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Abstract

Home ranges of animals are associated with the spatial distribution of limiting resources on a landscape, yet no mechanistic
models representing this relationship exist. We present models of how animals might choese patches for their home ranges
in ways that are optimal with respect to spatially distributed resources. The models assure that animals choose patches for
their home ranges based on resource benefits discounted for travel costs. Animals might select patches to maximize resources
within their home ranges over random use of the landscape {resource maximization), or to satisfy a minimum resource threshold
needed for survival or reproduction (area minimization). We evaluated how landscape configuration structures home ranges
of animals by performing individual-based, spatially explicit computer simulations using cach model on simulated landscapes
that differed only in the spatial continuity of resources among patches (from over-dispersed to clumped). The most important
factor determining quality, efficiency, resource content, and spatial distribution of home ranges was the extent to which resources
were clumped on a landscape. Characteristics of resource-maximizing home ranges were determined only by the distribution
of resources, and differed from those of area-minimizing home ranges depending upon the magnitude of the resource threshold
required. An increase in resource threshold increased area and total resource content for area-minimizing home ranges, but did
not change their quality or efficiency. Because animals can consume or protect resources within their home ranges, they can
depress the value of resources available to other animals and hence how those animals will choose their home ranges. Depression
of resource values on a landscape by animals should result in different configuration and spatial distribution of home ranges on
a landscape than would be predicted in its absence. We modified the two home range maodels to depress the value of resources
available to other animals within patches selected for each home range. We generated home ranges with the new models on the
simulated landscapes and evaluated how home ranges with resource depression varied with landscape configuration and with
the number of home ranges on the landscape. We compared characteristics and spatial distribution of home ranges with resource
depression to those of home ranges that do not. For the number of simulations we performed, resource depression resuited in
home ranges that differed litte in configuration and landscape interactions from those without, except that they were distributed
more evenly on the landscapes and overlapped each other less. As the number of home ranges on a landscape increased, resource
distributions declined in quality and heterogeneity, and home ranges became larger, less efficient, and of lower guality. Our
results suggest that, in addition to landscape configuration, the extent to which animals depress resources included in their home
ranges should determine the evenness of spatial dispersion, overlap, and home range structure, especially where animals select
home ranges to satisfy a specific resource threshold and the density of animals is high. Because resource depression sets & Jimit

*Corresponding anthor. Tel.: +41-334-844-9250.
E-mail address: mike_mitchell@auburn.edu (M.S. Mitchell).

0304-3800/% — see front matier © 2004 Elsevier B.V. All rights reserved.
doi: 10.1016/j.ecolmodel 2004.01.015



210 M.S. Mitchell, RA. Powell/ Ecological Modelling 177 (2004) 209232

on the number of home ranges a landscape with fixed resource Jevels can support. our models provide a means of assessing

carrying capacity of a landscape.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The home ranges and territories of animals, and the
spatial distribution of animals within a population, are
commonly thought to reflect the distribution of one or
several limiting resources on a landscape (Ebersole,
1980; Hixon, 1980; Schoener, 1981; Powers and
McKee, 1994; Powell et al., 1997; Powell, 2000). A
territory is that part of an animal’s home range where
the animal excludes conspecifics o protect resources
(Ostfeld, 1990; Wolff, 1993; Powell et al, 1997,
Powell, 2000) or offspring (Wollf, 1997). The rcla-
tionship between resources and territories has been
investigated extensively (Brown, 1969; Carpenter and
McMillen, 1976: Ebersole, 1980; Gill and Wolff,
1975; Hixon, 1980: Kodric-Brown and Brown, 1978,
Powers and McKee, 1994; Stenger, 1958; Schoener,
1983), primarily using economic analyses of fitness
trade-offs between benefits gained from resources and
costs of defending them.

In contrast, the factors structuring home ranges of
animals have received little attention, partly because
definitions for home ranges (and the costs and benefits
that might define their structure) are imprecise. Burt
(1943, p. 351) described a home range as:

...that area traversed by an individual in its nor-
mal activities of food gathering, mating, and caring
for the young. Occasional sallies outside the area,
perhaps exploratory in nature, should not be con-
sidered part of the home range.

Burt's definition is conceptually complete but
difficult to evaluate analytically because terms are
vague and difficult to quantify (Powell et al., 1997;
Powell; 2000). Although many studies of home ranges
exist, little has been done to evaluate, quantify, or
improve upon Burt’s definition. Much research and
debate has focuscd on statistical approaches to es-
timating home ranges from location data (Worton,
1987: Loehle, 1990; White and Garrott, 1990;
Gautestad and Mysterud, 1993; Gautestad and

Mysterud, 1994; Gautestad and Mysterud, 1995;
Bascompte and Vila, 1997: Powell, 2000), but such
approaches are descriptive and have limited theoret-
ical or predictive value because they are not mecha-
nistic (Moorcrofl et al., 1999). The sole mechanistic
home range model to date (Lewis and Murray, 1993;
Moorcroft et al., 1999) used correlated random walk
structured by scent marking to estimate home ranges
of camivores. No general, mechanistic model exists
relating home ranges to the resources that structure
or facilitate the “normal activities™ described by Burt
(1943), Although the importance of food as a him-
iting resource is cited in many home range studies
{Harestad and Bunnell, 1979; Lindzey and Meslow,
1977; Lindstedt et al.,, 1986; Litvaitis et al., 1986;
Jones, 1990; Holzman et al., 1992; Joshi et al., 1995),
particularly for females (Young and Ruff, 1982: Ims,
1987: Powell et al., 1997), little is known about how a
home range is structured with respect to these or any
resources. Researchers, therefore, have had to assume
that an animal’s life requisites are satisfied by the
resources available within its observed home range.
We hypothesize that home ranges, like territories,
are structured primarily by the fitness-driven need
for efficient accumulation of resources required for
survival and reproduction (Powell, 2000). Because
home ranges based solely on accumulating as many
resources as possible would be limitless in size, it is
clear that animals with defined, finite home ranges
accumulate spatially distributed resources under lim-
iting constraints. If home ranges, like territories,
are a function of the availability and distribution of
limiting resources, limited by the costs of resource
acquisition, then the bome range choices of animals
seeking to maximize reproductive fitness can be mod-
eled as an optimization function. We hypothesize that
an animal maximizes resource accrual per unit area
of its home range through the optimal selection of
resource-bearing patches, analogous to optimal for-
aging for food items in a diet (Stephens and Krebs,
1986; Krebs and Kacelnik, 1991). This differs from
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the common view of the home range as the sum of an
animal’s movements {Worton, 1987; Loehle, 1990;
Gautestad and Mysterud, 1993; Lewis and Murray,
1993: Gautestad and Mysterud, 1995, Bascompie
and Vila, 1997) with a focus instead on the spa-
tially distributed resources that structure an animal’s
movements (i.c., its cognitive map; Peters, 1978).
We developed spatially explicit, individual-based
models for optimally selecting patches for a home
range from a landscape comprising patches that con-
tain limiting resources. Each model assumes that
animals select patches of the highest quality available
for their home ranges. The models differ in the point
at which this patch selection would stop, i.e., when
a home range contains sufficient resources. For un-
derstanding different ways animals might determine
sufficiency, we cnvision a spectrum of behaviors. At
one exireme are animals for which survival and re-
production increase monotonically with the efficient
accumulation of spatially distributed rescurces. Such
an animal would seek to balance the benefits of ac-
cumulating as many resources as possible against
the costs of including the patches that contain them,
causing it to seek the most efficient accumulation of
resources in a home range that a resource distribution
can offer. At the other extreme are animals for which
survival and reproduction asymptote with the efficient
accumulation of spatally distributed resources. At
some point, a biclogical threshold is reached beyond
which adding new, resource-rich paiches to a home
range has no benefit; such animals should seek to
accumulate efficiently only the resources necessary to
survive or reproduce in their home range. Based on
these extremes, we modeled two alternative strategics
for determining when patch selection should end in
homie range construction: (1) maximizing resources
within a home range over random use of patches,
or (2) accumulating resources sufficient to satisfy a
pre-set minimum threshold, The first strategy maxi-
mizes the difference between selective and random
use of a resource distribution and therefore is optimal
with respect to the resources themselves. The second
strategy minimizes the area needed to satisty a re-
source threshold sufficient for an animal’s survival
and reproduction and therefore is optimal with respect
to this biological threshold. We evaluated how home
ranges of selective animals pursuing these strategies
might differ by performing computer simulations for

each model on resource distributions of known charac-
teristics.

In addition to strategies of patch selection by an-
imals, spatial structure of home ranges and their
distribution on a landscape should also be determined
by the distribution of resource-containing patches. To
evaluate this relationship, we applied our models to
five simulated landscapes differing in how patches
of varying resource value were distributed. From 100
simulations for each model on each landscape, we
developed hypotheses about how the spatial distribu-
tion of resources should determine the stucture and
distribution of home ranges.

The distribution of animals on a landscape may not
be solely a function of landscape structure. Other fac-
tors such as social interactions (e.g., territoriality, hi-
erarchical antagonism) and depletion of resources by
individuals using patches (e.g., consumption of foods,
causing prey to be vigilant, occupation of den sites)
could also strongly affect how animals are distributed
in space. We hypothesized that these factors can de-
press the perceived value of resources contained in a
patch and, thereby, affect patch selection by an animal
establishing a home range. In this case, we suggest
the value of resources in a patch depends on (1) the
inherent quantity and quality of those resources, (2)
average costs incurred in traveling to that patch, (3)
the number of animals using that patch, and (4) the
extent to which those animals depress the value of re-
sources to other animals. From this it follows that use
of a landscape by an animal modifies the distribution
of resources available to other animals; as the number
of animals using a landscape increases, the resource
distribution available to successive animals changes
and, therefore, the home ranges constructed on those
resources and the distribution of home ranges on the
landscape should also change. Consequently, on iden-
tical landscapes one would expect important differ-
ences between an equal number of home ranges with
resource depression and home ranges without. Further,
one would also expect important changes in character-
istics of both resource distributions and home ranges
as the number of animals establishing home ranges on
a landscape changes.

We were interested in how resource depression
in patches selected for home ranges might affect
home ranges of animals pursuing both the resource-
maximizing and area-minimizing home range strate-
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gies we have hypothesized. To evaluate how resource
depression can affect home ranges developed under
each strategy and their distribution on a landscape,
we modified the models so that resources in patches
selected for simulated home ranges were devalued.
We then used these modified models to simulate home
ranges on each of five simulated landscapes differ-
ing in their distributions of resources. By comparing
these home ranges to those developed using models
without resource depression, we develop hypotheses
about how social interactions and resource depletion,
in addition to the spatial distribution of resources,
affect the structure and spatial distribution of home
ranges of animals inhabiting a Jandscape.

Our purpose was (o learn how optimal use of
spatially distributed resources might underlie the col-
lection of movements and behaviors that ultimately
define an animal’'s home range (Powell, 2000), and
how effects of animals on their resource base might
influence the distribution of home ranges on a land-
scape. Accordingly, our models emulate the selec-
tion of patches by an individual animal over a time
period, and do not depict the animal’s day-to-day
time budset, movements, or foraging. Our models
can make predictions about home ranges that dif-
fer from traditional depictions based on movements,
particularly on disjunct resource distributions where
selected patches may not form a contiguous area.
We emphasize that our models are not intended to
portray the movements of animals within their home
ranges but rather the reasons for those movements,
i.e., the resource-bearing patches between or within
which the animals move. To that end, we defined a
home range as the patches an animal selects (0 use
(Powell, 2000). In the following sections we describe
the concepts underlying our models and the result-
ing design of our simulations. We then present the
results of our simulations, evaluate these results, and
from them develop testable predictions of home range
behaviors.

2. Basic model concepts

2.1. Patches

Patches can be defined in two ways. Traditional eco-
logical understanding is that a patch is a discrete area
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having some internal characteristic that distinguishes
it from its surroundings (Wiens, 1995). Such patches
vary in size and shape but are defined by discrete, inter-
nally homogeneous resource values. True spatial dis-
tributions of resources are often continuous, however,
and defining patches through traditional patch classi-
fication <an be arbitrary, if not impossible (Mitchell
and Powell, 2002).

In contrast, explicitly mapping the resources avail-
able at each point in space is less arbitrary; patches are
then spatial units of equal size, or cells of a grid, char-
acterized by their resource value. The biological rel-
evance of a relatively homogeneous, contiguous area
of resources is still retained, because what might have
been defined as a patch under the traditional definition
remains apparent as a contiguous grouping of cells
with similar values. For our models, we define patches
as cells on a grid.

2.2. Currency: the value to an animal of spatially
distributed resources

On a spatially heterogenous landscape, an animal
must decide which patches to use based on the ben-
efits and costs of using each paich. We modeled the
benefit of a patch to be the value of resources con-
tained in the patch, V, set to range from 0 (low value)
to 1 (high value). Assuming that predation and han-
dling costs are negligible or implicitly included in V,
we modeled the costs of including a patch in a home
range as a function of the average distance that must
be traveled to reach the patch. Travel costs are an im-
portant daily energy expenditure for an animal, and
can influence strongly the efficient use of spatially dis-
(ributed resources (Stamps and Eason, 1989). Because
most animals spend much of their time in core areas
roughly centered in their home ranges (Samuel et al.,
1985; Samuel and Green, 1988; Seaman and Powell,
1990; Powell et al., 1997; Powell, 2000) we used the
distance of a patch from the center of the core to esti-
mate the average distance an animal travels over time
to reach that patch from all other patches within its
home range (Smith, 1968). We discounted the value
of resources in a patch for the average cost of travel-
ing to that patch [rom all other patches in the home
range as

V = (1)
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where V' is the discounted resource value and D is the
distance of patch from home range core, Because v
is undefined for D = 0 under this definition, we set D
equal to 172 the patch width for the center patch.

Alternatively, this trade-off could be modeled based
on energetics:

VieV-—cD )

where ¢ is the constant refating energy expenditure
to distance traveled. Unfortunately, ¢ is unknown for
most animals and depicting costs and benefits in en-
ergetic terms for a landscape is impossible at present.
Further, the value of important non-food resources
such as escape cover or resting sites are not addressed
in a purely energetic model; how V will lose value
with distance is unknown when it is a limiting re-
source with a non-energetic value. Alternatively, non-
energetic, comprehensive indices of habitat quality ex-
ist for many species, Most are easy to depict spatially
and can be evaluated readily using Bq. (1), whereas
the estimation of ¢ and the conversion of V and D
to a common currency (e.g., keal) needed for Eq. (2)
would be problematic.

2.3. Patch availability

In general, animals select patches for their home
ranges from a local subset of all patches on a land-
scape, what we will call a neighborhood. Determining
which patches constitute an animal’s neighborhood
is difficult because little is known about what ani-
mals perceive or how they construct cognitive maps of
where they live (Powell, 2000). Nonetheless, it is log-
ical to suppose a neighborhood beyond which an ani-
mal would not select patches because doing so would
add litde value to its home range. We suggest that the
extent of this neighborhood is not a fixed character-
istic but is instead defined by the distribution of dis-
counted resources, V'. Qur definition of V' yields a
peaked spatial distribution of discounted resource val-
ues that asymptotes to 0 as D increases. Depending on
the value of the resources they contain, patches have
very low V' at some distance from the center of a po-
tential home range, and these patches should have lit-
tle impact on patch selection. A reasonable estimate,
therefore, of the landscape neighborhood containing
patches available for selection by an animal is the area
that contains most of the non-negligible values of V'.

No objective means exists to determine which values
are non-negligible, so we defined patch availability {or
our models based on a neighborhood centered on the
peak of the V' distribution and containing 95% of the
total value of the distribution (Mitchell, 1997).

2.4. Patch selection

We hypothesize that animals select patches for their
home ranges based on the value of resources con-
tained in the patches, discounted for travel costs, V'.
We modeled this selection process for a home range
by establishing a center point for 2 home range core on
a distribution of V, using that center point to calculate
V', and selecting patches sequentially from highest to
lowest V. The assumptions of this model are:

1. An animal has complete information of all model
parameters and the distribution of available patches
and the resources they contain.

Costs of patch selection are related to average en-
ergy expended in traveling to and from selected
patches within a home range and increase linearly
with distance. Energetic costs of behaviors within
patches are constant for all levels of patch quality
and abundance.

Resources are fixed in time and space and their
value does not change during patch selection,

o

L

3. Models
3.1. Model Mg, maximizing resource densiry

Animals that use patches randomly on a landscape
will, on the average, accrue resources within a home
range at a rate proportional to the mean availability
of resources per patch for that landscape. A rea-
sonable hypothesis is that a selective animal should
choose high quality patches for its home range, ex-
ceeding mean availability of resources by as much
as possible, until adding more patches begins to re-
duce this difference. Therefore, a home range that
maximizes the density (V//area) of resources within
a home range can be modeled as one maximizing
the difference (Fig. 1A, difference d) between accu-
mulated resources, V', within the home range of a
selective animal (Fig. 1A, Patch Selectivity line) and
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A: Resource-maximizing model
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Fig. 1. Conceptual models for constructing optimal home ranges
based on selecting patches containing high guality resources. In
both models an anima) sclects patches in order of their resource
value (¥}, discounted for travel costs required to reach the patches.
Under Model My (A): an animal would stop selecting patches
once the difference between random and selective use of the
landscape, d, was maximized, representing the optimal balance
between costs and benefits of patch ownership that can be obtained
from the [andscape. Under Model Ma (B): an animal would stop
selecting patches when a minimum threshold necessary for survival
and reproduction is reached. {A) Shows the feSOUrCe-maxinizing
home range defined by resource accuruiation £V, and area Ar.
(B} Shows two possible arca-minimizing home ranges, defined by
%V, and arca Aay and LV, and area Axz, respectively, based
upon meeting a required minimum resource threshold.

those accumulated by animals wandering randomly
on the landscape (Fig. 1A, Random Use line). This is
equivalent {o energy-maximizing models of optimal
foraging (Charnov, 1976; Stephens and Krebs, 1986;
Krebs and Kacelnik, 1991).

This model constructs home ranges that maximizes
resource accumulation over random use by selecting
patches in order of quality until the rate of resource
accumulation per area of home range and the average
rate for all available patches are equal; that is, fromn
available patches, in descending order of V' add each
patch i that satisfies the condition:

where V; is the discounted resource value of patch .

2.2, Model M4, minimizing area needed to satisfy a
resource threshold

Home ranges of animals might contain only the
minimum levels of resources necessary to survive or to
reproduce successfully. Thus an optimal home range
would be one that meets the required minimum in as
small an area as possible. We modeled such survival
or reproductive thresholds as a constant (Fig. 1B). The
point at which the resource accumulation curve of a
sclective animal meets the minimum resource thresh-
old represents the home range that satisfies the re-
source needs of the animal in as small an area as pos-
sible, equivalent to time-minimizing in optimal {or-
aging models (Stephens and Krebs, 1986; Krebs and
Kacelnik, 1991; Fig. I1B).

3.3 Models Mrp and M sp, modifications for
resource depression

Home ranges predicted under cach of the two
models should respond differently 1o depression of
resource values in patches selected for home ranges
(Fig. 2). As more animals establish home ranges on
a Jandscape and depress resource values, both the
Parch Selectivity lines and the Random Use lines
become more shallow, changing the structure of pre-
dicted home ranges (e.g.. Fig. 2). Because resource-
maximizing home ranges maximize the difference
between selective and random resource accumulation
(d, Fig. 2A), and the point at which d is maximized
does not change with proportional changes in the
curves, home range area, AR, does not change with
resource depression, but accumulated resources (V')
decline (from LVg,; to ¥V, in Fig. 2A). For area-
minimizing home ranges, accumulated resources (Vh
do not change with resource depression (2 Vg), but
area increases {from Aa; to Aaz in Fig. 2B}.

We modified both models Mg and My so that after
a simulated home range was generated by the mod-
els, resource values of patches included in the home
range were reduced for any subsequent home ranges.
We designated the new models as Mpp and Map, re-
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A: Resource-maximizing model

Patch setectivity

EVR-L. W
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B. Area-minimizing model
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Accumulated Discounted Resources,V’
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Home Range Area

Fig. 2. Conceptual madel for how resource depression by animals
afects the construction of home ranges under two maodels of op-
timal patch selection. The Paich Selectivity line in Fig. 1A and
B indicate how a selective animal would accumulate resources by
choosing patches for its home range in order of their resource
value (V), discounted for travel costs required to reach the patches,
The Rendom Use line i Fig. 1A indicates how an animal us-
ing the landscape randomly would accumulate rescurces. Dashed
lines indicate resource accumulation for selective and randoin use
prior to resource depression, solid lines indicate Tesource accu-
mulation after resource depression. Because resource-maximizing
home ranges maximize the difference between selective and ran-
domm resource accumulation {d, Fig. TA), and the point at which
d is maximized does not change with proportional changes in the
curves, home range area, Ag, does not change with resource de-
pression, but accumulated resources (V') decline from £y, to
Vg, For area-minimizing home ranges, accumulated resources
(V") do not change with resource depression {IV5), but area in-
creases from Axp 10 Aaz.

spectively. For simplicity, we modeled resource de-
pression in patches selected for each simulated home
range as a uniform reduction of V across all patches.
The extent of the reduction could theoretically vary
from almost none, resulting in home ranges closely
resembling those constructed under Mg and Ma, to
complete, resulting in exclusive home ranges, or terri-
tories. For both home range models on each simulated
landscape, we constructed the first home range, re-

duced V for all subsequent home ranges on the patches
included in the first, then constructed a second home
range, reduced V for its patches, and so forth. Bio-
logically, this sequence could represent either a social
hierarchy where dominant animals have priority use
of patches or sequence of arrival on a landscape.

4. Methods
4.1. Landscapes

We simulated five landscapes on a 109 x 131
marrix of cells, or patches. V for each patch was a
value between 0 and | inclusive, and the means and
standard deviations of V for the five landscapes werc
approximately equal (Table 1), although maintaining
the same variance or highly clumped values of V was
not possible. We constructed the landscapes to differ
in spatial continuity {i.e., covariability between neigh-
boring palches), which we quantfied using Moran's /
(Cliff and Ord, 1981). Moran’s / provides an estimate
of interdependence among spatial data analogous {0
Pearson's correlation coefficient and ranges from —1
for over-dispersed distributions in which neighboring
cells have no similarity, through 0 for a random dis-
wribution, to 1 for clumped distributions where cell
values correlate completely with neighbors (Fig. 3).
We designed the simulated landscapes 10 range from
over-dispersed resources (Landscape OD, Fig. 2A),
through randomly distributed resources (Landscape
R, Fig. 2B), to increasingly clumped resources
(Landscape SC [slightly clumped], MC [moderately
clumped), and HC [highly clumped], Fig. 2C through
E, Table 1}.

Table !

Summary statistics for simulated landscapes consisting of spatially
explicit distributions of resources nsed to evalvate home range
models. V = value of limiting resource (ranging from 0w 1)
assigned to a ceHl in a simulared landscape; Moran's [ is an index
of spatial continuity

Simulated Mean S.D.
landscape V¥ of V

Moran's / Description

] 046 026 —080 Over-dispersed V

2 046 028 0.00 Randomiy dispersed V
3 046  0.16 0.35 Slightly clumped V

4 0.46 .12 0.71 Modemtely clumped V
S 046 0.1} 0.89 Highly clumped V
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A: Landscape OD
Overdispersed resources
Moran's/ =-0.80

B: Landscape R
Randomly dispersed resources
Maran's/ =0

C: Landscape SC
Slightly clumped resources
Moran's/ = 0.35

D: Landscape MC
Moderately clumped resources
Moran'si = 0.71

E: Landscape HC
Highly clumped resources
Moran's/=0.89

Fig. 3. Simulated landscapes of resource values (¥, ranging from
0. dark hues, 1o 1, light hues) used to evaluate home range models
which optimize use of spatially distributed resources. Mean and
standard deviation for V was approximately equal across all {and-
scapes (0.46 & 0.20); each landscape differed in the spatial con-
tinuity of V, indexed using the Moran’s / statistic, which ranges
from —1 (over-dispersed) 1o 1 (highly continuous).

4.2. Home ranges

4.2.1. Models without resource depression
On each of the simulated landscapes, we selected
100 random starting points for home ranges aenerated

under model Mg, each separated from the edges of the
landscape by a buffer of ca. 12 patches to preclude an
edge effect.

Whereas each resulting home range under model
My was efficient for its center point, it might not have
been for the immediate distribution of resources. To
allow patch selection to adapt to the local V distribu-
tion, we calculated the geographic center (weighted
for V) of the home range and calculated the difference
between the original starting point and the weighted
center. IT the difference were USS 1 cell, we discarded
the original home range and built 2 new one using the
weighted center as the starting point. We repeated this
process until the weighted center point of the home
range stabilized. This allowed patch selection to be ef-
ficient over a neighborhood of patches within the land-
scape and eliminated the arbitrary effects of random
starting points. Allowing patch selection to adapt to
the immediate landscape emulates a decision-making
process coarser than patch selection, analogous to the
leamning process by which an animal using a landscape
would adapt to new information about the distribution
of across its home range.

We generated home ranges under Ma using three
different thresholds for accumulated resources to eval-
gate how area-minimizing home ranges might vary
across different thresholds. To set the three thresholds,
we first summed V' for each home range created us-
ing Mg and constructed the frequency distribution for
these sums. We then chose the 25th, 33rd, and 50th
percentiles as thresholds 1, 2, and 3. Using the final
center points for the 100 home ranges constructed by
Mg on each of the five landscapes, we constructed
home ranges under My at each center point for each
of the three thresholds.

4.2.2. Models with resource depression

We arbitrarily set the amount by which V was re-
duced for patches selected for home ranges to 0.15.V
for each patch was reduced each time it was included
in a home range, thereby setting a maximum number
of home ranges that could use each patch, depending
on its original value of V (e.g., a patch with an original
value of 0.6 for V could be included in 4 home ranges
at most). We set minimum V for reduced paiches to
0. For Mode! Map., which depends on achieving a set
resource threshold for termination of patch selection,
we used the arbitrary Threshold two defined above
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{the 33rd percentile of the distribution of summed V'
for home ranges created on the same landscapes under
Mg, without effects of resource depression).

Unlike the simulations we performed with models
Mp and My, we did not use random starting points
for constructing home ranges under Mgrp and Map
because home ranges constructed with resource de-
pression are not independent of each other. A ran-
domly located starting point might fall within an iso-
lated neighborhood of high home range density and
therefore heavy resource depression. Even though iter-
ative patch selection for our models can adapt to local
landscape configuration, the number of iterations re-
quired to move paich selection away from a highly de-
pressed neighborhood would be truncated by reason-
able limits on the number of Herations allowed in the
simulations. To avoid this possible bias to our model-
ing results, we selected starting points for each home
range generated by models Mgp and Map using mov-
ing windows analysis of the V distribution (Isaaks and
Srivastava, 1989) on each simulated landscape. For
each home range on each of the five landscapes, we
calculated mean Vfor each 20 x 20 patch window (each
window overlapped neighboring windows by 20 x 10
patches). Within the window with the highest mean,
the moving windows analysis was repeated on increas-
ingly smaller scales until the 4 x 4 window with the
highest mean V was identified. The starting patch for
home range construction was selected randomly from
the patches with the highest value in this window. Af-
ter each home range was constructed, we reduced V
for patches included in the home range, then selected
the starting patch for the next home range using mov-
ing windows analysis, and so on, until we had 100
home ranges for each model on each of the five sim-
ulated landscapes, for a total of 1000 simulated home
ranges with resource depression.

4.3, Simulations

We created 100 home ranges under Mg, Mgp, and
Map, and 300 under M4, on each of the five simulated
landscapes for a total of 3,000 simulated home ranges.
For each home range, we calculated mean and sum
for ¥ of chosen cells. Although patches were selected
for home ranges based on V', the summary statistics
for V represent traditional measures of habitat quality
that might be estimated for home ranges based on their

resource coment. We also calculated mean, standard
deviation, and Moran's [ for the distribution of V in
the home range’s neighborhood.

We evaluated the fragmentation of patches selected

for each home range using the index, F

Fo o it
N max

where n is the number of cells selected to be in the
home range, N; the number of selected patches adja-
cent to patch { (maximum = 8), and Ny, is the sum
of the number of patches adjacent to each parch in a
circle of the same area as the home range. Because
maximum of LN, increases with n, we standardized
the index by dividing by Nuax. F values range from
0, indicating low fragmentation, to 1, indicating high
fragmentation (Mitchelf, 1997).

The spatial dispersion of home ranges on each sim-
ulated landscape also interested us, and we used an
overlap index, O, to evaluate the overlap of one sim-
utated home range with all other home ranges. We
defined O for each home range as:

Csharﬁd =

0= x §
Ciotzﬂ

where Cenared is the number of cells in a home range
shared with at least one other home range, Cigy the
total number of cells in the home range. and § is
the mean number of home ranges incorporating each
shared cell. Low values of O indicate little overlap,
high values indicate high overlap (Mitchell, 1997).

4.4. Analyses

We excluded from analysis home ranges for which
the iterations of patch selection were arbitrarily trun-
cated by computing constraints and all home ranges
exceeding 1,000 patches. To understand how patch
selection and resource distributions interacted, we an-
alyzed graphically how parameters for home ranges
(area, mean V, summed V, fragmentation) and neigh-
borhood V and V' (mean, standard deviation, spatial
continuity) varied across the simulated landscapes
from overdispersed (o highly clumped. We compared
home range parameters between all models graphi-
cally. To evaluate effects of resource depression, we
compared the home ranges generated under Mgp and
Map to those generated under Mg, We used only Mg
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home ranges for comparison because they differed lit-
tle from My home ranges generated with the resource
threshold we used for Map home ranges (Threshold
2). We log-transformed all non-linear data for linear
analyses.

We defined efficiency for a home range as the ex-
tent to which the resource content, V¥, of the home
range was greater than what would be realized from
a random use of the neighborhood (i.e., the magni-
tude of 4 in Fig. 1A). To distinguish how the spatial
distribution of resources might affect the efficiency of
home ranges, and to determine the extent to which the
two home range strategies might vary in efficiency,
we compared graphically efficiency of home ranges
among the two home range models plotted against
the simulated landscapes.

Even though starting points for our home ranges
were randomly selected, the adaptability of the patch
selection process to the local resource distribution
meant that home range overlap and the dispersion of
home ranges on a landscape should depend on the se-
lection of patches by individuals and the distribution
of resources on a landscape, and the number of home
ranges on a landscape. With the number of home
ranges on each landscape constant (z == 100), we ad-
dressed the first two factors by evalvating graphically
how home range overlap generated by each model
varjed across the simulated landscapes. To identify
patterns in spatial dispersion of home ranges, we used
a moving windows analysis (Isaaks and Srivastava,
1989) of centers of simulated home ranges created
under Mg, Mgp, and Map (Ma home ranges had
the same center points as MR) to estimate the mean
number of home range centers contained in each
20 x 20-patch window on each simulated landscape
(each window overlapped each neighboring windows
by 20 x 10 patches). The ratio of variance in number
of centers/window to its mean indicates the depree
to which home range centers are clumped on the
landscape (1 = consistent with random dispersal,
>1 = clumped dispersal, <1 = even). We calculated
this index of spatial dispersion for home range centers
on each landscape and evaluated its variation across
the landscapes graphically.

Because both home ranges and landscapes changed
as Mrp or Map home ranges were added to a land-
scape, we believed the most interesting effects of re-
source depression would be found in changes within

home range and neighborhood parameters as the numni-
ber of home ranges on a landscape increased. To eval-
uate these relationships, and to distinguish how these
changes differed between resource-maximizing (Mgp)
and area-minimizing {Map) home range strategies, we
regressed parameters for models Mpp and Map and
their neighborhoods on number of home ranges and
compared the slopes of the relationships (PROC GLM,
SAS Institute Inc, 1990). In the absence of complete
territoriality, home range overlap should increase as
home ranges are added to a landscape, but the rate
of increase should be lower where resources are de-
pressed (Mgp and Map) than where they are not (Mg).
To assess how increase in overlap differed between
home ranges with and without resource depression,
we used tested O against sequence of construction and
home range models Mrp, Map and Mp (PROC GLM,
SAS Institute, Inc., 1990).

S. Results and discussion

We discarded 117 of the 3,000 simulated home
ranges because they exceeded the size or iteration
limits; the number of home ranges discarded did not
vary consistently across simulated landscapes or home
range models (Mitchell, 1997). For all home range pa-
rameters we discuss, the magnitude of differences be-
tween resource-maximizing (Mg and Mgp) and area-
minimizing (Ma and Map) home ranges depended
on the arbitrarily-sel minimum resource threshold.
Changing the threshold alters how home ranges com-
pare between models within each landscape, but
patterns of home ranges across landscapes remain
consistent for each model. Similarly, rates of change
in home range and neighborhoad parameters as home
ranges increased on a landscape depended on the mag-
nitude of the arbitrarily-set level of resource depres-
sion for patches used in a home range. Changing the
level of resource depression, however, should change
only the magnitude of trends without reversing them
and should affect both home range models equally.

5.1, Home ranges
5.1.1. Models without resource depression

Model Mg created home ranges that maximized re-
source accumulation over random use of each simu-
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lated landscape (i.c., resource maximization). Model
M, created home ranges of minimal size that con-
tained a threshold level of resources necessary for sur-
vival or reproduction (i.c., area minimization). Home
ranges produced by both models were generally sim-
ilar in fragmentation, quality and efficiency (compare
Figs. 4 and 5); differences between Mg and Ma home
ranges in area and resource accumulation were a func-
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Unlike Mr home ranges whose sizes varied little
across the landscape types, My home ranges were
largest on landscapes with low 1o moderately clumped
resources, with the difference becoming more pro-
nounced as the resource threshold mcreased (Fig. 5A).
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Fig. 4. Relationships of simulated home ranges created using patch selection designed to maximize resource density (Model Mg) with
the simulated landscapes on which they were generated. Landscapes consisted of distributions of resource values, V, that varied only in
the spatial continuity of V ranging from over-dispersion to highly clumped. On each of the five landscapes 100 simulated home ranges
were created under model My which selects patches to maximize resource accumulation of V discountes for travel costs V) over random
use of the landscape. {A) depicts arca of home ranges (number of parches of equal size). (B) depicts fragmentation of home ranges
{{ragmentation index F, see text), (C) depicts quality of home ranges {mean V), (D) depicts efficiency of home ranges (the extent that
resource accurulation in home ranges exceeded that for random use), and {E) depicts towal resources contained in the home ranges
{summed V). Means for home ranges generated snder each model are shown.
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Fig. 5. Relationships of simulated home ranges created using patch selection designed to optimally salisfy a minimum resource threshold for
survival and reproduction (Model Ma) with the simulated landscapes on which they were generated. Landscapes consisted of distributions
of resource values, V, that varied only in the spatial continuity of V ranging from over-dispersion 10 highly clumped. One-hundred simulated
home ranges weie created under model My for each of three minimum resource thresholds on each of the five simulated landscapes.

{A) depicts area of home ranges {pumber of patches of equal size),

{B) depicts fragmentation of home ranges (fragmentation index F,

see text), (C) depicts quality of home ranges (mean ), (D) depicts efficiency of home ranges (the extent that home ranges exceeded
resource accurnulation over random use), and {E) depicts total resources contained in the home ranges (summed V) Means for home

ranges generated under each model are shown.

home ranges with increased clumping of resources
on the landscape also became more pronounced with
an increase in resource threshold (Fig. 5E). Differ-
ences among landscapes in Ma home ranges areas
and accumulated resources were most pronounced
for the largest threshold (Fig. S5A and ). Area and
accumulated tesources increased proportionally with
threshold, however, causing quality and efficiency of
home ranges (Fig. 5C and D) to be similar for all

thresholds for cach simulated landscape. The only
exception to this pattern was a slight divergence
where resources were most clumped; home ranges
built with low thresholds had relatively high quality
and efficiency because they could meet threshold re-
quirements with a small number of highly aggrepated
patches of high quality (Fig. 5C). Intuitively, home
range overlap increased with the size of the minimum
resource threshold used in the mode! (Fig. 6).
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Fig. 6. Relationships of overlap (overlap index 0) among simu-
lated home ranges with the simulated landscapes on which they
were generated. Landscapes consisted of distributions of resource
values, V, that varied only in the spatial continuity of V ranging
from over-dispersion to highly clumped. One-hundred simulated
home ranges were created under resource-maximizing model Mg
and area-minimizing model Ma on each of the five simulated
landscapes. Mg home ranges were generated under three different
minimom resource thresholds {100 home ranges each) and share
a common symbol and doshed Fme in the figure (labels 1, 2, and
1 associaled with each My, line indicate thresholds 1 [low] to 3
Thighl). The overlap index, 0, is a measure of home range overiap
that includes the number of cells shared within cach home range,
as well as the number of home ranges sharing those cells, at the
time the home range was constroeted, High values of O indicate
high overiap. Means for home runges generated under each mxdel
are shown.

5.2, Models with resource depression

Home ranges produced by models Mgp and Map
were generally similar in area, fragmentation, qual-
ity, efficiency, resource content (Fig. 7) and overlap
(Fig. 8). Although differences between landscape-
optimizing and arca-minimizing home ranges are
largely due to the resource threshold that must be sat-
isfied in the latter case, it is informative that, on the
average, resource depression did not affect the two
strategies differently for these paramelers across the
different landscapes. Home ranges under Mgp and
Map exhibited relationships with landscape charac-
teristics similar to the same number of home ranges
where resource values were not depressed (Mg), with
some differences. Mpp and Map home ranges were
smaller (Fig. 7A), of lower quality (mean V, Fig. 7C}
and contained fewer resources (summed V, Fig. 7E}
than Mp home ranges across all landscapes. Mgp

and Map home ranges were also slightly less frag-
mented (Fig. 7B) and less efficient (Fig. 7D) than Mp
home ranges on landscapes with little or no clumping
of resources. These patterns, however, are specific
10 the number of simulated home ranges placed on
each landscape {100 for these simulations). Because
resource values are depressed for every home range
under Mgrp and Map, increasing the number of home
ranges over 100 on a landscape would likely increase
differences observed between home ranges with and
without resource depression.

5.3, Relationships between home ranges and
landscapes

5.3.1. Models without resource depression

The ability of our home range models to adapt to
landscape configuration because home range centers
moved during successive iterations of patch selection
represented habitat selection at a neighborhood level,
as opposed to a patch level. Neighborhoods selected
by home ranges did not differ across landscape types
in mean resource qualily or variability, nor did the
neighberhoods differ in quality and variability from
landscape averages (Table 1; Fig. 9A and B). Neigh-
borhoods did, however, differ from their respective
landscape averages in spatial variability. Except for
the over-dispersed landscape (Landscape OD), which
was homogenous on a broad scale, home range cen-
ters settled on neighborhoods with relatively high
spatial continuity of resources on each landscape
(Table 1, Fig. 9C). Neighborhoods tended to be largest
where resources were slightly to moderately clumped
(Fig. 9D), reflecting the size of the area needed to
capture 95% of the variability in V' on these distribu-
tions. The relatively large size of the neighborhoods
on landscapes with slightly to moderately clumped
resources (Fig. 9D), paired with the size of the My
home ranges on those landscapes (Fig. SA), suggests
an effect of grain of heterogeneity on a landscape
important to the configuration of home ranges. Home
ranges should be relatively small where resource dis-
tributions are homogeneous or heterogencous on a
fine grain. Where clumping begins to result in small
to moderate aggregations of both high and low quality
patches, an area-minimizing animal would be required
to include aggregations of low quality patches in its
home range, even in & high quality neighborhood, and
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Fig. 7. Relationships of simulated home ranges with resource depression (Models Mgp and Map) with the simulated landscapes on which
they were generaied. Landscapes consisted of distributions of resource values, V, that varied only in the spatial continuity of V ranging

from over-dispersion 1o highly clumped. On each of

the five landse

apes 100 simulated home ranges were created under models Myy and

Mayy which selected patches 1o maximize resource sccumalation of V discounted for travel costs (V') over random use of the landscape
and to meetl a set resource threshold, respectively. Paramelers observed for home ranges created without resource depression (model Mg)
are displayed for comparison. (A) depicls areas of home ranges {(number of patches of equal size), (B depicts fragmentation of home
ranges (fragmentation index F, see text), (C) depicts quality of home ranges (mean V), (D) depicts the cfficiency of home ranges {the
extent that resource accumulation in home ranges exceeded that for random use), and (E) depicts the total resources contained in the home
ranges (summed V). Means for home ranges generated under each model are shown.

therefore would require a larger home range to reach
its threshold.

Landscape configuration had important effects on
characteristics of simulated home ranges resulting
from habitat selection at the patch level (e.g., Fig. 10).
Overall, home range area (defined as the number
of patches of equal area included in a home range)

remained relatively consistent across simulated land-
scapes for both models (Figs. 4A and 5A), decreasing
only where spatial continuity of resources was high-
est. This suggests there should be little relationship
between the spatial dispersion of resources (V) and
home range size (measured in quantity of equally
sized patches selected), except where resources are
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Fig. 8. Relations of overlap {overlap index O) among simulated home ranges with resource depression with the simulated landscapes
on which they were generated. Landscapes consisted of distributions of resource values, ¥, that varied only in the spatial continuity of
V ranging from over-dispersion to highly clumped. One-hundred simulated home ranges with resource depression were created under
landscape-optimizing model Mgp and area-minimizing model Map on each of the five simulated landscapes. Overlap of home ranges
created without resource depression (models Mg and Ma) are displayed for comparison. The overlap index, O, is a measure of home
range overlap that includes the number of cells shared within each home range, as well as the number of home ranges sharing those cells,
at the time the home range was constructed. High values of O indicate high overiap. Means for home ranges generated under each model

are shown.

both rich and highly clumped and home ranges are
relatively small and conform closely in shape to
clumps of patches. The size of an animal’s home
range, therefore, should be almost entirely determined
by the distribution of resources weighted for travel
costs (V), and secondarily by the behavioral strategy
underlying its selection of patches.

Conversely, the distribution of resources strongly af-
fected the spatial structure of simulated home ranges.
Fragmentation of home ranges (F) decreased for both
models as spatial continuity of resources increased
(Figs. 4B and SB). This pattern is intuitive: where re-
sources are widely dispersed, so should be patches se-
lected for a home range. By valuing resources for their
proximity, an animal can select paiches that balance
costs and benefits of resource ownership, and non-
selected patches will be largely irrelevant (presuming
they do not bar access to selected patches). Hence,
on a landscape with even or randomly-distributed re-
sources, much of an animal’s perception of its home
range might consist of empty, or useless, space sep-
arating areas of importance (Powell, 2000). Whereas
an animal may need to cross non-selected, interstitial

patches to reach those it has selected, such use would
have little to do with patch characteristics and there-
fore would be largely irrelevant to understanding why
the animal has the home range it does. Comparing pre-
dictions of a patch-selection model to observed home
ranges based on animal movements therefore can be
problematic where resources are broadly distributed.
Unlike home range area, the quality (mean V) of
simulated home ranges varied across simulated land-
scapes. Counter-intuitively, quality was highest where
spatial continuity of resources was low, decreasing
as spatial continuity increased, except where clump-
ing of resources was greatest (Landscape HC; Figs.
4C and 5C). Efficiency (the extent the home range of
a selective animal improves over random use of the
landscape) of home ranges across landscapes demon-
strates the same pattern (Figs. 4D and 5D). This sug-
gests that animals can make good use of an even or
random distribution of resources (what might strike an
observer as marginal habitat), by selecting few high
quality patches while ignoring the equally available
patches of poor quality. Selectivity pays its highest re-
wards where high quality resources are well-dispersed.
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urces (mean, standard deviation and Moran's | of resource value,

V, respectively) within neighborhoods of simulated hosne ranges with the simulated landscapes on which the home ranges were generated.
Landscapes consisted of distributions of resource values, V, that varied only in the spatial continuity of V ranging from over-dispersion
to highly clumped. 100 simulated home ranges were created under model Mg based on optimal selection of patches containing (hese
resources, and a neighborhood consisted of that portions of the landscape from which patches were selected for each home range. Means

for neighborhoods ngsociated with home ranges generated are shown.

Where resources are clumped, the potential to improve
over random use of the landscape (i.¢., the magnitude
of d, Fig. 1) declines because as resources become
more clumped in distribution, the aggregation of like-
valued patches increases for both high and low qual-
ity patches. Unable to select only small, high quality
patches within a reasonable distance, an animal must
therefore include larger, more marginal patches in its
home range (e.g., a nearby patch of low quality will
have a higher value than a distant patch of high qual-
ity). This trend continues as clumping increases until
aggregations of high quality patches converge in size
with the neighborhood defining patch availability for
an animal, beyond which resources have little value.

At this point, an aggregation of high quality patches
can support an entire home range, requiring the animal
to select few, if any, marginal patches and resulting
in a nearly homogeneous, high quality home range.
We would expect the increasing trend in quality and
efficiency seen for Landscape HC to continue for re-
source distributions that are even more clumped than
those we evaluated.

Accumulation of resources {(summed V) generally
declined as spatial continuity of resources increased
(Figs. 4E and 5E). Like the pattern for home range
quality, this at first appears counterintuitive. Again, the
increased scale of patchiness with slight to moderate
clumping of resources (e.g.. Landscapes SC and MC)
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LANDSCAPE OD
Over-dispersedresources

LANDSCAPER
Randomly dispersed resources

LANDSCAPE 8C
Slightly clumped resources

LLANDSCAPE MC
Moderately clumped resources

LANDSCAPE HC
Highly clumped resocurces

-

Fig. 10. Examples of simulated horue ranges generated under home
range model My on live different simulated landscapes consisting
of spatial distributions of resopree valuwes, V, and thaf differed
only in the spatial continusity. Spatial contingity of the landscapes

- was indexed using the Moran’s f statistic, which ranges from —1
(over-dispersed) to 1 thighly continuous), Scale of depiction is the
same for all home ranges,

should require an animal to include more marginal
cells in its home range on these landscapes than on
evenly or randomly distributed landscapes, reducing
the total accumulation of resources per unit area within
its home range. This cannot hold true, however, where
clumping is great because an animal on a large aggre-
gation of high quality patches will not need to include
many marginal cells in its home range. Our models
poriray an animal selecting patches based on their re-
source value adjusted for travel costs (V' instead of V).
An animal making these decisions in a large paich of
high quality should perceive a relatively small neigh-
borhood comprising relatively high values of V' In this
case, maximizing the effictent use of resources (rep-
resented in V') differs from simply maximizing their
accumulation (sumimed V); an animal might have the
capacity to garner many resources but al some point

begins to suffer a decrease in efficiency by doing so.
On a rich, highly clumped landscape, relative effi-
ciency of a home range can be very high, satisfying
an animal’s needs with fewer resources than required
on a more heterogenous landscape.

The spatial distributions of simulated home ranges
depended stropgly on how resources were distributed
on the simulated landscapes. Overlap of home ranges
was highest where spatial continuity of resources was
cither low (because evenly-spaced, high-value cells
were incorporated into many spatially diffuse home
ranges) or very high (because home ranges clustered
on large patches of high-value cells); overlap was fow-
est where clumping of resources was slight to moder-
ate because home ranges were more contiguous than
those on evenly-distributed resource distributions, but
less clustered than those on highly clumped distribu-
tions (Fig. 6). The centers of home ranges tended to
be clumped on all landscapes, but clumping of home
ranges increased with clumping of resources on a land-
scape (Fig. 11). These resuits suggest home ranges of
animals in a population on a diffuse landscape will
be widely and evenly distributed, with all high qual-
ity patches shared among several home ranges. Where
resources are highly clumped, home ranges within a
population will aggregate on high quality ecological
patches with extensive sharing -of cells. In the mid-
range, where resources are less clumped and animals
make more use of relatively poor-quality patches (sce
above), sharing of marginal patches by animals will be
less consistent than sharing of high-quality patches on
landscapes with evenly distributed or highly clumped
resources. Whereas a high-value patch might be valu-
able to numerous nearby animals in its vicinity and in-
cluded in as many home ranges, & low-value patch will
be valuable only to animals in its immediate vicinily
and therefore included in fewer home ranges.

5.3.2. Models with resource depression

The spatial distributions of Mgp and Map home
ranges on the simulated landscapes differed consider-
ably from Mg home ranges, Home range overlap was
much lower for Mgp and Map home ranges than for
Mp home ranges, and varied little with landscape con-
figuration (Fig. 8). Spatial dispersion of home ranges
(the variance to mean ratio of home range centers) dif-
fered, however, among all three home range models
(£2,12 = 3698, P < 0.01; Fig. 11). The spatial distri-
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butions of home ranges with resource depression were
more evenly distributed than those without and could
not be distinguished from random across all land-
scapes (Fig. 11). The difference between home ranges
with and without resource depression was most pro-
nounced where resources were most clumped, whereas
Mp home ranges were strongly clumped on landscape
HC, the distribution Mgp and Map home ranges was
not distinguishable from random. These results sug-
gest that whereas home ranges of animals that protect
or consume resources may be structurally similar to
those of animals who do not, they will be distributed
more evenly on the landscape and overlap each other
less, potentially showing little relationship to the dis-
tribution of resources.

Maodels Mgp and Map emulate the situation where
new animals making use of a landscape perceive a
different distribution of resources than do their pre-
decessors. In our simulations, characteristics of home
ranges where animals deplete resources depended
on the number of simulated home ranges created on
a given landscape. Therefore, exploring how home

ranges change as the number of home ranges on a
landscape increases clarifies the effects of resource
depression and contrasts alternative home range
strategies.

Initial home ranges placed on each landscape
encountered few or no patches included in other
home ranges and were generally indistinguishable
from home ranges constructed by models that do
not incorporate resource depression. As the number
of home ranges on a landscape increased, however,
home range area increased and quality (mean V)
decreased for both resource-maximizing (Mgrp) and
area-minimizing Map) home ranges. Theoretically,
area should not have changed at all for resource-
maximizing home ranges (Fig. 1A) and, indeed, did
so at a much lower rate (Fz 50 = 256.21, P < 0.01)
than for Map home ranges (Fig. 12A). The slight
though statistically significant increase in area for
Mprp home ranges may be due to the heterogeneous
way in which resource values declined across a land-
scape as home ranges were added. Because resource
values did not decline uniformly across landscapes,
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{note: lines for Mgp and Mapy are identical).

rates of resource accumulation (summed V') through
efficient patch selection did not decline as quickly as
did those for random patch selection, in effect shift-
ing Ag in Fig. 1B to the right. Quality of Map home
ranges was initially higher than that for Mpp home
ranges, but as home ranges were added quality de-
creased faster (Fa 060 = 617.63, P < 0.01) for Map
home ranges than for Mrp home ranges (Fig. 12B).
In addition, resource accumulation (summed V, as
opposed to V') decreased for Mgrp home ranges as

home ranges were added but increased for Map home
ranges (F2060 = 61.38, P < 0.01; Fig. 12C). Effi-
ciency of both Mgp and Map home ranges declined
as home ranges were added. Efficiency of Map home
ranges was initially higher than that for Mgp home
ranges but decreased faster as home ranges were
added (Fh 960 = 88.73, P < 0.01; Fig. 12D). Home
range fragmentation decreased slightly for both mod-
els as home ranges were added and the difference
between the models was marginal (Fyog0 = 2.84,
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P = 0.06; Fig. 12E). Increase in home range overlap
as home ranges were added differed over all home
range models (F52373 = 491.12, P « 0.01). Increase
in overlap as home ranges were added to a landscape
was high for home ranges without resource depression
whereas overlap increased only slightly for models
that did (Fig. 12F).
" Changes in home ranges as more were added w0 a
landscape were brought about by changes in the dis-
tributions of resources due to resource depression in
home ranges. Quality of resources (mean V) in neigh-
borhoods of home ranges decreased for both Mgp and
Map home ranges as more were added, declining at
a slightly faster rate (Fp9e0 = 1970.97, P < 0.01)
for Map home ranges (Fig. 13A). The variability of
neighborhood resources decreased for both Mgp and
Map home ranges as home ranges were added, again
at a slightly greater rate (Fp 060 = 77.08, P < 0.01)
for Map home ranges (Fig. 13B). Mgp and Map home
ranges differed in their effects on the spatial continuity
(Moran’s N of resources in neighborhoods (F2 9¢0 =
3.06, P = 0.04); Mgp home ranges did not signifi-
cantly affect spatial continuity of resources as home
ranges were added, but Map home ranges tended to
increase spatial continuity (Fig. 13C).

Our simulations suggest that resource depression
by animals can have a strong effect on the landscape,
which in turn can strongly affect the use of space by
animals. As more animals use a landscape, they se-
quester the best resources first and thereby diminish
and homogenize the resources available to subsequent
animals, reducing the quality and variability of re-
sources while increasing their spatial continuity. How
animals respond to these changes in habitat will de-
pend on strategies they might use to establish their
home ranges.

Home ranges chosen by resource-maximizing an-
imals will be relatively unaffected by resource de-
pression because, as we modeled them, they do not
have to satisfy a minimum resource threshold within
their home ranges. As habitat declines in quality for
them (Fig. 13A), so does the resource content of their
home ranges (Fig. 12C) because paiches are selecied
based only on maximizing resource density over
random use of the landscape. Theoretically, a land-
scape can support a very large number of these home
ranges, each a selection of the best patches available
from an increasingly marginal landscape. Obviously,
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clumped (Landscape HC). Fig. 14A depicts changes in quality
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a more realistic portrayal of the choices made by
a resource-maximizing animal would include some
resource threshold below which the animal could
not survive, requiring a shift in strategies (e.g., to
area-minimization) o meet at least this minimum.
The home ranges of area-minimizing animals will
react the most strongly to changes in a landscape.
Colonizing or dominant individuals with primacy of
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rates of resource accumulation (summed V') through
efficient patch selection did not decline as quickly as
did those for random patch selection, in effect shift-
ing Ag in Fig. 1B to the right. Quality of Map home
ranges was initially higher than that for Mgrp home
ranges, but as home ranges were added quality de-
creased faster (Fy 060 = 617.63, P < 0.01) for Map
home ranges than for Mrp home ranges (Fig. 12B).
In addition, rescurce accumulation (summed V, as
opposed to V') decreased for Mgp home ranges as

home ranges were added but increased for Map home
ranges (Fy 060 = 61.38, P < 0.01; Fig. 12C). Effi-
ciency of both Mrp and Map home ranges declined
as home ranges were added. Efficiency of Map home
ranges was initially higher than that for Mgp home
ranges but decreased faster as home ranges were
added (Fy 950 = 88.73, P < 0.01; Fig. 12D). Home
range fragmentation decreased slightly for both mod-
els as home ranges were added and the difference
between the models was marginal (o060 = 2.84,
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as home ranges were added differed over all home
range models (F5 2373 = 491,12, P < 0.01). Increase
in overlap as home ranges were added to a landscape
was high for home ranges without resource depression
whereas overlap increased only slightly for models
that did (Fig. 12F).

Changes in home ranges as more were added to a
landscape were brought about by changes in the dis-
tributions of resources due to resource depression in
home ranges. Quality of resources {mean V} in neigh-
borhoods of home ranges decreased for both Mrp and
Map home ranges as more were added, declining at
a slightly faster rate (Foos0 = 197097, P < 0.01)
for Map home ranges (Fig. 13A). The variability of
neighborhood resources decreased for both Mgp and
Map home ranges as home ranges were added, again
at a slightly greater rate (Fa 960 = 77.08, P < 0.01)
for Map home ranges (Fig. 13B). Mrp and Map home
ranges differed in their effects on the spatial continuity
(Maran’s ) of resources in neighborhoods (Fy sy =
3.06, P = 0.04); Mgp home ranges did not signifi-
cantly affect spatial continuity of resources as home
ranges were added, but Map home ranges tended to
increase spatial continuity (Iig. 13C).

Our simulations suggest that resource depression
by animals can have a strong effect on the landscape,
which in turn can strongly affect the use of space by
animals. As more animals use a landscape, they se-
quester the best resources first and thereby diminish
and homogenize the resources available 1o subsequent
animals, reducing the quality and variability of re-
sources while increasing their spatial continuity, How
animals respond to these changes in habitat will de-
pend on strategies they might use to establish their
home ranges.

Home ranges chosen by resource-maximizing an-
imals will be rclatively unaffected by resource de-
pression because, as we modeled them, they do not
have (o satisfy a minimum resource threshold within
their home ranges. As habitat declines in quality for
them ([Fig. 13A), so does the resource content of their
home ranges (Fig. 12C) because patches are selected
based only on maximizing resource density over
random use of the landscape. Theoretically, a land-
scape can support a very large number of these home
ranges, each a selection of the best patches available
from an increasingly marginal landscape. Obviously,
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Fig. {3. Linear regressions of changes in paramcters of neighbor-
hood resource values (V) associated with simulated home ranges
generated using models Mgp and Map as the number of home
ranges added 1o landscapes increased. One-hundred simulated
home ranges were performed under each of the two home range
models on each of five simulated landscapes (spatially explicit dis-
ributions of resource values, V) differing only in spatial continu-
ity of V, ranging from over-dispersion (Landscape QD) to highly
chumped (Landscape HC). Fig. 14A depicts changes in quality
of neighborhood resource values (mean V), 14B depicts changes
in variability of the quality of neighborhood resources (standard
deviation of V), 14C depicts changes in the spatial continuity of
resources (Moran's £ of V).

a more realistic portrayal of the choices made by
a resource-maximizing animal would include some
resource threshold below which the animal could
not survive, requiring a shift in strategies (e.g., to
area-minimization) to meet at least this minimum.
The home ranges of area-minimizing animals will
react the most strongly to changes in a landscape.
Colonizing or dominant individuals with primacy of
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place will enjoy small, highly efficient home ranges.
At some point, subsequent or subordinate animals will
require increasingly larger home ranges to satisfy the
same resource requirements (Fig. 12A). The efficiency
of new home ranges will continually decline as more
remote and poor quality (Fig. 12B) patches are in-
cluded in home ranges. Total resource content of home
ranges will increase (Fig. 12C), but the costs in terms
of travel distance would strongly offset the value of so
many resources. Unlike for the resource-maximizing
model, the requirement of a home range to meet an ab-
solute resource minimum sets a limit on the number of
viable home ranges a landscape can support. At some
point as a population grows, a landscape becomes un-
able to support any more home ranges that meet the
minimum resource requirement, selling a carrying ca-
pacity for that landscape.

Our results suggest resource depression also
strongly affects how a population of animals can be
distributed on a landscape. Intuitively, animnals that
consume or protect key resources should be more
widely dispersed on a landscape than those that do
not, and our simulations support this. Models that
included resource depression created a spatial pattern
of home ranges on landscapes different from that
seen for those that did not (Figs. 11 and 12E). In the
absence of resource depression, nothing constrained
the clustering of home range ceniers, particularly for
highly clumped distributions, and overlap was high.
The homogenizing effects of resource depression on
the spatial distribution of resources (Fig. 13), how-
ever, resulted in more evenly dispersed home ranges
(Fig. 11). Interestingly, the spatial distribution of re-
sources did not affect home range overlap among
home ranges with resource depression and those that
did not (Fig. 8). This suggests that, for equal num-
hers of animals that consume or protect resources on
different landscapes, the distribution of resources has
no predictive value for the overlap of home ranges.

5.4. Insights and general predictions

Qurs are the first mechanistic home range mod-
els based on optimal use of resources distributed on
a landscape. Our models differ from the only other
mechanistic home range model of which we know
{Lewis and Murray, 1993; Moorcroft et al., 1999)
in important ways. The model of Lewis and Murray

(1993) was based on movement, using correlated ran-
dom walk models suructured according to the location
of scent markings, it did not relate home ranges to
resources and it was limited to carnivores. By con-
trast, our modéls are based on optimal selection of
resource-bearing patches, presumably the foundation
{i.e., the cognitive map, Peters, 1978} underlying the
movements of animals. Further, our models are gen-
eral and can be applied to any taxonomic group for
which the spatial distribution of resources or habitat
quality can be quantified, and are particularly well
suited for application to the large number of species
for which habitat suitability indices (HST) bave been
developed. Because our models are both mechanis-
tic and founded on ecclogical theory (Stephens and
Krebs, 1986; Krebs and Kacelnik, 1991), they allow
the development of biologically credible predictions
about home ranges and spatial distributions of ani-
mals that can be tested empirically. Application of cur
models to the study of home ranges in real animals
will, therefore, advance both the understanding of the
species studied as well as the theoretical foundations
for home range behavior. We present general, testable
predictions for home ranges proceeding from our mod-
els below, although we emphasize that this list is not
exhaustive. Because of the generality of our models,
their potential for developing insights into home range
behavior is proportional to the diversity of empirical
applications to which they can be applied.

If, as we hypothesize, animals select resource-
bearing patches for their home ranges optimally, the
size of a home range may not be an indicator of
efficiency, or how well the home range sequesters
resources. Home ranges on evenly- or randomly-
dispersed resource distributions should be relatively
evenly spaced, having large areas of overlap shared by
relatively few home ranges. Patches actually selected
for these home ranges could be widely dispersed but
of relatively high quality, resulting in a highly frag-
mented, but also highly efficient home ranges. Field
evaluations relying solely on movements to identify
selected patches could erroneously conclude that such
home ranges were of poor quality. Home ranges in
areas with poor resource quality, should also be large,
evenly spaced, and broadly overlapping, even where
spatial continuity of resources is high. The patches
actually selected for these home ranges should be con-
tiguous over broad areas, resulting in unfragmented
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but relatively poor quality home ranges. Without a
spatially explicit depiction of resources and highly
resolved observations of patch use, differences in the
underlying structures of these two types of apparently
similar home ranges would be difficult to distinguish
with field data.

Home ranges on slightly to moderately clumped re-
source distributions should be highly variable m size,
shape and resource content, ankl generally larger than
those observed on resource distributions that are ho-
mogeneous or heterogenocus on a fine grain. Home
range overlap should be low, and patterns of home
range aggregations on relatively clumped resources
should be apparent only where a large number of home
ranges are studied. Home ranges on highly clumped re-
source distributions should be aggregated on large re-
source clumps, should be relatively small, and should
vary little ip size, continuity, or resource content. Qual-
ity of home ranges should be moderately high. Home
range overlap should be high with extensive areas of
overlap shared by many home ranges.

The distribution of discounted resource value (V')
was the predominant factor structuring home ranges of
both of our models, causing resource-maximizing and
area-minimizing home ranges to be similar in many of
our simulations. This sugeests an overriding influence
of landscape structure on home ranges, and animals
practicing either strategy (or perhaps any other) will
have home ranges that are similar in many ways unless
individuals have very small or large resource require-
ments relative to the productivity of the landscape.

Which model should be applied to understanding
the home range of any given animal is a biological
question, but our models provide the opportunity for
making contrasting predictions that can be tested for
any animal. Our models suggest that home ranges of
anirnals that maximize resource density and those that
satisfy a threshold in a minimum area could be dis-
unguished in three ways, First, resource-maximizing
and area-minimizing home ranges should respond
differently to changes in resource productivity on a
landscape. For example, a uniform decrease in re-
source quality across a landscape will not affect the
size of yesource-maximizing home ranges because
rates of resource accumulation from patch selection
and from random use would decrease proportionately,
and the size of the home range at which the difference
between the two rates is maximized will not change

(Fig. 2A). In contrast, uniform decrease in resource
quality across a landscape will have an inverse rela-
tioriship with area of area-minimizing home ranges;
e.g.. decreasing resource productivity or availability
will result in larger home ranges as the rate of re-
source accumulation per unit area decreases while
the resource threshold remains the same (Fig. 2B).
Second, area-minimizing home ranges should con-
tain consistently comparable levels of total resources
within a population , whereas those for resource-
maximizing home ranges should not. Third, whereas
area-minimizing home ranges should be nearly iden-
tical to resource-maximizing home ranges at low
resource thresholds, at other thresholds area and re-
source content of resource-maximizing home ranges
will exceed what would be expected under a resoorce-
maximizing strategy (Figs. 1B, 4 and 5). Finally,
because the resource-maximizing model incorporates
no biological parameters. predicting only the optimal
use of a resource distribution, it can represent a null
maodel] for evaluating hypothesized spatial behaviors
incorporating biological parameters.

The relationship between an animal and its lim-
iting resources Changes over time, corresponding to
seasonal changes in behavior and resource nceds
(e.g., breeding season, rearing young), o seasonal
and annual variation in the productivity of important
foods, to increases in density as & population ap-
proaches carrying capacity, and to deaths of higher
ranking individuals within the population. One could
reasonably hypothesize that the home range strategies
of an individual might also vary, where an animal
maximizes vse of a landscape during one phase of
its spatial behavior, and satisfies resource thresholds
during another. If the causes are known for changes
in use of space, a home range meodel combining
the two strategies can be developed. For example,
an animal might pursue an area-minimizing strategy
prior to breeding and a resource-maximizing strategy
thereafter, if doing so yields more resources. Alter-
nately, an animal might have a resource-maximizing
home range except when food productivity is insuf-
ficient for survival or reproduction, at which time it
will adopt an area-minimizing strategy and mcrease
the size of its home range to meet the threshold
requirement.

Qur models that did not incorporate resource de-
pression assumed that animals construct home ranges
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independently of each other and that resources are
fixed in time in space. In reality, interactions among
animals and changes they impose on the resources
they use are likely to strongly affect characteristics
and spatial distribution of home ranges within a pop-
ulation. Our results suggest that at low population
densities, home ranges of animals that consume or
protect resources should be similar to those of animals
that do not, but more evenly dispersed on the land-
scape. For higher population densities, the proximity
and overlap of home ranges should be dependent on
the distribution and quality of resources and on the
number of animals living in the arca. As popula-
tion density increases, the home ranges of resource-
maximizing animals should stay roughly the same
size and decline in total resource content, but those
of area-minimizing animals should increase in size
and accumulate more resources. An arca-minimizing
strategy including resource depression should result
in home ranges distributed on a landscape roughly ac-
cording 1o an ideal free distribution Fretwell (1972).
Fach animal in a population would have a home range
that meets its threshold requirement as efficiently as
possible, but resource depression would set a limit to
the number of home ranges any landscape can sup-
port. At some point, resources should be so depleted
that meeting a resource threshold is impossible, and
no turther viable home ranges can be added. As the
number of area-minimizing home ranges approaches
this limit, home ranges should increase geometrically
in size and their quality will converge with the land-
scape average; the last home range landscape can hold
should be nearly indistinguishable from an area tra-
versed during random wandering. Because minimum
resource thresholds and the consumption or protec-
tion of resources are, to varying degrees, biological
realities for all animals, an accurate model of these ef-
fects for a species should predict carrying capacity for
any landscape with a known distribution of resource
quality.
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