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Abstract. In this work we provide a flexible stochastic model for the movement of territorial mammals in their home range, that
is, a model with as few parameters as possible, that exhibits the type of territorial dynamics that has been observed in the field.
Our final objective is to develop an experimental model useful for the study of biological processes from the perspective of
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1. INTRODUCTION.
An animal's home range consists of the area or volume over which an animal normally travels in
pursuit of its routine activities (Burt, 1943). The study of animal movement has been limited to
the delineation of the home range (Mohr, 1947; Hayne, 1949; Dice and Clark, 1953; Calhoun
and Casby, 1958; Brown, 1962; Sanderson, 1966; Jewell, 1966; Jennrich and Turner, 1969;
Mazurkiewicz, 1969, 1971; Koepp! et al., 1975, 1977; Dunn and Gipson, 1977; Cooper, 1978;
Ford and Krumme, 1979, Macdonald et al., 1980; Voigt and Timme, 1980; Schoener, 1981;
Anderson, 1982; Samuel et al., 1985). The need to develop models that incorporate the
characteristic movement of individuals within their home range has not been carried out
systematically despite the fact that its study is essential for the development of effective
management and ecological studies. Models that mimic the movement of individuals within
their home range can help in the development of statistical models for the estimation of trapdependent capture and recapture probabilities for anima]s with multiple nuclei of activity . These
estimates are necessary for estimating the abundance of these populations. Movement models
can. aslo help in the estimation of encounter rates between potential mating individuals. A better
understanding of mating and better estimates of abundance are central to the management of
wildlife as well as to the field of behavioral ecology. In summary, detailed models of animal
movement that describe realistic behavioral patterns may not only be important to management,
wildlife studies, and behavioral ecology but they may also be useful for the refinement and
testing of statistical approaches for the assessment of biological diversity.
Mobility is an important aspect in the life history of many organisms. The movement and/or
dispersal of organisms can be visualized at the level of the individual, perhaps the result of
responses to localized information or, at the level of the group, which may be the result viable
evolutionary strategies. The first may impact the local distribution patterns while the second may
impact the global distribution patterns, for example, insect locomotion is divided by Southwood
(1962) into two behavioral categories: migration and trivial movement. Kareiva (1981) divides
insect locomotion into migratory and non-migratory movement. Migratory movement
corresponds to attempts of leaving one's habitat while non-migratory movements deal with shortrange movement that has played an important role in the structuring of insect-plant interactions
(van Emden, 1972; Mound and Waloff, 1978; Price, 1980). As Kareiva (1981) points out
". movement while foraging and egg-laying determines rates of insect-plant encounter, such
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movements implicitly underlie phenomena such as associational resistance .. .locomotory ambits
are profoundly sensitive to the structure of the local plant community... ". Elton (1949) remarks
on the observed clumping in animal communities and pushes for the incorporation of the effects
of patchy environments in mathematical models. MacArthur and Wilson's (1967) theory of island
biography provided the first significant theoretical advance in this program (see also Levin,
1978a, b). Most of these theoretical studies are concerned with the evolutionary mechanisms
and/or strategies that maintain the observed ecological and genetical diversity. The modeling of
the movement of individual organisms under different assumptions helps understand its role on
the structure and dynamics of a population in different environments.
Animal movement has been studied using different approaches instigated, perhaps, by Pearson's
remark on the stochastic nature of animal paths (see Pearson, 1905, 1906). Kareiva and
Shigesada (1983) classify movement models into two categories: general diffusion models
(Skellam, 1951, 1973; Broadbent and Kendall, 1953; Patlak, 1953a, b; Scotter et al., 1970;
Okubo, 1980; Turchin, 1989, 1991) and simulation models (Siniff and Jenssen, 1969; Kaiser,
1976; Jones, 1977, Zalucki and Kitching, 1982). Diffusion models have been useful to model
approximate limiting distributions of the movement of organisms and have benefited from a
highly developed mathematical theory (see Levin, 1986; Levin and Castillo-Chavez, 1989). As
Okubo (1980) points out, these models are valid when the observation time is much longer than
the duration of the average individual step and when the spatial scale of observation is
substantially greater than the length of each animal's step. Research on diffusion models has been
quite extensive, and applications have been found not only to the movement and dispersal of
organisms but also to the spread of genotype frequencies (Fisher, 1937; Aronson and
Weinberger, 1975), the spread of epidemics (see for example Kendall, 1965; Diekmann, 1978,
1979; Thieme, 1977; Hadeler, 1984), and to the asymptotic speed of advance in plant dispersal,
invasion, and disease dynamics (Skellam, 1951; Okubo, 1986; F. van den Bosch, 1990; Lubina
and Levin, 1988). Simulation models may produce accurate descriptions of movement processes,
but comparisons are exceptionally difficult (Marsh and Jones, 1988). The theoretical work in this
area is quite extensive and we only highlight a few important models that are relevant to the
approach that we follow.
Kareiva and Shigesada (1983) developed a correlated random walk model which represents a
viable compromise between diffusion and simulation models-a compromise between realism
and generality. They develop a procedure that quantifies movement sequences in terms of step
size and turning angle probability distributions. Their formulae allow for the comparison of
different searching behaviors and their consequences. Other authors follow their approach
(Kareiva and Odonell, 1987; McCulloch and Cain, 1989; Cain, 1991) but never in the context of
studying animal movement in a home range.
Sniff and Jessen (1969) simulated the movement of individual red foxes within their home range
using radio-telemetry data. Sniff and Jessen matched the observed speed movement distribution
to a gamma distribution, and the observed relative angle distribution to a circular normal
distribution. Although their model produced realistic descriptions of movement processes, it was
not possible to use it in a biological context, for example, in the differentiation of animals'
patterns (pattern recognition).
Holgate (1971) developed biased random walk models and encourage their use in the problem of
estimating the probability that an animal is caught in its home range. Holgate constructed
stochastic models using two different movement mechanisms based on the attraction of animals
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to a center of activity. The stochastic processes used by Holgate were built in a squared lattice.
The first model assumes attraction to a pre-specified center of activity, a nest which contains
offspring waiting to be fed, and, consequently, the probability of taking a step in the direction of
the nest is greater as the animal moves farther away from it (see also Kac, 1947). The second
model assumes that attraction to the home center depends solely on the animal's memory and
familiarity--mechanisms that are harder to define mathematically (see also Gilles, 1956). It is
assumed that attraction to the center of activity diminishes hyperbolically with distance, that is,
the farther away an animal is from its home the less likely it is to return. Therefore, the mean
traveled distance from the center of activity does not, in general, converge to a limit and,
consequently, animals are more likely to disperse (Okubo, 1980). Intuitively, however, the
difference between the mechanisms suggested by Holgate appears clear: the memory-familiarity
process is overtaken by diffusive tendencies and, in principle, may lead to an unbounded home
range; alternatively, if the attraction to the nest increases with distance, then the diffusive
tendencies associated with this random walk model may be overshadow by the attraction, at
appropriately large distances, leading to bounded home ranges. The use of Holgate's stochastic
models with a pre-specified center of attraction makes it possible to construct animals' paths that
are realistic (see, Bovet and Benhamou, 1988). Unfortunately, in Holgate's models after an
animal reaches its center of activity, it remains there forever. Because Holgate's models can be
reduced to the study of difference equations for the transition probabilities, if smaller and
smaller steps are taken then, on the limit, it converges to a genrralized diffusion equation which
it may possible to analyze (see Batschelet, 1971; Okubo 1980). We use a modified and
expanded version of Holgate's second approach to construct the model in this article.
Dunn and Gipson ( 1977) and Dunn and Brisbin ( 1985) suggested the use of the OrsteinUhlenbeck Diffusion Process (multivariate centrally biased diffusion process) to approximate the
"true movement of an animal" in its home range. The animal' paths are generated by a
continuous, stationary Gaussian Markov process for which the probability of movement depends
on the distance to the animal's center of activity and to the position of animal "close" neighbors.
However, for many animals, the Orstein-Uhlenbeck Diffusion Process does not provide a
realistic model for movement (see Worton, 1987). More recently, Benhamou (1989) developed a
model, for the movement of mammals within their home range, based on a first order correlated
random walk model that integrates a differential klinokinetic mechanism (see also Bovet and
Benhamou, 1988). Benhamou's model assumes that an animal moves in a radial olfactory
gradient field centered around its center of activity, with the intensity of the associated olfactory
stimulus decreasing with distance. The model requires that the animal moves at random each
time it reaches home (the center of activity), a situation that occurs frequently. That is, there is a
single nuclei of activity which is visited often.
Field studies of different mammal species show the existence of multiple areas of high activity in
an animal's home range (see reviews by Voigt and Tinline, 1980; Don and Reynolds, 1983);
hence, the useof a unique center of activity in the modeling of an individual's home range is too
limiting. Don and Reynolds (1985) support the theoretical and practical need of modeling animal
movemeent in a multinuclear home range, that is, in a home range with multiple centers of
activity. These researchers introduce, as a partial solution, a parametric method for estimating the
forms of the animal's utilization distribution in a multinuclear home range. However, they do not
provide specific models for the movement of animals in multinuclear environments.
Bell (1991) focusses on the importance of incorporating changes in locomotory patterns over
time in s=mulation models of an animal's path. Bell concentrates on the role of active versus non-
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active periods. An animal begins its active period movement searching for food, water, or other
resource. A random walk model thus provides a reasonable first approximation for the early
stages of the active period. As time elapses, the tendency to return home-or, more generally, to
a nucleus of activity-increases. Hence, realistic models of animal movement in their home
range need to incorporate time since departure from the center of activity. Our model integrates
these effects introducing few additional parameters.
In the next section, we describe a model that incorporates in a crude manner several of the
features observed in field studies, including multiple nuclei and time since departure from a
nucleus. Our objective is to develop a flexible model, that is, a model with as few parameters as
possible, that exhibits the type of territorial dynamics observed in the field. We plan to use this
model as a tool for developing, testing, and evaluating resource management strategies.

2. A MODEL FOR THE MOVEMENT OF ANIMALS IN THEIR HOME RANGE.
In this manuscript, we introduce a simple stochastic simulation model that reproduces the
movements of animals in multinuclear home ranges. It is based on a random walk model that
takes into account the time since departure from one of the nuclei or one of the centers of
activity. Each nucleus has its own "stochastic basin" of attraction. Our main objective is to
develop a flexible construct that mimics field territorial dynamics with a n •inimal number of
parameters.
2a. Model with one nucleus (center) of activity.
Attraction towards a center of activity will be a function of time since departure from it. Animals
begin the day wandering at random, or more explicitly, an individual moves in a lattice with
eight possible future distinct adjacent locations. An individual remains at its current location or
moves to an adjacent location. The time-dependent stochastic process records the position of an
individual at time t from its center of activity, where t denotes the time since departure. To
describe ~~ explicitly, we assume the existence of fmitely many adjacent sites (eight in our case).
If S. ·denotes the set of all sites in a two-dimensional (integer) lattice centered at the animal's
. center of activity, then ~~ is a function defmed on S with values in R+ u {0} =(0, oo). At t =0,
the animal is at the center of activity. and as the time t changes, the animal either moves or stays,
that is, jumps or does not jump to an adjacent (one of eight) point in the lattice.
The dynamics (the trajectory of an animal) is described by the time-dependent transition (or flip)
rates at which the individual moves, that is, by the non-autonomous rates at which the animal
jumps from location to location (individuals are allowed to stay put). These rates are given by a
set of nonnegative numbers {c( x, y ): x -::f:. y}. Each c( x, y) denotes the rate at which the system
changes from position x to position y (only eight distinct adjacent positions are available at any
point in time), that is,

. P(~t+h
Explicitly,

= y I ~, =x) = c(x,y)h+ o(h), for all t ~ 0.
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where a is the coefficient of attraction; Y; the coordinates of one of the eight points adjacent to
point x in the lattice (positions are relative to the center of attraction); and d; denotes the
distance from Y; to the center of attraction (here the origin). The size of each square in the lattice
is determined by the average distance traveled by an individual per unit time.
2b. Simulation of the process {t: tO}.
From the construction of the transition rates we know that

c(x)= Lc(x,y)<oo.
yeS

We let the sequence 0 = a0 < CT1 < CT2 < ···denote the times at which the animal moves Gumps).
Then "C'n =an - an_ 1 has an exponential distribution with rate
1 ) , and we can simulate the
process using the following procedure:

c( ;a._

(i)

Set the initial state go by placing the individual at the center of activity, that is, go = 0,
and assume that a sequence of n jump times 0 = a 0 < a 1 <.. ·<an and their corresponding
states or positions 1 , 1 :::; i :::; n have been determined.

;a

(ii)

Get

(iii) Set

c( ;a.)} and let an+ = an + "C'n.
'h
bbil' c(;a.•Yi)
= Y; Wit pro a tty
( ) .

"C'n+1 from
J:.
':!a

n+l

(iv) Define

exp{

;t = ;a.

1

C ;

=X

for an :::; t:::;

cr.

an+1.

At the end of each day, we reset the clock to t = 0.
2c. Model with at least two nuclei of activity.
A simple modification of the above model allows for the incorporation of multiple areas of high
activity, nuclei, or homes. Each nucleus has an associated coefficient of attraction that weights
the effect of the nucleus on the animal's decisions. The effect depends on the distance to the
nucleus and the time since departure. At time t = 0, the animal begins its movement from a
particular center of attraction. Motion is initially random. As time progresses, however, motion
itself does with some probability bring the individual animal within the "stochastic basin" of
attraction of a different center of activity. Such attraction becomes stronger as time since
departure progresses and, consequently, an animal tends to spend a proportion of its life in
different centers of activity.
The modified transition rates are as follows:

where ak is the coefficient of attraction of nucleus k; Y; the coordinates of one of the eight
points adjacent to point x in the lattice ( Y; is measured relative to the origin, which is assumed to
be the main center of attraction c0 ); Dik denotes the distance from Y; to ck, the (k+l) center of
attraction. The size of each square in the lattice is determined by the average distance traveled by
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an individual per unit time. The simulation follows exactly the same procedure as before, except
that the number of transition rates has now increased.

3. SPACE USE PATTERN GENERATED BY THE MODEL
We ran our model with one center of activity to estimate the space use pattern for one realization.
Each realization corresponds to a activity period (e.g., one night in nocturnal animals). We also
Var'J grid size and a to see the effect of these changes in the space use patterns. We let the
realization run for 7000 steps in a 100x100-cell grid, where each cell is 100 units per side, and
also with a 200x200-cell grid, where each cell is 50 units per side; we let a vary between
0.00001 and 0.0000001. Figure 1 ( a=0.00001, 100x100 grid) represents a space use pattern
very concentrated around the center of activity. Figure 2 ( a=0.000001, 100x100 grid) represents
more sparse activity with the highest activity level in the center. Figure 3 represents sparse
activity with no preference for the center ( a=0.0000001, 100x100 grid). Figure4. ( a=0.000001,
200x200 grid), which shows the effect of reducing the grid, essentially conveys the same picture
as Figure 2, but with added detail. Therefore, while a determines space use patterns, pattern
details depend on cell size. If we have an animal with highly concentrated activity close to a
nucleus, it will be important to work with small cell sizes.
The milization distribution is defmed by Van Winkle (1975) as "the two dimension relative
frequency distribution for the points of location of an animal over a period of time." Van Winkle
found that a bivariate normal distribution adequately characterizes the home range of many
animals. Each of the previous simulations can be interpreted as a random sample (of size one)
from a utilization distribution. An empirical sample distribution is obtained by running 100
realization with a=0.000001, a 100x100-cell grid, and a cell size of 100 units per side (Figure 5).
This figure looks roughly like a bivariate normal distribution with its center at the nucleus of
activity.
We ran the multinuclear model with three centers of activity for 7000 steps in a 100x100 grid
(cells of 100 units per side). We estimated 30 realizations to obtain a utilization distribution with
each of the three coefficients of attraction <Xi set at 0.000001Figure 6. As shown in Figure 6, there
are three peaks in the utility distribution, all with similar sparse distributions. In Figure 7, we also
·observe three peaks, but with varying degrees of attraction. In this case, we set a=0.00001 for a
single nucleus-the one that shows the concentrated activity. The other two nuclei remained at
0.000001.

4. DISCUSSION
We develop a model that represents animal movements in a home range. It is general enough to
allow comparisons between animals using the parameter a, thus improving on detailed
simulation models. It has only one parameter (a:) which is related to the size of the home range.
Therefore, a summarizes how powerful is the need to look for resources and how strong is the
attraction to the center of activity. Since home range increases with animal body size (MacNab,
1963; Armstrong, 1965; Schoener, 1968; Turner et al., 1969; Harestad and Bunnell, 1979; Peters,
1983), it may be expected that a will also vary as a function of body size. A further complication
that we have not addressed deals with the problem of generating accurate estimates of home
range size (see Macdonald et al., 1980; Dunn and Brisbin, 1985). Knowledge of home range size
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is implicitly assumed in our simulations, and a must be calibrated to take into account the size of
the home range.
As discussed earlier, Dunn and Gipson (1977) and Dunn and Brisbin (1985) proposed the
Orstein-Uhlenbeck Diffusion Process to describe, in a very limited way, animals' movements in
their home range (Worton 1987). Our model represents path averages because it only takes into
account whether or not the animal is in a particular lattice square. Hence, such average behavior
depends on the size of the cells in the lattice. This dependence disappears when a continuos
model is used. So a diffusion approximation to our model could improve our model and it may
make it amenable to mathematical analysis at least in a few special cases.
Although our model works on a lattice using a random walk, as Holgate's (1971) did, it presents
some advantages over Holgate's approach, as the probability of movement not only depend on
distance from the center of activity, but also on time since departure. The animal returns to its
home without the use of reflecting boundaries. Our model allows the animal to move when it is
at the center of activity, and implements the concept of multinuclear home range introduced by
Don and Reynolds (1983).
Benhamou (1989) developed a model which represents mammals movements within its home
range with a single center of activity. Animals move in a radial olfactory gradient field centered
at the nucleus of activity-the intensity of olfactory stimulus decreasing with distance. A similar
interpretation can be given to a in our model. Benhamou assumed a linear relationship between
distance and intensity. Because in our model the dependence with distance is exponential,
animals are very likely to return when they are far from home. Furthermore, since the probability
of return is time-dependent, a function of the time since departure, the attraction to the center
increases as the end of the animal's active period approaches. However, because both effects are
weak at the beginning of the activity period, in such early stages we also observe a random walk.
These two temporal/spatial effects combine to generate, if a is chosen appropriately, realistic
utilization distributions without having to reposition the animal at the center of activity when the
distance to its home is shorter than a step's length. Moreover, movement does not have to be
forced-started with a random walk, as Benhamou's model requires. The animal arrives to its
home range when its searching activities are finished and stops there to rest.
A common assumption in some of the mark-recapture methods used to estimate the density of
animal populations is that each animal has a constant and equal probability of capture on each
trapping occasion (Otis et al. 1978). More general models assume unequal and time-varying
capture probabilities or behaviorally dependent capture probabilities, including trap shy or trap
happy variants (see Otis et al., 1978; Pollock et al., 1990). However, no model assumes variation
in capture probabilities as a function of the distribution of encounter between animals and traps
in a multinuclear home range. Our model may help develop improved methods for the estimation
of these probabilities. Specifically, our model may help develop methods that improve our
current estimates of the probability of capture, by traps, of an animal in its home range. If the
investigator possesses detailed spatial information of home ranges of particular species, he/she
may be able to use our model to estimate the probability distribution of being capture by a trap as
a function of where the trap is located within the home range. and, finally, be able to improve
current estimates of abundance.
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