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Abstract

The spatial patterning of resources constrains the movement of consumers on the landscape. Percolation
theory predicts that an organism can move freely if its critical resource or habitat occupies 59.28% of the
landscape. Sparse resources require an organism to operate on larger resource Utilization scales. Multiple crit-
icdl resources necessitate larger scales, while subdtitutable resources ease the scde requirements.  Contagious
spatial patterns require larger scales to permit movement between resource clusters. The study indicates a

strong link between spatial pattern and ecological processes on a landscape.

Introduction

The spatial patterning of ecosystems influences
many ecological phenomena (Naveh and Lieber-
man 1984; Forman and Godron 1986) such as the
spread of disturbances (Turner 1987; Franklin and
Forman 1987) and the movement and dispersal of
animals (Fahrig and Merriam 1985; Freemark and
Merriam 1986). Landscape ecology addresses the
relationship between ecological patterns and the
bioic processes affected by these patterns (Risser et
al. 1984) but the implications for other areas of eco-
logica research have only begun to be explored
(Urban et al. 1987).

Spatial patterning on the landscape determines
the distribution of resources that organisms must
locate and utilize (Senft et al. 1987). This paper
combines a result from percolation theory with
consideration of how an organism moves on a
heterogeneous landscape. The emphasis is on how
the patterning of the landscape can dter the
resource utilization scale of an organism.

Percolation theory

Percolation theory (Stauffer 1985; Orbach 1986)
considers the random arrangement of items on a
lattice, such as a landscape with land cover or vege
tation specified at equidistant grid points. The grid
points form clusters or sets of adjacent (either
horizontally or vertically) points with the same land
cover. A significant conclusion of percolation the-
ory concerns the existence of percolating clusters,
i.e, clusters that stretch from one side of the lattice
to the other. The probability of a percolating
cluster increases as the proportion of the grid points
occupied by land use i, Pi, increases. As the lattice
becomes large, the probability of a percolating
cluster approaches a step function, changing from
0.0to 1 .0 over a very narrow range of Pi. On an in-
finite square lattice, a percolating cluster of land
cover i will exigt if i is randomly digtributed and oc-
cupies at least 0.5928 of the lattice points (Orbach
1986).

The relevance of this result can be seen if we con-
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sider an organism moving about on the landscape.
If the organism must remain within land type i,

e.g., forest, then forest must occupy 59.28% or
more of a random landscape to enable the organism
to move across the landscape and utilize the avail-
able resources. Some small, isolated pockets of
resource may remain, but we can characterize the
landscape as accessble to the organism in the sense
that it can move freely across it. This observation
provides a direct link between landscape pattern
and an ecological consequence of scale.

Resource utilization scale

The andysis to this point assumes that the organism
must locate a unit of resource at each grid point,
i.e., the organism is restricted to moving one grid
point or one unit distance per unit time. Let us con-
sder what happens if the organism can move more
than a unit distance per unit time, i.e., the organism
can traverse n grid points per unit time. At what
scale must the organism operate to utilize the
resource on this landscape? Assume that the organ-
ism must find & least one resource unit as it moves
n units on the landscape and the resource occupies
a random proportion, P, of the landscape. The
probability of finding exactly zero resources in n
geps is (1 ~ P)**n. Then the probability, R, of find-
ing a least one resource unit is 1 .0 minus the proba
bility of finding none:

R = 1—-(1-P)**n (0))

We know from percolation theory that if R =
0.5928, the organism can move across the land-
scape. Substituting this value for R into Equation
(1) and rearanging, we find the following relation-
ship between n and P:

n = -0.89845 / In (1-P) )

Equation 2 gives the scale, n, required for an organ-
ism to move across a landscape on which a critica
resource occupies P units. We will define n to be the
resource utilization scale.

Table 1 gives values of the resource utilization
scale for a variety of probabilities. For a sparse
resource (small P), a large number of landscape

Tade 7. Critical probabilities for percolation on a random, in-
finite landscape for various resource utilization scales. The firgt
column represents the number of landscape units, n, searched by
an organism in a unit time. Entries are the proportion of land-
scape units which must be occupied by resource i for an organ-
ism with search path, n, to be able to move across the landscape.

n Pi
0.592800
4 0.201174
9 0.095007
16 0.054606
25 0.035300
100 0.008944
400 0.002244
900 0.000998
1600 0.000561
2500 0.000359

wits mut be saded Viewed in anather way, an
organism that can traverse large distances can use
aresource which is sparsely distributed.

This goproech to the scde of resource  utilization
on a landscape has some interesting ramification.
For example, at higher levels in a food chain, or-
ganigrs will doften opade a a lage n. With nota
be exogions such as arbush preddors fird and
second order carnivores will have to search larger
areas on the landscape to locate prey. We would
also expect that an organism with small n could
only operate on landscapes with high P or be res-
tricted to sections of the landscape where P was
sufficiently high. This analysis helps explain why
humen ddubene o landcge sde (Urben et al.
1987) has serious impacts since organisms with
lage N may nat be dde to move over a aufidently
large area to utilize a sparse resource.

Multiple resources

The analysis can be expanded to include additional
resource requirements. An organism requires mul-
tiple resources, such as both food and water, that
independetly oooupy  the  landscgpe with  probehlli-
ties A. Becaue the oganian mudt locate dl of the
resources in pathlength n, we must consider the
product of the independent probabilities of locating
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Table 2. Resource utilization scale, n' ,for two criticd resources. Table gives the number of grid points or steps an organism must
traverse per unit time to insure that it will locate both resources as it moves across a landscape.

PI
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
0.1 13.95 10.24 9.10 8.69 8.56 8.53 8.53 8.53 8.53
0.2 10.24 6.59 5.34 4.72 4.37 417 4.08 4.04 4.03
0.3 9.10 5.34 412 3.49 3.11 2.86 2.69 2.58 2.53
0.4 8.69 4.72 3.49 2.88 2.50 2.23 2.04 1.90 1.80
P2 0.5 8.56 4.37 3.11 2.50 212 1.86 1.67 151 1.39
0.6 8.53 4.17 2.86 2.23 1.86 1.60 141 1.26 1.12
0.7 8.53 4.08 2.69 2.04 1.67 141 1.22 1.07 0.93
0.8 8.53 4.04 2.58 1.90 151 1.26 1.07 0.91 0.77
0.9 8.53 4.03 2.53 1.80 1.39 1.12 0.93 0.77 0.64

Table 3. Resource utilization scales, n”, when an organism must

landscape.

locate either of two substitutable resources as it moves across the

Pl
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
0.1 4.26 2.73 1.94 1.46 1.12 0.88 0.69 0.52 0.37
0.2 2.73 2.01 1.55 1.22 0.98 0.79 0.63 0.49 0.36
0.3 1.94 1.55 1.26 1.03 0.86 0.70 0.57 0.46 0.34
0.4 1.46 1.22 1.03 0.88 0.75 0.63 0.52 0.42 0.32
P2 0.5 1.12 0.98 0.86 0.75 0.65 0.56 a47 0.39 030
0.6 0.88 0.79 0.70 0.63 0.56 0.49 0.42 0.36 0.28
0.7 0.69 0.63 0.58 0.52 0.47 0.42 0.37 0.32 0.26
0.8 0.52 0.49 0.46 0.42 0.39 0.36 0.32 0.28 0.23
0.9 0.37 0.36 0.34 0.32 0.30 0.28 0.26 0.23 0.20

zero resources. The multiple resource utilization
scale, n', becomes:

0.5928 = [PI]}i (1 -~ (1 ~Pi)**n’) (3)

Vaues of n' for two resources are given in Table 2.
An additional resource significantly increases the
resource utilization scale. For example, with P1 =
0.6 we expect an organism with n = 1 .0 to he able
to move freely across the landscape (Table 1). But
with the addition of a second critical resource, n’
approaches 1.0 only as P2 approaches 1.0.

The organism can operate on smaller scales if
there are subgtitutable resources (Tilman 1982) be-
cause only one of severd possible resources must be
located in a pathlength of n. For two resources, we
can define a substitutable resource scale, n” :

05928 = Sl + S2 = S1 2 (4

where Si = (1 - (1 - Pi)**n"’. Equation (4) can be
solved for n '’ to yield

n” =-0.89845 / (In (1 = P1) + In (1L —P2)) (5)

Similar expressions can be derived for more than
two substitutable resources but the equations be-
come quite complicated. In contrast to the multiple
resource case (Equation 3 and Table 2), an addi-
tional substitutable resource decreases the minimal

scale needed to utilize resources on a landscape
(Table 3).

Scale and the efficiency of resource utilization

Few organisms are efficient enough to locate and
utilize 100% of the resources available on a land-
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scape. An inefficient dominant organism allows the
survival of other organisms, operating at larger
values of n. If the dominant randomly removes
90% of resource i, it leaves resources a 10% of the
landscape locations. A subdominant organism can
still utilize the landscape if it can use the resources
at the larger scale predicted by Equation 2.

The large-scaled, subdominant organism would
be considered rare in the sense that sampling any
small area would be unlikely to locate an individ-
ual. However, the organism would not be rare in
the sense that individuals would almost aways be

~- found in samples over sufficiently large areas.

Scale and habitat

A similar situation arises when we consider the
suitability of a landscape to provide adequate
habitat for an organism. Let us assume that a group
of grid points will serve as adequate habitat if 50%
or more of the landscape units are of type i, for ex-
ample, forest.

Table 4 gives the probability that a group of m
grid cells will contain more than 50% of a landscape
type for various values of Pi. The table is construct-
ed by looking up a table of the cumulaive binomia
distribution for b = P = 0.5. Notice that if there
isa 50:50 chance of finding a suitable habitat unit
at m = 1, then there is a 50:50 chance of finding
suitable aggregates on that landscape. If the oc-
cupancy of sites at the unit scale is less than 0.5,
then the probability of an aggregate being suitable
decreases. The rate of decrease is greater, the rarer
the habitat is @& m = 1. If the habitat occupies more
than 50% of the sites at m = 1, then any aggregate
will be suitable.

The analysis indicates that animals operating at
large scales (large m) should be generdists with
respect to habitat requirements. At larger scales,
very specific habitat aggregates (Pi(m) < 0.5) will
be hard to find. Disturbances of landscape pattern
will be serious, particularly disruptions that require
the organisms to operate at larger scales to utilize
resources.

Results for patterned landscapes

The results given above are limited by the assump-
tion that resources are randomly distributed on the
landscape. The results can be extended to land-
scapes that show significant contagion or pattern.
To do this we introduce the adjacency matrix, Q.
For two land cover types (eg., resource P and non-
resource 1 -P) the matrix takes the form:

1Q; Q!
I |

1Qy Q!

where the elements Q;; represent the probability of
a unit of land cover i being adjacent to a unit of land
cover j. The matrix is constrained such that each
row sum5 to 1.0.

If directiondity is ignored in congtructing the ad-
jacency matrix, the probability of being on land
cover 1 and next to land cover 2 is equa to the prob-
ability of being on land cover 2 and next to land
cover 1, ie,

PQ, = 1-P)Q, (6)

We will assume heresfter that the landscape is sym-
metric in the sense of Equation (6) and if we sim-
plify notation to make Q,, = Q, the Q matrix
becomes:

: Q 1-Q !
|
I(P(L-Q)/(1-P)  1-2P+PQ/(1-P)l

By andogy with Equation (1), the probability of en-
countering no resources in a pathlength of n is the
probability of encountering a non-resource unit at
the first step, (1 — P) times the probability of being
on a non-resource unit and standing next to a non-
resource unit, i.e., Q, = | -2P + PQ/(1 - P)
rased to the (n = 1) power. Then, the probability of
encountering at least one resource unit is:

R =1-(1-P) (1-2P+PQ/(1 —P))**
(n” -1 ()

Once again, we can set R = 0.5928 and derive an
expression for the resource utilization scale in terms
of P, the proportion of landscape units occupied by
the resource, and Q, the degree to which the
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Table 4. Probability of finding suitable habitat on a landscape at various scales of resolution. Entries represent the probability of finding
a suitable habitat (50% or more of the landscape units are of type i) for organisms that operate on various scales, m. Column headings,
Pi, represent the proportion of landscape units of type i on the finest grain resolution, i.e, on the landscape & m = 1

Pi
01 02 03 04 05 06 07 08 09
m
3 0.028 0.104 0.216 0.352 05 0.648 0.784 0.896 0972
5 0.009 0.058 0.163 0.317 05 0.683 0.837 0.942 0.991
7 0.003 0.033 0.126 0.290 05 0.710 0.874 0.967 0.997
9 0.001 0.020 0.098 0.267 05 0.733 0.902 0.980 0.999
1 00 0.012 0.078 0.246 05 0.754 0.922 0.988 10
13 00 0.007 0.062 0.229 05 0.771 0.938 0.993 10
15 00 0.004 0.050 0.213 05 0.787 0.950 0.996 10
17 00 0.003 0.040 0.199 05 0.801 0.960 0.997 10
19 00 0.002 0.033 0.186 05 0.814 0.967 0.998 10

Table 5. Resource utilization scale, n",for a resource occupying a proportion, P, of landscape sites and distributed with contagion,
Q = - Q. Entries represent the scale a which an organism must operate in order for a landscape described by P and Q to percolate,

ie, for an organism to move freely across the landscape.

Q

09 08 0.7 06 05 04 03 02 01
n
05 2.94 1.92 1.58 140 1.30 122 117 113 1.09
04 6.62 371 2.74 2.25 1.96 1.76 1.62 181 142
03 134 7.04 494 3.88 3.25 2.82 2.52 2.29 211
02 217 142 9.66 741 6.06 5.16 451 4.03 3.65
01 720 363 244 184 149 125 108 9.52 8.53
0.01 881 441 294 221 177 148 127 m %83
0.001 8967 4484 2990 2242 1794 1495 1282 1121 999

resource is aggregated on the landscape: -

" = (-0.89845 - 2in(1—P) + In(1 - 2P + PQ))/
(n(1-2P+PQ) ~ In(1 -P)) ®)

When P=0.5928, n""" = 1 imepedive of the vdue
of Q. As Q approaches 1.0, i.e., the resource is
dumpad in one pace on the landscegpe the denomi-
naor goproeches 0 ad i’ goproedhes irfinity.  As
the resource becomes lumped into a dnge compedt
“cluster, it becomes practically impossible to move
throughout the landscape. As Q approaches 0.0,
ie, & the resource becomes compledy aooss the
landscape, P cannot be greater than 0.5. Ifp > 0.5
then a leedt a few of the resource units must neces:
sarily be adjacent. When Q = P we have the situa-
tion in which the degree of contagion is exactly

what you would expect from a random landscape,
i.e., there is no contagion. Under these circum-
stances, Equation (18) reduces to Equation (2).

Tdbe 5 shows a range of vdues for n” for vai-
ous values of P and Q. As we saw in the random
landscape (Equation 2 and Table 1 resource) utili-
zdion de ineeses rgpidy as P deessss In ad-
dition, as the degyree of contegion of the resource in
oeees the scde mue inoeese The more dumped
the resource, the larger the gaps between resource
clusters.

Discussion

By oconddaing the goetid ddribuion of resources
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we have derived the minimal scales for resource
utilization. Not every grid point needs to contain
the criticd resource. The organism can move about
as long as adjacent horizontal or verticd grid points
contain the resource. The minimal requirement is
that an organism be able to move in a zig-zag path
of length n with a high probability of locating a
resource.

Throughout this paper, we have accepted the
results of percolation theory for an infinite lattice,
i.e., the critical probability is 0.5928. It is possible
that a finite, patterned landscape will require a
higher percentage occupancy to ensure a percolat-
ing cluster. On the other hand, linear corridors
{Forman and Godron 1986) stretching across the
landscape  would permit percolation a lower vaues
of Pi. Thus, a higher or lower vaue of R (Equations
1, 3, 5 7) may be necessary to apply our results to
a particular landscape.

If a resource is randomly digtributed on the land-
scape, an organism must operate at a sufficiently
large scde (Equation 2) to avoid being redtricted to
a portion of the total landscape. Still larger scales
of operation will be required (Equation 3) for mul-
tiple critical resources. If several resources can be
subgtituted for each other (Equation 4) the require-
ments of scde ae eased. Because organisms differ
in utilization scales, communities should show dis-
tinct patterns with dominants operating on small
scdes and  subdominants operating a larger scales.
Similar generaities result from considering that
landscapes must contain a minimal percentage of
specific vegetation cover to serve as suitable habitat
for particular organisms. \

An organism must adjust its resource utilization
scde if a resource is didributed with contagion. In
generd, as the resource becomes highly clumped, it
becomes clustered into only one portion of the
landscape. The organism must then be able to oper-
de a large scaes to move from one resource patch
to the next.

Thus, a consideration of resource patterning on
the landscape leads directly to conclusions about
the scale a which organisms must operate to utilize
that resource. As the distribution and pattern of the
resource change, so also the scale of utilization
must change. This leads to a direct connection be-

tween pattern and the ecologica processes involved
in resource utilization. Although much additional
research is needed, it is clear that a direct connec-
tion can be made between studies of landscape pa-
tern and the ecological processes taking place on the
landscape.
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