the
landscape fractal dimension) between large and
small spatial scales for deciduous forest patches
(Krummel et al. 1987) and for coral reefs (Brad-
bury et al. 1984). Such a result suggests that there
are different mechanisms operating at different
scales. So, new ideas on the study of landscapes
are provided by the fractal approach. A constant
fractal dimension over a range of scales defines a
domain in which some patterns and processes are
operating at different levels. On the other hand,
such critical size beyond which a further increase
in area represents a shift in the dimension or
degree of complexity, may demarcate a boundary
between two different hierarchical levels in which
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different patterns and processes are operating
(Krummel et al. 1987; Bradbury et al. 1984).

Thus, fractals allow us to incorporate a multi-
scale perspective in our study of landscape ecolo-
gy and, in particular, to use information about
microlandscape in the hope that such information
may embody the essence of landscape ecology,
traditionally studied at human-scale (Wiens and
Milne 1989). Of course, the complexity of the
landscape will affect the movement patterns of
animals, as shown for tenebrionid beetles by
Wiens and Milne (1989). More interestingly, the
patterns of movement themselves can be studied
from a fractal perspective, and their dimensional-
ity may be subjected to evolutionary considera-
tions as it may be related to food searching strate-
gies, determining the probability of a trophical
encounter (Sugihara and May 1990).

The movements of animals, as well as their
home ranges, have important implications for the
optimization of food search patterns, energy
investment, habitat selection, territorial and social
behaviour, etc. The study of both aspects for a giv-
en species or population has traditionally been car-
ried out within a Euclidean framework. For stud-
ies of home ranges, several parametric and non-
parametric methods have been widely used (for
example the harmonic mean and the minimum
convex polygon methods; White and Garrott
1990). Loehle (1990) has developed a different,
more realistic approach to the study of home
ranges from the perspective of fractals.

In contrast, the analysis of movement patterns
is far less common because of both (i) the diffi-
culty of obtaining complete records of the dis-
placement of an animal, and (ii) the difficulty that
such analysis represents. The basis for these analy-
ses has been computer simulations (Pyke 1983;
Bovet and Benhamon 1988) or the tracking of
invertebrates (Pyke 1978; Wiens and Milne 1989;
Kareiva and Shigesada 1983) or small vertebrates
(Cody 1971; Pyke 1981).

In this paper we consider an index for charac-
terizing the complexity of planar curves — their
degree of space-filling — proposed by Katz and
George (1985). This index is interesting because
(1) it is intuitive and easily computed, and (ii) it
permits statistical comparisons. We apply it to the
study of the variation throughout the year of the

daily movement patterns of several Iberian wolves
(Canis lupus signatus) monitored by radio-teleme-
try.

2. A fractal measure for spatial paths

Some of the complex patterns characteristic of bio-
logical phenomena are of the form of planar curves
composed of connected line segments. What fol-
lows is a technique to classify such patterns by
means of a numerical quantity, the fractal dimen-
sion, which was applied by Katz and George
(1985) to classify the growth paths of cells. This
index is proportional to the degree of convolution
(or inversely proportional to the degree of straight-
ness) of the planar curves.

As these planar curves become more irregular
(tend to fill more space in the plane), their fractal
dimension is higher, despite the fact that all
curves, topologically, are one-dimensional. This
fractal dimension (D) relates the total length of the
curve (L) with the maximum total area (4) that
such a curve could fill, in the following way

LI/D — kAI/Z, (1)

where k is a constant. Developing the last expres-
sion and taking into account some decisions about
the nature of the data and the significance of the
different parameters involved (see Katz and
George 1985 for details), the fractal dimension can
be estimated as:

log(n)
D = ,
log(n) + log(d/L)

2)

where n is the number of steps, L is the sum of
the length of each segment (the total length) and
d is the planar diameter, that can be estimated as
the greatest distance between two points in the
curve.

It is easily seen that when the path is a straight
line, L = d holds, and, consequently, D = 1. This
corresponds to a straight path. When the curve
tends to fill the space, the dimension would
approach two. This happens when the path is a
random walk. This is shown for expression (2) by



Katz and George (1985), and it can also be justi-
fied from different approximations as, for exam-
ple, by considering modified Brownian diffusion
processes. For such generating processes, with no
serial correlation between the displacements in
successive time intervals, it is easily demonstrat-
ed that D = 2 (Sugihara and May 1990). The more
convoluted the patterns, the higher the fractal
dimension. One interesting property of expression
(2) is that can characterize constrained paths, i.e.,
search paths that are constrained in a limited area.
In such a case, the path tends to cross itself many
times, and D, according to expression (2), can be
a value greater than two (Katz and George 1985).
With data obtained by radio-telemetry, such as
those considered here, one would expect to find
such a situation when studying the foraging path
of a herbivore feeding on a small vegetation patch.

There are different ways to quantify fractal
dimensions, which are more or less useful depend-
ing on the nature of the data. A very general
method is box counting, which has been used in
several environmental studies (Sugihara and May
1990; Loehle 1990). Loehle (1990) provides a gen-
eral and useful algorithm to estimate fractal
dimensions using box counting. However, for the
particular type of data studied here, search paths
in mammals, we prefer to use expression (2) for
several reasons. In the first place, we aim to pre-
sent a method that can be used by field ecologists
working with telemetry data. Expression (2) is
very intuitive, easy to apply, and related to the
degree of directionality of the path. It can classi-
fy a path as a straight, random or constrained one.
Secondly, sample sizes used in this study lie below
the minimum value necessary to obtain a good
estimate of fractal dimension by box counting
using the Loehle (1990)’s algorithm (each fractal
dimension is calculated for the positions of the
animals every half-hour, which imply that the
number of different points is less than 48, and
Loehle finds that a sample size of 48 is still inad-
equate). Finally, the most interesting advantage of
using expression (2) is that parametrical statistical
analysis (based on the normal distribution of the
variable studied) can be directly applied. This is
justified because the fractal dimensions of a pop-
ulation of computer generated random walks fit a
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lognormal distribution (Katz and George 1985).
Consequently, the logarithm of the fractal dimen-
sions would fit a Gaussian distribution.

Thus, we can test whether a collection of paths
or a particular one is a random walk. In a similar
way, we can compare the fractal dimensions of
different populations, testing for significant dif-
ferences in the degree of complexity of the search
paths using Student’s t test or analysis of variance
(ANOVA).

Katz and George (1985) provide a table show-
ing the mean fractal dimension, mean of the log-
arithms and standard deviation of logs, for a num-
ber of simulated random walks with different num-
bers of steps or line segments. It also gives the
confidence limits to assess whether an individual
search path or a population lies inside the inter-
val, and is thus an example of a random walk. To
assess the chances that populations of search paths
are random walks, we compute the mean and the
standard deviation of the logs of the fractal dimen-
sion and the mean of the number of steps (). Then
we look for the corresponding value of the log of
the fractal dimension for random walks of the
same number of steps in the table provided by
Katz and George (1985). Both values are com-
pared by using the t-test. To compare different
populations of search paths, the mean of the logs
of the dimensions of each population is compared
using the t-test. In this case it is important that the
average number of steps in both populations be
the same, given the dependence between D and n.
However, while this dependence is high for very
low n-values (n  14), after a given n-size the dif-
ferences are very slow, as studied by Katz and
George (1985) for random walks. In particular
D(n=19)-D(n=99) = 0.03.

To summarize, expression (2) is an easy mea-
sure of the straightness of a planar curve which
allows us to infer and test different hypotheses
about the degree of complexity shown, by using
simple statistical analysis. It is certainly evident
that measure (2) varies with the number of steps
n and, so, it must be related to such value. Other
approximations to calculate the fractal dimension,
as for example box counting, also show this
dependence with data size, a problem termed the
dilution effect and the time-fill effect by Gautes-
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tad and Mysterud (1994). However, this is not a
problem in our case, because all of the statistical
tests carried out to ascertain whether a given path
or a population of paths are random walks take
into account n. That is to say, confidence limits
and average fractal dimension for a random walk
are provided for each n-value in Katz and George
(1985)’s Table. This has the advantage that it is
possible to use small data sets, which is very use-
ful for the nature of data studied in this paper. The
only restrictions are the usual statistical ones: the
larger the data set, the higher the test’s potential-
ity.

In the next section we apply expression (2) to
characterize the patterns of movement of wolves,
and to illustrate the kind of biological information
one can infer from such an index.

3. Search paths in wolves

During the course of a research on wolf ecology
and behaviour in the Zamora and Ledn provinces
(northwestern Spain) from 1988 to mid-1991, six
wolves were captured: two adult females (F1, F2),
one young female (f3), two adult males (M1, M2)
and one young male (m3) (for details see Vila
1993). The young individuals were trapped at the
age of four months; the adults were from three to
six years. The wolves were captured using foot-
hold traps and were equipped with radiotransmit-
ters fitted in collars. After releasing the wolves,
the transmitters allowed the location to be deter-
mined at any time of the day, and thus provided
valuable information on the animals’ movement,
home range, activity patterns, habitat selection, life
cycles, and other behavioural and ecological
aspects.

The study area was about 4,000 km? and includ-
ed many small villages, with an average of 20 to
30 inhabitants/km?. The relief is smoothly hilly,
with altitudes ranging from 700 to 2,000 m. The
valleys are mostly covered by agricultural fields,
many of which have recently been abandoned as
the result of a decrease in rural populations dur-
ing the present century. The hills are largely cov-
ered by several Mediterranean shrub associations,
with some pine (Pinus spp.) plantations and oak
(Quercus spp.) forests.

In this paper we study the search paths record-
ed during preselected days in which the position
occupied by one of the wolves was determined by
triangulation (Mech 1983) every half-hour during
an entire day (in two of the search paths, howev-
er, the locations were recorded at hourly intervals).
We estimate the minimum distance traveled by the
wolf during the day as the sum of the distance
between consecutive points (parameter L in equa-
tion 2). Although this is an underestimation, we
consider that the resulting value is close enough
to the real distance travelled by the wolf to let us
deduce some general movement patterns. In this
way, the total length travelled by the wolves was
estimated to vary from 0 to 43 km in one day, the
mean distance being 12 km for the adult females
and 14 km for the adult males (Vila 1993). Most
displacements took place during the night and at
dusk. As the females were monitored for a longer
period, they provide most of the search paths con-
sidered in this study (total, N=75): 31 for F1, 25
for F2, 11 for f3, 2 for M1, 4 for M2 and 2 for
m3. We have excluded search paths for which the
locations corresponding to four hours or more
were lost (the animal was missing or technical
problems forced the end of the tracking session).
Days with lost tracking periods shorter than four
hours were also excluded from computation when
the lost locations occurred during the period of
activity time or the animal’s behaviour suggested
that a significant part of the displacements were
unknown. Finally, we also excluded those days in
which the total movements or the planar diameter
was small (less than 1.5-2 km). Under these cir-
cumstances, the triangulation error (in our case
usually around * 300 m, see Mech 1983) could
play an important role for the interpretation of the
search paths. Days with little or no movement
were rather common in breeding females during
the first two months after birth.

In Figure 1 we show two examples of such
search paths. As can be observed, they are more
complex than straight lines. We attempt to quan-
tify their degree of complexity. In some instances
it has been estimated as the mean directionality
(Batschelet 1981), but this only considers the
changes of direction between successive straight
displacements, and all the information in relation
to the length of the displacement in each direction
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Fig. 1. Two adult females’ search paths with fractal dimensions, according to expressing (2), 1.27 (top) and 1.47 (bottom).
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is lost. Here we apply Katz and George’s (1985)
index (expression 2) in order to characterize the
search paths of the wolves. For each individual we
have estimated the fractal dimension of each 24-
hr tracking.

During their development and throughout the
year, the wolves pass through different periods of
their life cycles. For this study we will consider
two periods for the adults: a) when they are breed-
ing and the cubs are less than four months old and
remain around the den or “rendezvous site”
(Joslin 1967) almost all the time, and b) the rest
of the year. As one of the adult females (F1) lost
its group and wandered alone for more than one
year without seeming to have a well-defined home
range, we will consider a third group of search
paths including its displacements. We will con-
sider separately the search paths for f3 and m3
until the first spring and thereafter. At that time,
they started moving outside their habitual home
ranges for periods lasting several days, and they
were progressively more independent from their
parents (Vila 1993).

4. Results

Figure 2 shows the distribution of the fractal
dimensions of the daily search paths studied here,
the average fractal dimension (x S.D.) being D =
1.497 £ 0.275, N = 75. On the other hand, as not-
ed above, the fractal dimension of a random walk
approaches two. In particular, for the average
number of steps in the daily patterns studied here
(n = 12.13), the mean of 501 computer-generated
random walks give a value D = 1.83 (see Katz and
George, 1985°s Table I). The difference is signif-
icant (¢ = 48.73, df = 74, p < 0.001). The same
conclusion is reached for each one of the subsets
studied in the present paper: males (¢ = 18.50,
df =7, p < 0.001), females (r = 44.6, df = 66,
p < 0.001), adults (r = 43.88, df = 64, p < 0.001)
and non-adults (¢t = 18.97, df =9, p < 0.001). All
fractal dimensions are lower than that expected
from random walks, and so, wolf search paths are
straighter (for methodological procedures see Katz
and George 1985). Note that N is the number of
daily patterns for which we have calculated the
fractal dimension, and » is the number of steps in
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Fig. 2. Probability (P) distribution of the fractal dimensions
(D) for all the wolf search paths studied in this paper.

each one of these daily patterns. The former val-
ue is taken into account when testing for statisti-
cal differences, while the latter value is used to
find the tabulated value with which we have to
compare our dimension.

4.1. Effect of life stage on females’ search paths

After noting that both adult females (F1 and F2)
showed the same general patterns through the year,
we have grouped both subsets of data. In this sub-
section we looked for any difference in the frac-
tal dimension of the search paths related to the life
stage of the females (normal, D = 1.473 £ 0.252,
N = 31; breeding, D = 1.726 + 0.292, N = 9; wan-
dering, D = 1.284 = 0.164, N = 16). There are sig-
nificant differences between these three stages
(ANOVA, F =10.39, df = 2.53, p < 0.001). The
differences are significant in all pair comparisons
(» < 0.05).

This result suggests that the fractal dimension
of the search paths changes throughout the year in
the adult females. There is a maximum fractal
dimension when the female has young cubs. In
such a case, females can only explore a reduced
area in order to return to the same point, the den
where the pups wait. During this period of life, all



the females’ travels were very short (see Vila
1993).

On the other hand, the wandering female shows
the lowest fractal dimension. Her daily displace-
ments were not constrained to a defined area and
she was continuously moving to new places. In
fact, this female travelled over an area much larg-
er than usual, exceeding 1,000 km?.

4.2. Effect of life stage on males’ search paths

The same comparison reached in the preceding
subsection is now made for the adult males. In this
case we compare the fractal dimension of repro-
ducing males with that for non-reproducing males.
There are no significant differences (¢ = 0.52, df
=4, p = 0.63) between the movement patterns of
reproducing males (D = 1.619 + 0.119, N = 3) ver-
sus non-reproducing ones (D = 1.691 + 0.193, N
= 3). This result, although it must be tempered by
the low number of available data, suggests that
males show no statistical differences in their
search paths throughout the year.

4.3. Effect of the sex on wolves’ search paths

In relation to the effect of sex in the movement
patterns, there are no statistical differences be-
tween males and females if we consider young and
adult animals together (r = 0.950, df = 73, p =
0.345). If we eliminate the young animals from
the comparison, there are still no significant dif-
ferences at the € = 0.05 level, although they are
close to significant (¢ = 1.85, df = 60, p = 0.068).
If from the female group we eliminate all the ani-
mals that are breeding, the differences between
adult males and females are significant (¢ = 2.49,
df =51, p <0.05). The fractal dimension in males’
search paths (D = 1.655 £ 0.148, N = 6) is high-
er than that of females (D = 1.409 £ 0.242, N =
47). Thus, it seems that there are different strate-
gies of space utilization, possibly linked with hunt-
ing, scent marking, or exploration, resulting in
more space filling movements in males than in
females.

219
4.4. Effect of age on wolves’ search paths

There are no statistical differences between adult
(D =1.478 £ 0.270, N = 62) and non-adult (D =
1.586 + 0.293, N = 13) animals (t = 1.334, df =
73, p = 0.1864). This result is maintained even in
the case in which we exclude females with cubs
from the comparison, although in this case the t-
value is near the critical significance level (¢ =
1.902, df = 64, p = 0.0617). On the other hand,
the same conclusion is reached when comparing
from f3 the search paths before and after the first
spring, in which she became subadult, making
excursions away from her parental territory (¢ =
0.714, df = 9, p = 0.493). This lack of difference
can be associated with the fact that, in wolves, dis-
persion is not a sudden phenomenon but a grad-
ual one, with young individuals alternating pro-
gressively shorter stays in their parents territories
with wandering abroad (Van Ballenberghe 1983).

5. Summary and discussion

In this paper we have applied a fractal index to
characterize animal movements. The method is
easy to apply and it allows statistical comparisons
among different subsets of data. We have exem-
plified it by applying this framework to the study
of wolf search path data. We have looked for dif-
ferences in the degree of complexity in wolf search
paths according to sex, life stage and age. All the
data from this study show fractal dimensions
whose complexity is between a straight line and a
true random walk. There is a high degree of patch-
iness in wolf habitats in Spain, and food is not
uniformly distributed. In fact, wolf prey are dis-
tributed in space in a non-uniform way, and recent
theoretical work show that the effect of predation
alone is sufficient to trigger and maintain this spa-
tial distribution (Lewis and Murray 1993). This is
in agreement with the observation than non-linear
biological interactions generate an unexpected
range of spatiotemporal patterns in spatially
explicit models (Basompte and Solé 1995). The
diet of wolves in Spain is mainly comprised of
medium-sized prey (see for example Salvador and
Abad 1987; Cuesta et al. 1991). These prey are
sparse but, due to their relative large daily move-



220

ments and patchy distribution, they are easy to
locate by a carnivore like the wolf, with a well-
developed sense of smell and an extensive home
range. As a consequence, wolves do not need to
travel in a more convoluted way, and more of their
displacements will be between feeding grounds.
The results are rather straight search paths.

Our data show that there are significant differ-
ences in the search paths of females depending on
whether they are breeding or not, or if they are
wandering. When the females had young cubs
their movility was highly restricted. They had to
return daily to the spot where the cubs were wait-
ing to be fed. With the cubs younger than a few
weeks the females hardly moved at all. When the
cubs were several weeks old the movements of
their mother increased, but the global movility was
still reduced (see Vila 1993), conditioning the gen-
eral shape of the search paths. During the rest of
the year the movements were much less convo-
luted: it was not necessary to restrict the move-
ments around one place. For the female that lost
her territory and wandered along a great extension
for several months this trend was exagerated. Her
movements were not restricted at all and she
moved widely, occupying new areas continuous-
ly. As a result, the fractal dimension of her search
paths is lower than that for the other adult female
and the time when she had a stable territory, that
is, her movements were more straight than usual.

Males, on the other hand, did not show such
differences during the year. They were not sub-
jected to the same restrictions than females, or at
least they were not as much subjected as females
were, and they could keep their search behaviour
more constant all the year. Nevertheless, there
were some differences between the search paths
for males and females (after excluding breeding
females). The males’ paths were more convolut-
ed. Both sexes seemed to have different strategies
in their use of space. This may suggest a more
intensive patroling of the territory in males that
may result from the fact that they travel longer
distances daily although the home ranges are not
larger (Vila 1993), or may be also related to scent
marking behaviour or hunting.

The fractal index used in this study shows to be
suitable for the analysis and interpretation of
search paths in a wide range of animals. We use

it with wolf movements as deduced from radio-
telemetry data, but it can be applied to any kind
of multiple locations for a single animal (recap-
tures, snow tracking, or visual observation). The
main advantages of this method are that the frac-
tal dimension is very easy to estimate and inter-
pret, and can be used for statistical comparisons.
The way in which this index is defined allows its
use with rather short data sets and even then can
keep its validity for statistical comparisons if the
number of steps used in the calculations are tak-
en into account. All these properties are even more
useful when we are dealing with endangered or
scarce species, or when the data are especially
hard to get (highly movile animals, difficult to
capture, difficult to track). Under both circum-
stances (both applicable to the wolf in Spain) it is
difficult to get sample sizes big enough as to use
other methods to estimate the fractal dimension of
search paths.
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