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Fractal geometry predicts varying
body size scaling relationships
for mammal and bird home ranges
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Scaling laws that describe complex interactions between organ-
isms and their environment as a function of body size offer
exciting potential for synthesis in biology' . Home range size, or
the area used by individual organisms, is a critical ecological
variable that integrates behaviour, physiology and population

| density and strongly depends on organism size®’. Here we

present a new model of home range-body size scaling based on
fractal resource distributions, in which resource encounter rates
are a function of body size. The model predicts no universally
constant scaling exponent for home range, but defines a possible
range of values set by geometric limits to resource density and
distribution. The model unifies apparently conflicting earlier
results and explains differences in scaling exponents among
herbivorous and carnivorous mammals and birds® ", We apply
the model to predict that home range increases with habitat
fragmentation, and that the home ranges of larger species should
be much more sensitive to habitat fragmentation than those of
smaller species.

Scaling relationships quantify the universal properties of complex
physical and hiological systems'. These relationships can help
wlentify patterns across different levels of biological organization,
such as cells, indiaduals, populations and communities. For ex-
ample, physiological characteristics of organisms, ¥, often vary with
body size, M, according to power functions of the general form:

(1)

where b is a scaling exponent, and Y, is a taxon- and character-
specific normalization constant™, Many important physiological
rales seem to exhibit constant expanents b that are multiples of 1/4,
which have been recently explained from the fractal branching
architecture of organisms®. The challenge is to find body size scaling
laws and their explanations for interactions between individuals and
their environments'™,

Home range, the area used by an animal in its daily and seasonal
movermnents, integrates organism physiology, morphology and
behaviour to determine patterns of space use, population density
and interactions with other species®™ . As a result, land MANAgers
and conservation biclogists frequently use home range-body size
scaling relationships to determine minimum reserve size and
evaluate extinction risks of species”. Early studies proposed, and
found in preliminary data, that if home range size is directly
proportional to resource needs, then b= 3/4 (refs 9-11). Later
studies' ™ with more data, however, found that, for all trophic
groups combined, b = | and explained deviation in b from 3/4 post
hoc as resulting from larger animals encountering a lower resource
density and thus causing home range 1o scale more steeply with size
than expected from resource requirements'®. An alternative expla-
nation proposed that home range overlap was greater at larger body
sizes, thus reducing resource availability per individual and increas-
ing home range size above that expected from requirements™'",
However, no specific mechanism was proposed for why resource
density should be lower or home ranges overlap mare for larger
specics. Lindstedt er all' argued that home range should be
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proportional 1o metabolic requirements, which scale as A™,
multiplied by biological time, which scales as M, so home
range should scale as M. Holling” first proposed that constraints
on space use by animals could explain why home range should scale
isometrically (B = 1): fractal habitat structure implies that smaller
species exploit finer-grained features of the habitat than larger
species and thus deteet more resources. However, this theory did
not explicitly address the issue of resource density and distribution.
Mast recently, Kelt and VanVuren'™ proposed that home range does
not exhibit a simple scaling relationship with size, as it changes
nonlinearly according to size-dependent physiological constrainis
on animal’s reproductive output and resource use. However, none
of these hypotheses accounted for observed vanation in exponents
among trophic groups (for example, herbivores and carnivores'®)
and taxa {for example, birds and mammals®™"), Thus, the evidence
and theoretical explanations for a universal home range scaling law
remain weak.

Here, we propose a new model to predict home range scaling with

body size as a function of the spatial distribution and abundance of |

resources. This model provides the first theoretical synthetic expla-
nation for why and how resource density scales with body size and
the influence of resource density and distribution on home range
scaling exponents. To survive, an individual must meet or exceed the
energy it expends during maintenance, foraging, and reproduction
B with resources gathered from the environment [ such that 8 = L.
To obtain resources, a forager instantancously searches a volume of
lemgth w and dimension I as determined by whether its habitat is
two- or three-dimensional. In two dimensions, for example, a
forager would instantaneously search a square area with sides of
length w. Ower some time period ¢ the forager samples v volumes per
unit time, so the total volume Vit) sampled over time ¢ is tow® (refs
20, 21}, An individual's home range results from movements over
long time periods, for example, the resource renewal interval 7, or
time required fora consumed resource to be renewed, Recent work™
shows that if 7 is large then as t — 1, a random movement path will
occupy a bounded volume, similar to a home range, H. Thus, as
t— 71, ViT) = H.

Mounting evidence suggests that resource distributions are
typically fractal-like: they exhibit statistically similar patterns over
2-3 orders of magnitude in scale of observation'"*_ A fractal
resource distribution makes resource density scale dependent:
different-sized species encounter different densities of resources in
the same environment™'. To sec this, consider that a forager
maximizing its resource intake rate should minimize the number
of sampling volumes needed for it o consume all resources in a
landscape (Fig. 1). The resulting minimum number of sampling
volumes will be spatially arranged to yield the maximum average
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Figure 1 Hypalhetical averane density & of respurces per sampling volume encourntened
by species with different samgling volumes of lenglh won a fractal distribution of
respurces black cells, fractal dimension £ = 1.26). The resource distribution was
generated using random “Sierpinski paskets™*. Note that the spacies with the larpar
samping vokime encounters a lower average density of resources per samgling wolume
b requaras lewer sampling valemes o noorporale all resowmes,







