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Abstract Environmental heterogeneities can change ani-
mal movement in two different manners. First, they can
modify movement characteristics (move lengths or turning
angles), in which case the movement remains of the dif-
fusive kind. Second, they can bias displacement towards a
particular direction in which case it becomes non-diffusive.
We propose in this paper a simple method that only re-
quires computing the mean length of a sample of trajec-
tories in some bounded area to distinguish between these
two kinds of movement. We show through simulations that
the method allows to detect the presence of heterogeneities
that orient animal movement. We apply it to experimental
trajectories of Messor sancta ants engaged in corpse ag-
gregation to show that their displacement is oriented at the
contact of the formed corpse piles and that their trajectories
become non-diffusive.

Introduction

The analysis of animal pathways is often important to better
understand the dynamics of the spread of a population of or-
ganisms in a given environment (Turchin 1991; Parrish and
Hamner 1997; Turchin 1998). The individual movement of
an animal can be approximated in a discrete fashion by a
series of straight moves separated by turning angles and
it is often described as a correlated random walk (Kareiva
and Shigesada 1983; Root and Kareiva 1984; Bovet and
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Benhamou 1988; McCulloch and Cain 1989; Turchin
1991). The term “correlated” refers to the fact that, due
to the bilateral symmetry of most organisms, animals have
a strong tendency to move forward and thus that the di-
rection of travel at step i depends on the direction at step
i-1. In homogeneous environments, Kareiva and Shigesada
(1983) have proposed a model, based on the evolution of
the net-squared displacement of organisms, to test the cor-
related random walk assumption (see also McCulloch and
Cain 1989; Wu et al. 2000): given the observed mean turn-
ing angles and move lengths of the organisms under study,
the expected net-squared displacement as a function of the
number of consecutive moves for a correlated random walk
is compared with the observed mean net-squared displace-
ment computed for the population. If the observed curve
departs too much from the expected curve, this should in-
dicate some directional bias in the movement of the organ-
isms and the correlated random walk assumption should be
rejected (see Crist and McMahon 1991, for an example of
application in ants). This method is also used to test whether
the spread of a population in an homogeneous environment
obeys a diffusion process.

In nature, animals generally move in environments char-
acterized by the presence of many spatial heterogeneities at
different scales. These heterogeneities can affect the diffu-
sive character of their movement and influence it in several
manners. First, they can locally modify their movement
characteristics: move lengths can shorten and/or turning an-
gles increase when animals engage in area-restricted search
(Benhamou and Bovet 1989; Bell 1990) after encountering
e.g. a patch of high-resource density (Root and Kareiva
1984; Crist et al. 1992), a patch of high humidity (Dejean
and Benhamou 1993; Durou et al. 2001), or when they ex-
perience a decrease in ambient temperature (Challet et al.,
in press). Such modulated movements still remain diffusive.
Second, environmental heterogeneities can also bias their
movement towards a particular direction: animals can use
guidelines such as forest boundaries or pheromone trails, or
they can be attracted by several types of stimuli, e.g. odours,
sound or light (Fraenkel and Gunn 1961; Schöne 1984).
Such a modification can render movement non-diffusive.
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In this paper we provide a test that allows to distinguish be-
tween diffusive (with modification of movement character-
istics only) and non-diffusive (with oriented displacement)
correlated random walks in heterogeneous environments.
It is of particular interest when the experimenter does not
easily perceive spatial environmental heterogeneities. The
test is based on a recent result from physics that shows that
the average length of a random walk trajectory in a bounded
area is independent of its characteristics and depends only
on the geometry of the area (Blanco and Fournier 2003).
This result is valid for many types of random walks, in
particular the ones characterized by an exponential move
length distribution and a symmetric distribution of the turn-
ing angles around zero (i.e. an equal probability to turn right
or left), which applies to the movements of most organisms
and that will be used in this paper. We first illustrate the
method through a series of simulations and then apply it
to a sample of ant pathways collected in a heterogeneous
environment.

Material and methods

Simulations

To represent heterogeneous environments, the simulated
trajectories were all inscribed in a rectangular area (40×10
arbitrary distance units) divided into two adjacent zones
within which movement characteristics remain constant
(Fig. 1a and b). These trajectories were correlated random
walks with a symmetric turning angle distribution around
zero (with mean cosine=0.5) and a negative exponential
distribution of move lengths with parameter λ correspond-
ing to the rate of directional change. 1/λ thus represents
the mean distance travelled before a directional change
occurs.

The simulations were run in two conditions. In the first
condition (Fig.1a), the distribution of move lengths of the

Fig. 1 The simulated trajectories are inscribed in a rectangular
area (40 × 10 arbitrary units) divided into two adjacent zones, each
with its own mean move length 1/λ and a symmetric distribution
of turning angles around zero. (a) In the first condition, the mean
distance travelled before changing direction is lower in zone 2 than
in zone 1 > 1/λ1 (1/λ2) (b) In the second condition, this distance
is the same in the two zones but the organisms have a tendency to
follow the boundary between the two zones (straight line) and to
leave it after travelling on average a distance 1/λ3

organisms varies in space: the mean distance travelled
before a change of direction is higher in zone 1 than in zone
2 (1/λ1 = 2 unit distance for zone 1 and 1/λ2 = 1 unit dis-
tance for zone 2 in the first set of simulations, 1/λ1=10 and
1/λ2 = 1 in the second set of simulations). Two hundred
trajectories were simulated for each set of simulations,
which corresponds to a reasonable sample size in biological
experiments. In the second condition (Fig.1b), a directional
bias is introduced in the movement of the organisms: the
mean distance travelled before the change in direction is
identical in the two zones (1/λ1=1/λ2=1), but when the or-
ganisms reach the common boundary of the two zones, they
walk along this boundary for an average distance 1/λ3 that
varies from 0 (no following behaviour) to 5 units distance.
Two hundred simulations were run for each value of 1/λ3.
In both conditions the organisms in the simulations enter
the rectangular area at a random location on its perimeter
with an angle of incidence distributed according to a cosine
function (highest probability for angles perpendicular
to the area perimeter, see Blanco and Fournier 2003 for
details).

Path analyses

According to Blanco and Fournier (2003) the expected tra-
jectory length Lth from any entry point into a bounded area
to the first exit point is given by the formula:

L th = π S

P
, (1)

where S is the surface and P the perimeter of the stud-
ied area. For the area we used in our simulations we get
Lth=12.57.

To test this prediction, we simply need to compute the
arithmetic mean length <L> of N trajectories of length L
across the area:

< L > =

N∑

i=1
Li

N
(2)

If the values of <L1> (for the simulations in the first con-
dition) and <L2> (for the simulations in the second condi-
tion) are significantly different from Lth, then the trajecto-
ries do not correspond to a diffusion process. The variance
of Lth has to be computed by simulations, no theoretical
results are available yet.

All simulations and statistical analyses were done
with the R statistical software (http://www.r-project.org/,
version 1.7, the R code can be requested from the authors).

Results and discussion

In the first condition, when only the average distance
travelled before changing direction varied between the
two adjacent zones, we found that the average lengths of
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Fig. 2 Mean length of simulated trajectories <L2> as a function of
the average length travelled by the organisms along the zone boundary
(1/λ3). The bars represent the 95% confidence interval of the mean
(n=200) to illustrate the power of the test

the 200 simulated paths did not differ significantly from
the theoretical value Lth = 12.57 predicted by Eq. (1):
<L1>=12.63±0.87 (mean±SE, SD = 12.3) and <L1>
= 12.27±0.71 (mean±SE, SD = 10.1), for 1/λ1 = 2 and
1/λ1=10, respectively. This illustrates that the trajectories
of the organisms can still be considered as the result of a
diffusion process, in spite of the fact that the characteristics
of the trajectories in the second set of simulations were
very different between the two zones.

In the second condition, when the organisms had a ten-
dency to follow the boundary between the two zones, we
found that the average length of the simulated paths <L2>
increased with increasing 1/λ3 (Fig. 2). Two hundred tra-
jectories were sufficient to detect the difference from Lth =
12.57 for values of 1/λ3 ≥ 1 (95% CI do not overlap the
prediction), thus confirming that following a trail or edge
renders the movement non-diffusive.

Illustration of the method with a biological example

The tendency of ants to evacuate dead corpses from their
nest and to pile them at some distance from it to form
“cemeteries” is well known to myrmecologists (Hölldobler
and Wilson 1990). In the framework of another research
project (Theraulaz et al. 2002) we have successfully mod-
elled the dynamics of corpse aggregation in the seed har-
vesting ant Messor sancta as a one-dimensional reaction–
diffusion process. Our aim is now to extend our model in
two dimensions. As a prerequisite however we needed to
know whether the movement of ants engaged in the for-
mation of cemeteries could be considered as diffusive. We
were interested, in particular, to apply our method to test
whether ants had a tendency to follow the periphery of
corpse piles.

The trajectories of single ants moving on and around
a circular pile of 2000 dead corpses artificially as-
sembled (radius of the pile: r1 = 4cm) in an arena
were videotaped and digitized as a series of Cartesian
coordinates once every second by using a a GrafBar
GP-7 sonic digitizer (Science Accessories Corporation,

Southport, USA). To avoid any directional bias in the move-
ment of the ants, the arena was surrounded by white sheets
that homogenized the light and masked any potential vi-
sual landmarks. First, 97 trajectories of ants walking on
the corpse pile were recorded. Second, 66 trajectories of
ants walking within a zone encompassing the corpse pile
and an annular ring of 1cm width (radius of the zone:
r2= 5cm) were recorded. Equation (1) predicts the average
length of the trajectories to be Lth, r1 = 6.28cm and Lth, r2
=7.85cm, for ants walking on the corpse pile and within
the zone encompassing the corpse pile and the annular ring,
respectively.

The mean length of the trajectories was compared with a
t-test to the theoretical values computed from Eq. (1). Note
that path length distributions on a closed surface can be
highly skewed, but the size and skewness of our samples
allowed nevertheless to use a t-test (Boos and Hughes-O-
liver 2000). We found that the mean length of the trajec-
tories on the corpse pile, <L>r1=6.74cm, did not differ
significantly from the prediction Lth,r1 =6.28cm (t=1.24,
df=96, p=0.22). The movements of ants on the corpse pile
had thus a diffusive character. For the trajectories of ants
moving within the zone encompassing the corpse pile and
the annular ring however, the observed mean length <L>r2
=5.33cm was significantly different from the prediction
Lth,r2 =7.85cm (t=2.96, df=65, p=0.004). The movement
of ants thus ceases to be diffusive when a peripheral zone
is considered around the corpse pile. Indeed, additional ex-
amination of the trajectories shows that ants have a strong
tendency to follow the periphery of the pile when entering
into contact with the latter.

Conclusion

The method presented here can be used to distinguish be-
tween diffusive and non-diffusive movements and it is par-
ticularly adapted to the detection of directional biases that
could be induced by spatial heterogeneities. It complements
that proposed by Kareiva and Shigesada (1983) but it is the
only one that can be used in particular situations commonly
encountered in experiments. First, our method can be ap-
plied to short trajectories inscribed within a small area and
made of a low number of moves. Second, it works even
if the characteristics of the trajectories (e.g. mean move
length) vary in space as in the first condition of our sim-
ulations, in which case the linear relationship between the
net-squared displacement and time (Kareiva and Shigesada
1983) would not hold. In conclusion, the method we pro-
pose in this paper is able to detect non-diffusive movements
on the basis of the sole calculation of the lengths of a sample
of trajectories in a bounded area.
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Fig. 1 The simulated trajectories are inscribed in a rectangular area
(40×10 arbitrary units) divided into two adjacent zones, each with its
own mean move length 1/� and a symmetric distribution of turning
angles around zero. a In the first condition, the mean distance
travelled before changing direction is lower in zone 2 than in zone 1
(1/�1>1/�2). b In the second condition, this distance is the same in
the two zones, but the organisms have a tendency to follow the
boundary between the two zones (straight line) and to leave it after
travelling on average distance 1/�3
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