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ABSTRACT

Spatially heterogeneous environments are gener-
ally characterized by nested landscape patterns
with resource aggregations on several scales.
Empirical studies indicate that such nested land-
scape patterns impose selection constraints on the
perceptive scales of animals, but the underlying
selection mechanisms are unclear. We investigated
the selection dynamics of perceptive scale within a
spatial resource utilization model, where the
environment is characterized by its resource dis-
tribution and species differ in their perceptive scales
and resource preemption capabilities. Using three
model landscapes with various resource distribu-
tions, we found that the optimal perceptive scale is
determined by scale-specific attributes of the

landscape pattern and that the number of coexis-
ting species increases with the number of charac-
teristic scales. Based on the results of this model,
we argue that resource aggregations on different
scales act as distinct resources and that animal
species of particular perceptive scales are superior
in utilizing resource aggregations of comparable
spatial extent. Due to the allometric relationship
between body size and perceptive scale, such
fitness difference might result in discontinuous
body mass distributions.
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INTRODUCTION

From the viewpoint of a hierarchical concept of
ecosystems, natural biological systems are com-
prised of a hierarchy of structures and processes,
where no specific level in the system can respond
stably to all scales of perturbation, but each level is
homeorhetic relative to fluctuations on a specific
scale (O’Neill and others 1986; Allen and Hoekstra
1992; Wu and Loucks 1995). Accordingly, a com-
munity of species that performs ecological functions
on distinct scales can be regarded as a spatial eco-
logical hierarchy. In conjunction with functional
diversity within scales, such a functional redun-
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dancy across scales may enhance ecosystem resil-
ience (Peterson and others 1998). We tested a
mechanistic explanation for the emergence of such
spatial ecological hierarchies and considered its
implications for observed discontinuous body mass
distributions.

Scale attributes of spatial environmental struc-
ture have profound effects on ecosystem dynamics
(Levin 1992). Landscape patterns—that is, the
spatial pattern of environmental variables—are
formed by several biotic and abiotic processes act-
ing on distinct spatial and temporal scales, ranging
from slight daily fluctuations through disturbances
of intermediate size and frequency to large-scale,
infrequent events (Clark 1985; Krummel and
others 1987; Menge and Olson 1990). The overall
effect of these cross-scale processes produces nested
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landscape patterns with coarser or finer differences
in environmental conditions on larger or smaller
scales, respectively (Delcourt and Delcourt 1988;
Kotliar and Wiens 1990; Forman 1995). According
to the extended keystone hypothesis, each ecosys-
tem is controlled by a small number of structuring
processes (Holling 1992). It is reflected in both
spatial and temporal periodicities of environmental
factors at distinct frequencies. Periodic patterns at
particular scales can be detected from vegetational
and topographic data, and in many cases the
underlying structuring processes are identifiable
(McNamee and others 1981; Romme 1982;
Franklin and Forman 1987; Malamud and others
1998; Dale 1999).

Empirical studies indicate that there is a corre-
sponding hierarchy for the ecological characteris-
tics of communities. Observed discontinuous body
size distributions suggest that landscape-scale
attributes impose selection constraints on animals
(Kolasa 1989; Restrepo and others 1997; Smith and
others 1997; Lambert and Holling 1998; Allen and
others 1999; Raffaelli and others 2000). The allo-
metric relationship between animal size and home
range provides a way to convert body mass distri-
butions to spatial metrics, and thus to express the
perceptive scales of different-sized species (McNab
1963; Harestad and Bunnell 1979; Reiss 1988).
““Perceptive scale” is the size of the window used to
view the world by individuals. Both spatial extent
and resolution change with perceptive scale, and
observed patterns of the environment shift
accordingly. Species with a large perceptive scale
travel through a larger area during a given time
interval, enabling them to consume resources from
a larger area, but they cannot perceive small-scale
heterogeneities, due to the shorter time they spend
at any given location.

The textural discontinuity hypothesis proposes
that the existence of a hierarchical landscape
structure is reflected by a discontinuous distribu-
tion in the size of animals and their corresponding
perceptive scales (Holling 1992). According to this
concept, animals of various perceptive scales are
sensitive to landscape features of different spatial
extent; the number of species with different body
sizes and perceptive scales reflects the amount of
resources available at particular scales (see also
Allen and Saunders 2002).

A critical assumption underlying the textural
discontinuity hypothesis is that selection acts on
perceptive scale, favoring species that perceive and
respond to the ‘““most appropriate”” scales of re-
source heterogeneity. Precisely how this occurs in
nature is unclear, but lessons learned from previ-

ous research provide some clues. There is strong
empirical evidence to show that the fitness of
individuals depends largely on perceived spatial
variance as the animals spot resource-abundant
sites during their movement over the landscape
(Hildén 1965; Pyke 1981; Morris 1987; Senft and
others 1987). The experience of environmental
variance decreases with increasing perceptive scale
(Carlile and others 1989; Moloney and others
1992), suggesting that small perceptive scale,
which implies small body size, is superior. How-
ever, due to the allometric relationship between
perceptive scale and body size, the quality of
environmental perception is in trade-off with
several other traits, including predator avoidance,
nutrient utilization, and size-related competi-
tion ability (Persson 1985; Dickman 1988;
Thompson and Fox 1993). Consequently, we must
investigate perceptive scale in the context of other
traits.

No one has yet explored the foregoing critical
assumption of Holling’s (1992) hypothesis. In this
paper, we study the effect of natural selection on
perceptive scale within a simple resource utiliza-
tion model. To investigate the selection dynamics
of interdependent traits in its simplest form, we
consider the case of two traits: perceptive scale
and resource preemption capability. We claim that
the selectional effects of environmental perception
depend on the pattern of landscape structure
within and across scales, whereas this does not
hold for other traits. Depending on the underlying
environmental heterogeneity, fitness difference
might introduce discontinuities in the distribution
of traits within an animal community. Given a
nested landscape pattern, we might expect a
multimodal distribution of perceptive scale and
body size among species, owing to the allometric
relationship between them.

METHODS

We use a spatial resource utilization model that
simulates population dynamics of competing spe-
cies that consume the same resource but differ in
their perceptive scales and competitive abilities. To
avoid boundary effects, the model landscape is a
string of habitable sites with periodic boundary
conditions. Each site 7 is characterized by its re-
source density r; (i € {1, 2,..., L}) and local popu-
lation densities p;, (i € {1, 2,..., L}, x € {1, 2,..., X}) of
each species x, where L = 256 denotes the number
of sites and X = 70 is the number of species. Due to
periodic boundary conditions, r.;=1r; and
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Figure 1. Resource patterns of three model landscapes.
Average resource level is equal on all three model land-
scapes, but it is distributed differently. a Homogeneous
landscapes. b Simple heterogeneous landscape showing
heterogeneity on one scale with resource aggregations of
size o = 32. ¢ Nested landscape pattern, showing heter-
ogeneity on three scales, with resource aggregations of
size o, = 8, 6, = 32, and o5 = 128.

Local populations are sets of individuals feeding
within a home range that is centered on a partic-
ular site.

Model Landscapes

Resource density r; expresses the abundance of
available resources on particular sites. It is constant
over time, but varies with spatial location i. We
consider three model landscapes with specific re-

source distributions 7}, 7!, and ri (Figure 1). The

irtio

mean value of the resource level is C =1 in all
three cases. The homogeneous model landscape
has uniform resource distribution r}. It will be used
as a benchmark for comparisons with two hetero-
geneous model landscapes. The simple heteroge-
neous landscape has a square wave resource
distribution r{'. The third, nested model landscape
has resource distribution rit = pllla 4 by lllc
that is the superimposition of three (a, b, ¢) square
wave functions with mean values of C;, C,, and C;
(for details, see Appendix at http://www.springer-
link.com).

We define the scale of a pattern, denoted by o, as
the size of resource aggregations. Obviously, a
homogeneous pattern has no characteristic scale, or
it is infinite in a strict sense. The scale of the simple
heterogeneous landscape is ¢ = 32, equal to the
half-period of the square wave function 7.
The third, nested landscape, representing an

environment formed by several structuring pro-
cesses, exhibits heterogeneities on three scales.
These 6, = 8, 6, = 32, o3 = 128 values correspond
to half-periods of /@ rPand r¢  respectively.

Perceptive Scale and Pattern Intensity

Species differ in their perceptive scales—that is, in
terms of the spatial scale at which they perceive
and utilize resources and average environmental
heterogeneities. Species x has a perceptive scale of
Sy = 2x — 1 sites. Species x =1 has the smallest
perceptive scale of S; =1, having access to re-
sources in only one site. Species x = X has maxi-
mal perceptive scale of Sy = 2X — 1, with access to
resources in 2X — 1 sites. Generally, the resource
uptake region of a local population p;, starts at
i—x + 1 and ends at i + x — 1. Resource con-
sumption activity of individuals is distributed
evenly within this spatial range; thus the experi-
enced resource level of an individual of species x
on site 7 is:
i+x—1
Fa= > n/(2x=1) 1)

I=i—(x—1)

Perceptive scale determines the ability of a species

to differentiate between favorable and unfavorable
sites. This ability can be expressed by the difference
between highest and lowest experienced resource
levels as a function of perceptive scale:

I(SX) = max{?lx, ?ZX, . 7?LX} — min{?lx, 7’2)(, PN FLX}
(2)

This quantity is often referred to as ‘“‘pattern
intensity”” (Dale and Maclsaac 1989). Hereafter, we
will denote intensity functions of the three model
landscapes by I, I, and I', respectively.

Population Dynamics

The concept of population dynamics used in our
study is derived from the Lotka-Volterra competi-
tion model. Intrinsic growth rates and competitive
coefficients are determined by the perceptive scales
of particular species.

The intrinsic growth rate of a local population of
species x on site i is equal to the average resource
abundance 7; within the resource uptake region.
To derive the competition coefficients, we intro-
duce the concept of resource utilization distribu-
tion, which is the spatial pattern of individual
resource consumption activity of a given species. It
can be illustrated as a rectangular area above the
resource uptake region with a width of S, and a
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Figure 2. Resource utilization distribution and competi-
tion function. a Resource utilization distribution can be
represented by a rectangular region with area of unity
above the resource uptake region. Length of horizontal
and vertical sides correspond to perceptive scale S, and
consumptive burden on individual sites 1/S,, respectively.
b Overlapping resource utilization distributions (white
and black rectangles). With two individuals of species x
and y on sites i and j at a distance of /, the competitive
effect a,, (/) is equal to the consumptive burden of species
y within the overlapping region of resource uptake re-
gions ,,(/)/S, (dark hatched region) times the con-
sumption activity of species x on individual sites 1/
Syyielding a,, (1) = oy, (1)/(S,S,). Likewise ay(!) is equal to
the area of the total hatched region divided by S,

height of 1/S,, corresponding to the consumptive
burden on individual sites (Figure 2a). An indi-
vidual of §; = 1, having a resource uptake region of
only one site, has a very narrow and high resource
utilization distribution. For species with larger
perceptive ranges, the resource uptake region
widens while the burden on individual sites de-
creases accordingly, resulting in wider and lower
resource utilization distributions.

Individuals inhibit the reproduction of each
other via competition, because their resource up-
take regions overlap. The competition function
a,(l) expresses how much the population growth
of species x on site 7 is inhibited by the presence of
an individual of species y on site i + /, as a function
of the distance / between them (Figure 2b). Com-
petition is proportional to the overlap (/) of the
two resource uptake regions. It is also proportional
to the consumptive burden of the inhibitor species
on individual sites 1/S, and the target species’
likelihood of consuming resources from a given site
within its resource uptake region at any given
moment 1/S,. Also, we assume that species having
larger body size and perceptive scale are able to

preempt resources from smaller-sized species,
yielding:

@y (1)
ley(l) = S)'/—S&
X2y

3)
where ¢ = (Sy/SX)“ if x > y; otherwise, ¢ = 1. o mea-
sures the strength of competitive advantage of large
size due to resource preemption. The overall com-
petitive burden on a local population p;, is the sum
of the competitive effects of all local populations
within the potential competitive distance X + x — 2;
for larger distances, ®,,(/) = 0.

Local populations interact via migration. Indi-
viduals leave a given site with rate ¢ and settle in
any of the L sites with equal probabilities. A
migration rate of ¢ = 0.1 enables moderate migra-
tion between local populations, without homoge-
nizing the system. Ultimately, the dynamics of a
local population is:

dp; X4x=2 X L
=P | T D ay(Dpiviy | —PutEd i
I=—(X4x—2)y=1 j=1

(4)

which is a cross-scale version of the familiar Lotka-
Volterra dynamics.

To study population dynamics on different model
landscapes, we solved this set of equations by
numerical integration, using resource patterns
Ll and . At t =0, we had p, = 3.5, ri/(XL)
for each species x and site 7, assuring equal popu-
lation densities of species and a total density in
conformity with available resources. We ran sim-
ulations with dt = 0.01 until approaching an equi-
librium density distribution at ¢ = 2000, then
recorded landscape-level average  densities
d(Sy) = S, pix/L of each species.

The model described here contains a number of
simplifying assumptions. The model landscapes are
characterized by a temporally constant resource
distribution. Other important attributes of natural
landscapes, such as fragmentation patterns, are ig-
nored, and individuals have the potential to move
to any point on the model landscape. All species are
identical except for two attributes: perceptive scale
and resource preemption ability. Population
dynamics is under the control of competition; all
other forms of species interactions are ignored.
With all these simplifications, our aim was to study
the influence of a few critical processes on impor-
tant species characteristics and draw implications
about body mass distributions. Possible effects of
relaxing these simplifying assumptions will be
addressed in the Discussion section.
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Figure 3. Equilibrium species distributions. Vertical bars in the upper row show equilibrium species densities as a function
of perceptive scales. I (S,) intensity functions are shown in the bottom row with gray resonance regions. Species densities
and intensity functions are presented in three pairs, correponding to the a, b homogeneous, ¢, d simple heterogeneous
and e, f nested model landscapes. Vertical dashed lines indicate characteristic scales (c and o, ,, ©3) of particular
landscapes. Vertical dotted lines indicate positions of first resonance peaks.

RESULTS

From Eq. (1), it follows that small-scale variances of
resource abundance, which do not alter large-scale
averages, remain hidden for species with large per-
ceptive scales. Although all species have access to the
same resources, those with small perceptive scale
exploit resource aggregations of comparable extent
more efficiently by concentrating their feeding
activity onto these sites. On local resource abun-
dance peaks, high perceived resource abundance
provides these fine-grained species a local competi-
tive advantage over those with coarse-grained per-
ception. On the other hand, large perceptive scale
and body size implies increased competitive ability
via resource preemption, independent of environ-
mental heterogeneity. The set of coexisting species
depends on the overall effect of these two opposite
forces. Because perceived variance is a function of
resource distribution, the outcome depends on the
underlying landscape pattern.

We consider the homogeneous model landscape
first (Figure 3a and b). From the viewpoint of
individuals, there are no favorable or unfavorable
sites, irrespective of their perceptive scales. The
intrinsic growth rate is equal for all local popula-
tions at all sites; therefore the outcome of selec-
tion depends solely on other competitive
relationships. The species of largest body size
outcompetes all other species via resource
preemption.

In a heterogeneous landscape, the experienced
resource abundance 7 is no longer uniform, but
varies with both spatial location and perceptive

scale. Individuals having larger intrinsic growth
rates have a selective advantage; thus the ability to
perceive favorable sites is crucial. Considering our
second model landscape (Figure 3¢ and d), we see
that the pattern intensity function I has a plateau-
like region at small perceptive scales, starts to de-
cline above S, = 32, reaches a minimum at S, = 64,
and has resonance peaks with decreasing ampli-
tudes at even higher S,. This means that species
with a given perception window are able to dif-
ferentiate resource aggregates that are of compar-
arable size, but not ones that are smaller. Given a
square wave function with half-period o, reso-
nance peaks appear at Sy = o + & (26) (h € Z*), as a
result of the regular pattern. The performance of
particular species depends on their ability to per-
ceive and exploit local resource-abundant sites,
requiring both a high degree of perceived landscape
pattern intensity and good resource preemption
capabilities. In our second model landscape, species
that have relatively high resource preemption rank,
but are still able to see favorable sites, outcompete
others. Equilibrium species distribution has a single
peak near S, = 32, which corresponds to the scale
o = 32 of the underlying landscape pattern. The
optimal perceptive scale is equal to the size of the
resource aggregations; it also coincides with the
point where the perceived intensity curve starts to
decline.

Real landscapes have nested patterns. Our third
model landscape has a nested resource pattern of
three levels with one characteristic scale for each
level: 6, =8, 0,=32, and o5 = 128. Species
densities match this pattern, having peaks at
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Sy =38, 32, 128 (Figure 3e). The coexistence of
three species is the result of the peculiar spatial
structure. In this case, species compete again in
exploiting resource aggregations, but resource
aggregations occur on three scales. Accordingly,
perceived intensity can be broken down into three
components, corresponding to heterogeneities on
scales o,, 0,5, O3 as:

IIU(SX) _ IHIa(SX) +IIIIb(SX) +IIIIC<SX) (5)

la  IIb 111
' r Pt

and signify the performance of partic-
ular species in perceiving resource aggregations at
the three scales (Figure 3f). They start to decline at
different x, indicating that the perception of smal-
ler-scale heterogeneities requires a small perceptive
window; otherwise, the differences average out.
Large species are superior in utilizing large-scale
resources, but small ones with inferior resource
preemption abilities can compensate by using
small-scale resource aggregations. We have three
nested levels within the landscape pattern, leading
to the coexistence of three species. Their perceptive
scales correspond to the points where intensity
curves start to decline. These points are at S, = 8,
32, and 128, corresponding to the characteristic
scales of the landscape pattern.

Other small peaks in the density distribution are
artifacts that originate from simplified model set-
tings. Characteristic scales of model landscapes are
powers of 2, because heterogeneities on such scales
can be inserted neatly into each other to produce
nested landscape patterns. In contrast, the percep-
tive scales of species are odd numbers; therefore a
perfect match with landscape scales is impossible.
The gap between these scales is filled by species
x = 1, which uses small resource morsels, resulting
in a small peak at S, = 1. Furthermore, the species
distribution for the third model landscape exhibits
two resonance peaks at S, =12 and 48, which
originate from resonance peaks of the intensity
functions. These species ensure their survival by
exploiting pairs of local resource aggregates; thus
their existence is a consequence of the extreme
regularity of the resource pattern. Simulations
provided qualitatively the same results for a = 0.1,
1, 10, and 100; coexistence was robust against
changes in the magnitude of resource preemption
capability.

DiscussioNn

These model results show that a nested landscape
pattern and a corresponding resource distribution

enables the coexistence of species that perform the
same ecological function on distinct scales. Given a
nested landscape pattern, resource aggregations at
different scales act as distinct resources, providing a
set of scale niches. Although we restricted our
simulations to a one-dimensional environment, we
expect similar results for two dimensions and for
fractal-like resource distributions. The dimension-
ality of the landscape in conjunction with the
geometry of the area used by individuals, which
varies with major taxonomic units, may be primary
determinants of the scaling relationship between
the spatial extent of resource aggregates and opti-
mal perceptive scale (Witting 1995; Haskell and
others 2002).

In our simulations we used a temporally con-
stant landscape pattern, whereas real landscapes
are also characterized by temporal changes. In
spite of this simplification, our model also has
implications for shifting mosaic landscapes, where
temporal changes do not alter spatial scale pattern.
Our model assumption was that population
dynamics is dominated by local processes and local
inhomogeneities. The scale of temporal changes
expresses how ephemeral or persistent these
inhomogeneities are. If landscape changes occur
on short temporal scales, our assumption does not
hold, because spatial heterogeneities average out
on a very short time scale. On the other hand, if
both the temporal and the spatial scale of envi-
ronmental changes are very large, there is a con-
flict with our second modeling assumption—that
animals have the potential to move to any point
on the landscape. Organisms might also fail to
interact with resources at the ““appropriate’” scales,
if structural features of the landscape inhibit them,
which often occurs as a result of anthropogenic
impact (Roland and Taylor 1997). In these cases,
our assumptions fail and other selection forces are
expected to dominate, but for landscape changes
of intermediate temporal and spatial scale we ex-
pect that our findings are valid.

The existence of scale niches suggests a mecha-
nistic explanation for observed discontinuous body
size distributions because of the allometric rela-
tionship between body size and perceptive scale. If
distributions of various resources correlate with
some common landscape features, difference scale
inches might result in multimodal body size distri-
butions within major taxonomic units, even if
species consume different resources. Dissimilar
landscapes have different sets of scale niches, with
corresponding perceptive scale and body size dis-
tributions. Nevertheless, the evolution of a trait
such as body size, which is subject to many
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historical or ecological constraints, is not likely to
be explained by a single mechanism. Other evolu-
tionary and ecological processes, such as trophic
relationships, may also play a role in determining
body size (Vezina 1985; Carpenter and Kitchell
1993; Siemann and Brown 1999; Cumming and
Havlicek 2002). Ritchie and Olff (1999) emphasized
the importance of spatial scaling laws in explaining
both the size and diversity patterns of organisms.

The reorganization capabilities of ecosystems
may be influenced by such functional redundancy
across scales because ecological resilience depends
on the distribution of functional groups both
within and across scales (Peterson and others
1998). Although our model is in agreement with
this view, the issue of ecosystem resilience re-
quires further research. Selection constraints, im-
posed by scale attributes of landscape patterns also
raise other biological conservation issues. Scale
niche shifts due to landscape transformations may
result in a corresponding change in species com-
position (Morton 1990). The mass extinction of
megaherbivores in North America during the
Pleistocene was related to the landscape transfor-
mation ability of invading human populations,
apart from hunting pressure (Webb 1984; Lambert
and Holling 1998). Accordingly, empirical studies
have shown that both invasive and endangered
species are located at the edge of body mass
aggregations (Allen and others 1999; Sendzimir
and others 2003).

Environmental changes on several scales re-
quire appropriate biological adaptations (Wiens
1989). The fact that numerous large species are
now endangered implies that anthropogenic dis-
turbances primarily threaten species that are
susceptible to changes in large-scale landscape
features. Natural environmental perturbations due
to ecological, climatic, or geological processes
show an inverse relationship between frequency
and amplitude; thus large-scale perturbations oc-
cur only rarely or slowly (O’Neill and others
1986). In contrast, anthropogenic landscape
transformations affect large areas in a relatively
short time, presenting novel challenges for con-
servation biology.

ACKNOWLEDGEMENTS

This work was supported by the Hungarian Re-
search Fund OTKA-T049689. Useful discussions
with Gyorgy Szabdé and Krisztidan Magori are
acknowledged. We thank Mark D. Eyre for his
valuable comments on the manuscript.

REFERENCES

Allen CR, Forys EA, Holling CS. 1999. Body mass patterns pre-
dict invasions and extinctions in transforming landscapes.
Ecosystems 2:114-21.

Allen CR, Saunders DA. 2002. Variability between scales: pre-
dictors of nomadism in birds of an Australian mediterranean-
climate ecosystem. Ecosystems 5:348-59.

Allen TFH, Hoekstra TW. 1992. Toward a unified ecology. New
York: University Press.

Carlile DW, Skalski JR, Barker JE, Thomas JM, Cullinan VI.
1989. Determination of ecological scale. Landscape Ecol
2:203-13.

Carpenter SR, Kitchell JE. 1993. The trophic cascade in lakes.
Cambridge (UK): Cambridge University Press.

Clark WC. 1985. Scales of climate impacts. Clim Change 7:5-
27.

Cumming GS, Havlicek TD. 2002. Evolution, ecology, and
multimodal distributions of body size. Ecosystems 5:705-11.

Dale MRT. 1999. Spatial pattern analysis in plant eology.
Cambridge (UK): Cambridge University Press.

Dale MRT, Maclsaac DA. 1989. New methods for the analysis of
spatial pattern in vegetation. J Ecol 77:78-91.

Delcourt HR, Delcourt PA. 1988. Quaternary landscape ecology:
relevant scales in space and time. Landscape Ecol 2:23-44.
Dickman CR. 1988. Body size, prey size, and community

structure in insectivorous mammals. Ecology 69:569-80.

Forman RTT. 1995. Land mosaics: the ecology of landscapes and
regions. Cambridge (UK): Cambridge University Press.

Franklin JF, Forman TT. 1987. Creating landscape patterns by
forest cutting: ecological consequences and principles.
Landscape Ecol 1:5-18.

Harestad AS, Bunnell FL. 1979. Home range and body weight—a
reevaluation. Ecology 60:389-402.

Haskell JP, Ritchie ME, Olff H. 2002. Fractal geometry predicts
varying body size scaling relationships for mammal and bird
home ranges. Nature 418:527-30.

Hildén O. 1965. Habitat selection in birds. Ann Zool Fenn 2:53—
75.

Holling CS. 1992. Cross-scale morphology, geometry and
dynamics of ecosystems. Ecol Monogr 62:447-502.

Kolasa J. 1989. Ecological systems in hierarchical perspective:
breaks in the community structure and other consequences.
Ecology 70:36-47.

Kotliar NB, Wiens JA. 1990. Multiple scales of patchiness and
patch structure: a hierarchical framework for the study of
heterogeneity. Oikos 59:253-60.

Krummel JR, Gardner RH, Sugihara G, O’Neill RV, Coleman PR.
1987. Landscape patterns in a disturbed environment. Oikos
48:321-34.

Lambert WD, Holling CS. 1998. Causes of ecosystem transfor-
mation at the end of the Pleistocene: evidence from mammal
body-mass distributions. Ecosystems 1:157-75.

Levin SA. 1992. The problems of pattern and scale in ecology.
Ecology 73:1943-67.

Malamud BD, Moreig G, Turcotte DL. 1998. Forest fires: an
example of self-organized critical behavior. Science 281:1840—
42.

McNab BK. 1963. Bioenergetics and the determination of home
range size. Am Nat 97:133-40.



1016 P. Szab6 and G. Meszéna

McNamee PJ, McLeod PM, Holling CS. 1981. The structure and
behavior of defoliating insect—forest systems. Res Pop Ecol
23:280-98.

Menge BA, Olson AM. 1990. Role of scale and environmental
factors in regulation of community structure. Trends Ecol Evol
5:52-7.

Moloney KA, Levin SA, Chiariello NR, Buttel L. 1992. Pattern
and scale in a serpentine grassland. Theoret Pop Biol 41:257—
76.

Morris DW. 1987. Ecological scale and habitat use. Ecology
68:362-9.

Morton SR. 1990. The impact of European settlement on the
vertebrate animals of arid Australia: a conceptual model. Proc
Ecol Soc Aust 16:201-13.

O’Neill RV, DeAngelis DL, Waide JB, Allen TFH. 1986. A hi-
erachical concept of ecosystems. Princeton (NJ): Princeton
University Press.

Persson L. 1985. Asymmetric competition: are larger animals
competitively superior? Am Nat 126:261-6.

Peterson G, Allen CR, Holling CS. 1998. Ecological resilience,
biodiversity, and scale. Ecosystems 1:6-18.

Pyke G. 1981. Optimal foraging in hummingbirds: rules of
movements between inflorescences. Anim Behav 29:889-96.

Raffaelli D, Hall S, Emes C, Manly B. 2000. Constraints on body
size distributions: an experimental approach using a small-
scale system. Oecologia 122:389-98.

Reiss M. 1988. Scaling of home range size: body size, metabolic
needs and ecology. Trends Ecol Evol 3:85-8.

Restrepo C, Renjifo LM, Marples P. 1997. Frugivorous birds in
fragmented neotropical montane forests: landscape pattern
and body mass distribution. In: Laurance WF, Bierregaard RO,
Eds. Tropical forest remnants: ecology, management and
conservation of fragmented communities. Chicago: University
of Chicago Press. p 171-89.

Ritchie ME, Olff H. 1999. Spatial scaling laws yield a synthetic
theory of biodiversity. Nature 400:557-60.

Roland J, Taylor PD. 1997. Insect parasitoid species respond to
forest structure at different spatial scales. Nature 386:710-13.

Romme WH. 1982. Fire and landscape diversity in subalpine
forests of Yellowstone National Park. Ecol Monogr 52:199-221.

Sendzimir J, Allen CR, Gunderson L, Stow C. 2003. Implications
of body mass patterns: linking ecological structure and process
to wildlife conservation and managment. In: Bissonette J,
Storch I, Eds. Landscape ecology and resource management:
linking theory with practice. Washington, (DC): Island Press.
p 125-52.

Senft RL, Coughenour MB, Bailey DW, Rittenhouse LR, Saga
OE, Swift DM. 1987. Large herbivore foraging and ecological
hierarchies. BioScience 37:789-99.

Siemann E, Brown JH. 1999. Gaps in mammalian body size
distributions reexamined. Ecology 80:2788-92.

Smith TB, Wayne RK, Girman DJ, Bruford MW. 1997. A role for
ecotones in generating rainforest biodiversity. Science
276:1855-7.

Thompson P, Fox BJ. 1993. Asymmetric competition in Aus-
tralian heathland rodents: a reciprocal removal experiment
demonstrating the influence of size-class structure. Oikos
67:264-78.

Vezina AF. 1985. Empirical relationships between predator and
prey size among terrestrial vertebrate predators. Oecologia
67:555-65.

Webb SD. 1984. Ten million years of mammal extinctions in
North America. In: Martin PS, Klein RG, Eds. Quaternary
extinctions: a prehistoric revolution. Tucson (AZ): University
of Arizona Press. p 189-210.

Wiens JA. 1989. Spatial scaling in ecology. Funct Ecol 3:385-97.

Witting L. 1995. The body mass allometries as evolutionarily
determined by the foraging of mobile organisms. J Theoret
Biol 177:129-37.

Wu J, Loucks OL. 1995. From balance of nature to hierarchical
patch dynamics: a paradigm shift in ecology. Q Rev Biol
70:439-66.



