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Abstract. Critical thresholds are transition ranges across which small changes in spatial
pattern produce abrupt shifts in ecological responses. Habitat fragmentation provides a
familiar example of a critical threshold. As the landscape becomes dissected into smaller
parcels of habitat, landscape connectivity—the functional linkage among habitat patches—
may suddenly become disrupted, which may have important consequences for the distri-
bution and persistence of populations. Landscape connectivity depends not only on the
abundance and spatial patterning of habitat, but also on the habitat specificity and dispersal
abilities of species. Habitat specialists with limited dispersal capabilities presumably have
a much lower threshold to habitat fragmentation than highly vagile species, which may
perceive the landscape as functionally connected across a greater range of fragmentation
severity.

To determine where threshold effects in species’ responses to landscape structure are
likely to occur, we developed a simulation model modified from percolation theory. Our
simulations predicted the distributional patterns of populations in different landscape mo-
saics, which we tested empirically using two grasshopper species (Orthoptera: Acrididae)
that occur in the shortgrass prairie of north-central Colorado. Increasing degree of habitat
specialization and dispersal range of a species enhanced the level of aggregation—the degree
of clumping exhibited by the population—in our simulations. The landscape threshold at
which populations became aggregated was affected by dispersal range for habitat generalists,
but not for habitat specialists. Habitat specialists exhibited aggregated populations when
preferred habitat occupied <40% of the landscape. Habitat generalists with good dispersal
abilities occurred as aggregated populations when <35% of the landscape contained suitable
habitat; habitat generalists with limited dispersal only formed patchy distributions when
the preferred habitat was a minor (20%) proportion of the habitat. In field tests, a large
species of grasshopper (Xanthippus corallipes Haldeman) exhibited reduced rates of travel
in two microhabitats that together comprised 35% of a grassland mosaic; a smaller species
(Psoloessa delicatula Scudder) had the highest residence time in a rare microhabitat that
occurred in only 8% of the landscape. On the basis of our simulation results, we predicted
that the large species would be patchily distributed because the abundance of its associated
habitat is at the critical threshold. The small species should be unable to aggregate, given
the rarity of habitat for which it has an affinity, and thus should be randomly distributed
across the landscape. The distribution of these two species in this grassland mosaic matched
the predictions from our simulations. By providing quantitative predictions of threshold
effects, this modelling approach may prove useful in the formulation of conservation strat-
egies and assessment of land-use changes on species’ distributional patterns and persistence.

Key words: critical thresholds; habitat fragmentation; landscape ecology; neutral models; per-
colation theory; population distributions, simulation modelling.

INTRODUCTION

Small changes in the spatial patterning of resources
can produce abrupt, sometimes dramatic ecological re-
sponses; such transition ranges are deemed critical
thresholds (Turner and Gardner 1991). Critical thresh-
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olds occur particularly where the phenomenon of in-
terest exhibits a nonlinear relationship with spatial
scale, owing to shifts in the underlying process(es) at
different scales or because new constraints govern the
process at different scales (O’Neill et al. 1986, Kotliar
and Wiens 1990). Landscapes may exhibit critical
thresholds in connectivity, often with serious ecolog-
ical consequences (Gardner et al. 1987, Krummel et al.
1987, O’Neill et al. 1988b). A familiar example of this
is habitat fragmentation. As the landscape becomes dis-
sected into smaller and smaller parcels, landscape con-
nectivity—the spatial contagion of habitat—may
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Percolating Cluster

Left: the neutral landscape, generated as a random distribution of habitat (black cells) across a grid (128 X 128

cells). Habitat occupies 65% of this simple random landscape. Right: same neutral landscape, with the percolating cluster
highlighted (black) from the rest of the habitat (gray), which occurs as small, finite clusters in this landscape.

abruptly become disrupted. But at what point does hab-
itat fragmentation disrupt landscape connectivity? Per-
colation theory (Orbach 1986, Stauffer and Aharony
1991) has recently been used as a neutral model to
predict where these critical thresholds occur and thus
how landscape structure might affect ecological pro-
cesses (e.g., Gardner et al. 1987, 1989, 1992, O’Neill
etal. 1988b). A neutral landscape map is produced from
a random distribution of habitat(s) and is used as a null
model to explore how ecological processes operate in
heterogeneous environments in the absence of specific
landscape patterns. Neutral landscapes thus serve as a
baseline for statistical comparisons with patterns on
real landscapes (Gardner et al. 1987, Gardner and
O’Neill 1991).

To illustrate, consider a landscape to be a two-di-
mensional grid in which the grid cells are classified
according to the landscape element of interest (e.g.,
habitat type). Percolation theory predicts that a random
distribution of a single cell type that comprises at least
0.5928 of the landscape has a very high probability of
spanning the map (Gardner et al. 1987). As the critical
threshold (p,) is reached, isolated patches of habitat
become connected to form one continuous cluster. Each
habitat cell of the percolating cluster is joined with a
neighboring habitat cell along at least one horizontal
or vertical edge (Fig. 1). Any organism capable of using
the habitat should be able to traverse or ‘‘percolate”
across this landscape, because it has a high degree of
connectivity. Below this critical threshold (p, <
0.5928), suitable habitat occurs as smaller, isolated
patches. The landscape becomes disconnected when the
“backbone” of the percolating cluster is broken by
removing critical habitat cells along the spine and sep-
arating the cluster into two separate habitat patches.
This results in the abrupt transition characteristic of
percolating networks (Fig. 2). The disruption in land-

scape connectivity may limit movement of organisms,
resulting in disjunct populations. Small changes in the
composition of the landscape near the critical threshold
are thus likely to have discernable effects on the dis-
tribution and persistence of populations (Turner and
Gardner 1991).

The spatial mosaic of a landscape determines how a
foraging animal responds to the distribution of re-
sources (e.g., Senft et al. 1987). Spatial heterogeneity
also influences the dispersal and distribution of animals
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F1G. 2. Probability (P) that a percolating cluster will form
on a random landscape map as a function of habitat abun-
dance, the proportion of habitat cells (p) that occur on the
grid. The abrupt transition between isolated patches of habitat
and a percolating cluster that spans the map (see Fig. 1) is
termed the percolation threshold, p,. This critical phenome-
non has been theoretically derived or empirically determined
from Monte Carlo simulations (Plotnick and Gardner 1993).
Modified from Zallen (1983).



2448

across a landscape (Turchin 1991, Johnson et al. 1992),
which in turn may have important consequences for
the stability and persistence of populations (Wiens
1976, den Boer 1981, Fahrig and Merriam 1985, Kar-
eiva 1990, Gilpin and Hanski 1991). Understanding
how landscape structure affects the distribution of spe-
cies may afford new insights into the organization of
communities or species’ responses to habitat fragmen-
tation (e.g., Pearson et al., in press).

Our objective in this paper is to identify the critical
threshold at which populations become disjunct as a
function of increasing habitat fragmentation. The crit-
ical threshold is defined as the proportion of the land-
scape at which populations shift from random to
clumped distributions. Toward this end, we assessed
how species’ dispersal capabilities and degree of hab-
itat specialization interact with landscape structure to
affect patterns of distribution. We suggest that the crit-
ical threshold is not an inherent property of a landscape,
but emerges from the interplay of species’ interactions
with landscape structure. While habitat fragmentation
refers to the connectivity of habitat types within a land-
scape, connectivity ultimately depends upon a species’
ability to move across the landscape (O’Neill et al.
1988b, Pearson et al., in press). Species differ in the
scales at which they interact with the environment
(Morse et al. 1985, Swihart et al. 1988, Milne et al.
1992, With 1994). Even a scarce resource that has a
patchy distribution is not necessarily fragmented if a
species is able to operate at a broad enough spatial
scale to use the resource effectively. Increasing habitat
fragmentation may thus have little effect on species
distributions until some critical level of connectivity is
disrupted. It is not clear a priori where the critical
threshold lies for species with different dispersal ca-
pabilities or habitat preferences (e.g., Plotnick and
Gardner 1993). We provide an empirical example
(grasshopper distributions in a shortgrass prairie) to
illustrate how percolation theory can be applied to pre-
dict patterns of distribution for different species across
a landscape.

As a caveat, it should be noted that percolation the-
ory is strictly concerned with the movement behavior
of a particle on a binary landscape; in ecological par-
lance, the organism is constrained to move only within
suitable habitat and is not able to access the matrix.
The dichotomy of suitable habitat vs. an inhospitable
matrix is an extreme scenario adopted from island bio-
geography theory, but which may nevertheless apply
to some species in certain landscapes (e.g., forest-
interior bird species). More typically, landscapes are a
mosaic of different habitat types, which differ in their
suitability for a particular species (e.g., Cummings and
Vessey 1994). Individuals may use these habitats for
different activities (e.g., foraging vs. reproduction) or
avoid certain habitats altogether; habitats may differ in
quality (e.g., resource abundance), or in their structural
complexity (thus affecting the permeability of the hab-
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itat to dispersing individuals). Whatever the associa-
tion, individuals will exhibit faster rates of transit
through some elements of the landscape and increased
residence times within others. Matrix habitat thus need
not be viewed as ‘‘ecologically neutral”’ (Wiens et al.
1993), and marginal habitats may have profound effects
on population dynamics (e.g., Pulliam and Danielson
1991). In this paper, we will generate neutral land-
scapes composed of multiple habitat types. Because the
landscape maps are created as random associations of
habitat, percolation theory is still the basis for under-
standing how movement behavior interacts with land-
scape structure to produce patterns of population dis-
tribution.

METHODS
Simulation model development

Landscape structure.—We generated artificial grid-
ded landscapes (25 X 25 cells = 625 cells total) com-
prised of random associations of three habitat types.
We created these neutral landscapes specifically with
three habitat types to facilitate comparison of our mod-
el results with data on grasshopper populations in the
shortgrass prairie. We previously identified three mi-
crohabitat types that characterized heterogeneity in the
shortgrass prairie (With 1994; K. A. With and T. O.
Crist, unpublished manuscript) and that differed in the
abundance of forage for grasshoppers (see Comparison
with an ecological system: grasshopper distributions
within bird territories). Different landscape maps were
generated by varying the proportion, p, of one habitat
type (Habitat 1, p,) from 0.1 to 0.8 of the total land-
scape; the other two habitat types comprised equal pro-
portions of the remainder (Fig. 3). Thus, if p, = 0.7,
then p, = p; = 0.15. This simulation exercise was
conducted as an experiment in that we varied the pro-
portion of one habitat independently of the others to
determine how habitat fragmentation affected the spa-
tial distribution of populations. Simultaneously varying
two or more habitats was not illuminating in the present
context (K. A. With and T. O. Crist, unpublished data).

Animal movement.—The simulated population (n =
1000 individuals) of a single species was initialized as
a random dispersion pattern using a Poisson distribu-
tion. We simulated animal movement as the probability
that an individual will move out of a given habitat cell
during each iteration of the simulation run. This prob-
ability of transition, P;, was calculated on the basis of
the maximum dispersal range of a species in a given
time period, as this indicates the degree to which in-
dividuals are able to interact with landscape structure.
Although we will ultimately compare the theoretical
expectations derived from this modelling exercise to a
real system, the simulation experiments are designed
to explore the model state space and be broadly ap-
plicable to a variety of organisms; parameter values are
not based specifically on grasshoppers, therefore. An
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Habitat 3 = 45%
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Habitat 1 = 80%
Habitat 2 = 10%
Habitat 3 = 10%

Example of landscape maps used in simulation experiments. Maps (25 X 25 cells) are generated as random

assemblages of three habitat types in which one habitat type (Habitat 1, black) is varied by increments (10%) to encompass
from 10% (left) to 80% (right) of the total landscape. The other two habitat types (Habitat 2, gray; Habitat 3, white) comprise

equal proportions of the remainder.

example of how P; is calculated may nevertheless be
of interest. If a hypothetical speciges is able to traverse
5% of a landscape during an 8-wk period, then an in-
dividual could make a maximum of 31.3 cell changes
in our artificial landscape during the course of a model
-run (number of cell changes = 625 total cells in lattice
X 5% = 31.3). If we simulate an 8-wk period of move-
ment, with a 1-d time step (8 wk X 7 d/wk = 56 d or
iterations per run), then P; for this species would be
0.558 (number of cell changes/iterations = 31.3/56 =
0.558). This is the maximum rate of movement a spe-
cies with a 5% dispersal range could maintain across
the landscape. The transition probability was further
adjusted by habitat type to simulate the increased res-
idence time that presumably occurs in preferred habitat
(i.e., an individual has a low probability of moving out
of favorable habitat once it is encountered). Thus, a
habitat specialist may have a 500 times greater affinity
for this habitat relative to other habitat types that occur
in the landscape mosaic. The calculation of P; in pre-
ferred habitat for a habitat specialist with a 5% dis-
persal range would thus be 0.558/500 = 0.001. The
affinity factor, x, refers to the increased residence time
(i.e., reduced transition probability, P;) exhibited by
the species in preferred habitat. In the present example,
x = 500 and the species therefore has a 500 times
greater affinity (1/500 P,) for this habitat relative to
the matrix. We will use the term ‘“‘matrix’’ to refer to
the other habitat type(s) in the landscape for which the
species has a correspondingly higher transition prob-
ability (i.e., a high probability of leaving the cell).
The habitat-specific P, was applied independently to
the individuals occupying each grid cell; that is, the
entire cell population did not move as a ‘‘cohort.” If
an individual did leave a cell, it was only able to move
a distance of one cell into one of the four adjacent cells
surrounding its present location (i.e., diagonal cells

were not accessible; ‘“‘movement rule 1,”” Plotnick and
Gardner 1993). The direction of movement (which one
of the four cells) was random. Because movement was
controlled by habitat-specific transition rates that relate
to the propensity of individuals to leave a given cell
type, individuals did not possess information on ad-
jacent habitat types that might have differentially af-
fected their probability of movement into a particular
cell. This assumption is practical for organisms whose
range of movement is small relative to the size of the
grid cells and that do not exhibit directional biases in
movement toward preferred habitat across distances >1
cell. Our simulated landscapes were modelled as closed
systems, such that individuals were not permitted to
move outside the lattice. We did not observe ‘‘boundary
effects’” (e.g., accumulation of individuals around the
edges of the grid), and we assume that the bounded
landscape was not markedly different from an un-
bounded one (see Haefner et al. 1991).

Simulation experiments

Response to landscape structure.—Our objective
was to pinpoint the critical threshold of habitat frag-
mentation at which the simulated population shifted
from an initial random pattern of dispersion to an ag-
gregated distribution in which most individuals were
located in a small proportion of the landscape. The
critical threshold was assessed as the proportion of hab-
itat at which the population first exhibited a patchy
distribution. We used Morisita’s Index (/,,) as a measure
of the degree of aggregation attained by the population.
Morisita’s Index measures the likelihood that two in-
dividuals, selected at random, were drawn from the
same cell (Hurlbert 1990). For a population with a ran-
dom distribution, the value of I, is 1.0 (Fig. 4). For a
population with I,, = 7.0, it is thus 7 times more likely
that any two individuals, selected at random, occupy
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FiG. 4. Values for Morisita’s Index (J,), a measure of aggregation, for different computer-generated species’ distributions.
Top left: the neutral landscape used to generate patterns of species’ distributions in this figure. The landscape comprises 10%
Habitat 1 (black), 60% Habitat 2 (gray), and 30% Habitat 3 (white). Top right: a species that is randomly distributed across
this landscape possesses an index value of 1.0. Shading corresponds to different categories of species’ abundance within
cells (black = highest density, white = lowest density). Bottom left: a habitat specialist, with an affinity for the rare habitat
type (Habitat 1). Note that the species is aggregating in areas corresponding to the distribution of Habitat 1 (top left). Most
individuals are contained within 5% of the landscape. An index value of 3.0 indicates that this population is 3 times more
aggregated than that of a random distribution. Bottom right: a population exhibiting an extremely high level of aggregation,
in which the population is primarily contained within ~2% of the landscape.

the same cell than if the population was distributed at
random. This index is also robust to differences in sam-
ple size (e.g., comparison of populations of different
densities; Hurlbert 1990). Natural populations of grass-
hoppers that were patchily distributed had values of I,
> 2.5 (K. A. With and T. O. Crist, unpublished manu-
script). We therefore selected /,, = 2.5 to represent the
transition point between random and aggregated pop-
ulations in our simulation experiments to facilitate
comparison of model results with empirical grasshop-
per distributions. Because the selection of a “cut-off
value” for the response variable obviously affects the
determination of the critical threshold (e.g., compare
results of Figs. 6-9 for other values of I,), care must
be exercised in the selection of this transition value.
This will depend upon the metric or spatial analysis
used to assess species’ responses to landscape structure
(e.g., autocorrelation or semivariance analysis, Turner
et al. 1991), as well as the objective of the modelling

exercise. Our cut-off value of I, will suffice for the
illustrative purposes of this modelling application and
is consistent with the levels of aggregation observed
in natural grasshopper distributions.

We performed four sets of simulation experiments
(5 runs/experiment) to assess how species’ interactions
with landscape structure affected the occurrence of a
critical threshold.

1. Effect of habitat specialization.—Habitat spe-
cialization was simulated as an increased residence
time within the preferred habitat by decreasing the P,
in this habitat (Habitat 1) relative to the other two hab-
itat types in the landscape (Habitats 2 and 3). We ex-
amined the effect that degree of habitat specialization
had on the critical threshold by varying the species’
affinity for Habitat 1 from 10 to 500 times that of the
other two habitats (i.e., from 1/10 to 1/500 of the cal-
culated value for P;). Species were able to move across
a maximum of 5% of the landscape in this series of
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Summary of simulation experiments to assess the effect of species’ dispersal ranges and habitat preferences on

Maximum dispersal

Habitat affinity

Simulation experiment range* (%) factorf Preferred habitat
Effect of habitat specialization 5 10-500 1
Effect of dispersal range
Habitat generalist 3-20 20 1
Habitat specialist 3-20 100 1
Effect of combined habitat preferences 5 20 1+2
1+3
2+ 3
Effect of partial habitat preferences 5 10 2
10-100 3

* Maximum dispersal range is calculated as the maximum percentage of the landscape with which the individual is able
to interact during the simulation (see Methods: Simulation model development: animal movement).

+ Habitat affinity was modelled as increased residence time within the preferred habitat(s). This was done by dividing the
calculated probability of transition, P, by a given factor (x = 10, 20, 50, 100, 500) to simulate reduced rates of movement
out of preferred cells of the landscape lattice. For combined habitat preferences, habitat affinities are 20 times greater (1/20
P;) for each of two habitat types. For partial habitat preferences, the calculated value for P; was applied to Habitat 1, but
residence times were 10 times greater in Habitat 2 and up to 100 times greater in Habitat 3 (i.e., Habitat 2 = P;/10, Habitat

3 = P,/100).

simulations (Table 1). Note that the ‘‘attractiveness’
of the preferred habitat is enhanced by increasing res-
idence time within these preferred cells, but that the
rate of movement across the remainder of the landscape
remains unchanged subject to the constraints of the
maximum range of dispersal.

The critical threshold was assessed as the proportion
of preferred habitat at which the initial random distri-
bution becomes aggregated (/,, > 2.5). In the binary
landscapes of percolation theory, an individual can tra-
verse the landscape when the proportion of suitable
habitat exceeds p. = 0.59. Note that in multihabitat
landscapes, p, corresponds to the proportion of habi-
tat(s) across which the species has the highest rate of
transit (high P;), as in the habitat types comprising the
matrix. Species should first form patchy distributions
when the proportion of their preferred habitat com-
prises =40% of the landscape (or, alternatively, when
the matrix =60%; Fig. 5). By altering the affinities
species have for habitat(s) within the landscape mosaic,
we are able to detect how the degree of habitat asso-
ciation is likely to affect a species’ perception of wheth-
er the landscape is fragmented and how this affects the
distribution of individuals in space.

2. Effect of dispersal range.—We varied the extent
to which species moved across the landscape to deter-
mine the critical threshold at which population aggre-
gation occurred for species with different dispersal
ranges (Table 1). The species exhibited a preference
for one habitat (Habitat 1), which we simulated as a
reduced probability of movement out of this habitat.
Because we were interested in how species’ charac-
teristics interacted to affect the occurrence of critical
thresholds, we modelled the response of a habitat gen-
eralist, where the affinity for the preferred habitat
(Habitat 1) was 20 times greater (1/20 P;) than that for
the other two habitat types (the matrix), and for a hab-

itat specialist that had a 100 times greater (1/100 P;)
affinity for the preferred habitat (Habitat 1). This ex-
periment assessed how the effective connectedness of
the preferred habitat (via dispersal) affects the distri-
bution of individuals.

The threshold at which aggregation occurs should
depend on the relative vagility or dispersal capabilities
of the species. The range of dispersal was varied to
encompass 3%, 5%, 10%, and 20% of the total land-
scape (Table 1). Actual distance travelled by simulated
individuals is certainly much less, because direction-
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Fig. 5. The critical threshold at which populations are

predicted to shift from a random to an aggregated distribution.
Preferred habitat is modelled as an increased residence time
within a particular habitat relative to other accessible habitats
(matrix) in the landscape. Morisita’s Index (/,,) measures the
degree of aggregation of the population; we use I,, = 2.5 to
represent the shift from a random to an aggregated distri-
bution. Percolation theory predicts that this shift will occur
when the matrix occupies =60% of the landscape, or con-
versely, when the preferred habitat comprises =40% of the
landscape.
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ality of movement is random and because movement
rarely occurs out of preferred habitat cells. The ex-
pected mean squared displacement for a diffusing par-
ticle on a percolating cluster was =70% less than that
on a homogeneous plane (Milne 1991). Thus, the effect
of increasing the range of dispersal is to increase the
degree of movement activity (number of cell changes)
during the course of the simulation. Increased dispersal
should increase the likelihood that preferred habitat is
encountered. Species with greater vagility should en-
counter preferred habitat at a faster rate than less vagile
‘species, and thus exhibit greater aggregation as indi-
viduals collect within preferred habitat cells.

3. Effect of combined habitat preferences.—Aggre-
gation should occur at the point where reduced move-
ment in the two preferred habitats combined (p, + p,
= 0.4) produces a threshold effect in population dis-
tribution. We simulated a 20 times greater preference
for each of two habitats (e.g., preferred habitat = 1/20
P;), with the assumption that individuals were capable
of a maximum dispersal across 5% of the landscape
(Table 1). If Habitats 2 and 3 are preferred, aggregated
distributions should occur when the landscape com-
prises <40% of these two habitat types (i.e., p, = ps
= 0.2).

4. Effect of partial habitat preferences.—What if a
species has partial preferences for different habitat
types within the landscape? That is, the species re-
sponds to a gradient of habitat quality, such that hab-
itats could be rank ordered in terms of preference or
at least the amount of time spent in each. To assess the
effect of partial habitat preferences on the critical
threshold, we assigned a low transition probability
(1/10 Py) to one habitat (Habitat 2), while varying that
for the other habitat type (Habitat 3) preferred by the
species (1/10 P,~1/100 P;). The P in the third habitat
(Habitat 1) remained constant, permitting a maximum
range of dispersal of 5% across the landscape (Table
1).

RESULTS
Simulation experiments

Effect of habitat specialization.—The degree of hab-
itat specialization affected the landscape threshold at

which populations became patchily distributed. Habitat
specialists, which have 100-500 times greater affinity
for preferred habitat, occurred as aggregated popula-
tions even when the preferred habitat comprised nearly
half (45%) of the landscape (Fig. 6). Because special-
ists were closely associated with a particular habitat,
they were unlikely to leave once the patch was en-
countered. Interestingly, habitat generalists (1/10 P;)
formed aggregations when the ‘“‘preferred” habitat was
an uncommon (20%) element of the landscape. The
rarity of a slightly more profitable habitat may enhance
aggregation of individuals in these patches, up until
the point where habitat is too scarce for species with
such a nominal habitat preference and fairly limited
vagility (5%) to locate (note that there is a decrease in
the level of aggregation attained by the population be-
yond the critical threshold for species with a 10-20
times greater affinity for Habitat 1; Fig. 6).

Effect of dispersal range.—Increasing dispersal
range enhanced the level of aggregation attained by the
population because individuals were able to locate even
scarce patches of preferred habitat (Fig. 7). Dispersal
capabilities interacted with habitat affinity to affect the
threshold at which patchy distributions formed on the
landscape. Dispersal range had little effect on the
threshold when species had a high affinity (1/100 P;)
for the preferred habitat (Habitat 1; Fig. 7). Species
with dispersal ranges encompassing 3-20% of the land-
scape shifted from a random to an aggregated distri-
bution when their preferred habitat occupied =40% of
the landscape. For habitat specialists, therefore, dis-
persal capabilities had less of an impact on patterns of
species distribution than did abundance of required
habitat.

For habitat generalists (1/20 P;), dispersal range had
a marked effect on the point at which populations be-
came aggregated (Fig. 7). A threshold occurred when
the preferred habitat comprised =~35% of the landscape
for species with dispersal ranges varying from 5 to
20%. A shift in the threshold occurred at reduced dis-
persal ranges (3—-5%). If a species was able to interact
with 3% of the landscape, then populations became
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aggregated when the preferred habitat occupied ~25%
of the landscape. Small changes in dispersal capabil-
ities thus produced large changes in the threshold at
which populations of habitat generalists formed patchy
distributions.

Effect of combined habitat preferences.—If a species
had a slight preference (1/20 P;) for more than one
habitat type, then the threshold at which the population
became aggregated was the combined abundance of the
two preferred habitats; this occurred at =35% in our
simulated landscape if the species exploited Habitats

Landscape Composition (%)

2 and 3, when each of these habitats occupied =17.5%
of the landscape (Fig. 8). Given this landscape config-
uration (p, varied while p, = p, of the remainder), any
preference for Habitat 1 precluded an aggregated pop-
ulation because there are no landscape configurations
for which a threshold effect is predicted (i.e., no com-
bination of p, + p, or p, + p; = 0.35).

Effect of partial habitat preferences.—When the spe-
cies had a slight affinity (1/10 P;) for Habitats 2 and
3, populations only became aggregated when the pre-
ferred habitats comprised 20% of the landscape (Fig.

41
= Habitat
= Affinities
Fic. 8. Effect of combined habitat pref-  x 31
rrences on the critical threshold at which spe- 2 \ —o— 1+2
ies are predicted to occur as aggregated dis- "7} —o— 1+3
ributions (f,, > 2.5; dashed line). Species are ‘g — e—2+3
ble to interact with a maximum of 5% of & 24
he landscape. Habitat preference is modelled &
s a 20 times greater affinity for each of two =
abitats relative to the third. Error bars (% 1
D) are smaller than the size of the symbols. : I , -
80 70 60 50 40 30 20 10  Habitat ]
20 30 40 50 60 70 80 90  Habitats2and 3

Landscape Composition (%)
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44 Habitat Affinities FiG. 9. Effect of partial preferences on

—e— 10,10 the critical threshold at which species are

— = 10,20 likely to occur as aggregated distributions (/,,

S O 0 | etire, The transition prababiliy. P in
N - . b T

% 3 \ 10, 100 one habitat (Habitat 1) is set to correspond

2 N ) to a maximum dispersal of 5% of the land-

- scape and is maintained throughout this se-

] ) ries of simulations. A nominal affinity for

2R Habitat 2 (affinity factor [x] = 10) is mod-

5 elled as an increased residence time within

= this habitat (1/10 P,). The degree of prefer-

ence for the third habitat is varied from 1/10

14— T T T T T T T P, to 1/100 P;. Affinity factors for Habitats

80 70 60 50 40 30 20 10  Habitat ] 2 and 3, respectively, are shown in the key.

20 30 40 S50 60 70 80 90  Habitats 2 and 3 Error bars (* 1 sp) are smaller than the size

Landscape Composition (%)

9). Doubling the degree of affinity for one of these
habitats (1/20 P, in Habitat 3) relative to the other
preferred habitat (2) resulted in a shift in the threshold
to 35%. A further 2.5 increase in affinity in this same
habitat (1/50 P, in Habitat 3) resulted in another shift
to =40%. Beyond this, however, subsequent increases
in the affinity for one of the preférred habitats did not
substantially change the critical threshold. Instead,
populations attained higher levels of aggregation as
individuals rapidly accumulated in the preferred areas
of the landscape (e.g., Habitat 3 cells).

Comparison with an ecological system:
grasshopper distributions within
bird territories

To assess the utility of our model in predicting spatial
patterns of populations in different landscapes, we ex-
amined the distribution of grasshopper populations
(Orthoptera: Acrididae) in the shortgrass prairie of
north-central Colorado. The shortgrass prairie of the
Central Plains Experimental Range (50 km northeast
of Fort Collins, Weld County; elevation = 1650 m), a
Long-Term Ecological Research site, consists of a ma-
trix of perennial grass species (blue grama, Bouteloua
gracilis, and buffalo grass, Buchloe dactyloides), in-
terspersed with cactus (primarily Opuntia polyacan-
tha), shrubs (Chrysothamnus nauseosus, Gutierrezia
sarothrae), midgrasses (e.g., Aristida longiseta, Stipa
comata), forbs, and areas of bare ground. Grasshoppers
are an abundant insect herbivore in this grassland sys-
tem (Welch et al. 1991), and we expected that habitat,
especially the abundance and distribution of their pre-
ferred forage, B. gracilis, would affect the distribution
of grasshoppers.

As part of a larger study involving the spatial dy-
namics of prey and predator foraging patterns, bird
territories were viewed as ‘‘microlandscapes’ com-
prising a mosaic of different microhabitat types. Bird
territories (size = 1 ha) were represented as gridded
maps, in which grid cells (6.25 m X 6.25 m) were
classified by degree of heterogeneity (three microhab-

of the symbols.

itat types). Heterogeneity was measured as the extent
to which the shortgrass matrix, the main forage for
grasshoppers, was disrupted by other types of vege-
tation. At the extremes, homogeneous (H) cells con-
tained nearly continuous coverage of shortgrass,
whereas very heterogeneous (VH) cells contained little
shortgrass cover, which was extensively disrupted by
other types of vegetation (see With 1994 for additional
quantification of cell types).

Two of the most abundant early-season (April-June)
grasshopper species in this system are Xanthippus cor-
allipes (Haldeman), a large (35-65 mm) acridid (sub-
family Oedipodinae), and Psoloessa delicatula (Scud-
der), which is a smaller (16—27 mm) species (subfamily
Gomphocerinae). Previous research on the movement
responses of these two species documented their dif-
ferential responses to heterogeneity (With 1994). Hab-
itat-specific P, were calculated by extrapolating the
average rate of movement within each cell type to the
expected transition rates out of these cells per iteration
of the simulation run (K.A. With and T.O. Crist, un-
published manuscript). The equation for this relation-
ship was derived as P, = r,t,t/d, wherer,, is the average
rate of movement (centimetres per hour) in the micro-
landscape, ¢, is the average length of time per day that
individuals are active (hours per day; =5.5 h/d for these
grasshopper species, which is the average number of
hours during which temperatures were 20-30°C), ¢, is
the time interval represented by each iteration (in days;
set to 0.02 d to correspond to the 30-min observation
period upon which individual movement rates were ob-
tained), and d is the linear dimension of the cell (in
centimetres; 625 cm). Psoloessa delicatula had reduced
movement in H cells, whereas X. corallipes exhibited
reduced movement in H and VH cells (Fig. 10). Be-
cause reduced rates of movement enhance residence
time within a particular habitat, we will equate these
movement responses with ‘‘habitat affinities.”” We rec-
ognize that different ecological mechanisms may be
responsible for reduced movement in a particular hab-
itat. Profitable habitats may increase foraging times
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FiG. 10. Species’ responses to landscape structure. Top:
relative proportions of three microhabitat types (H = ho-
mogeneous, MH = moderately heterogeneous, and VH =
very heterogeneous) across a representative bird territory (1
ha) in the shortgrass prairie of north-central Colorado. Het-
erogeneity is a measure of the degree to which the shortgrass
matrix (the primary forage for grasshoppers) was disrupted
by other types of vegetation. Middle: response of a small
grasshopper (Orthoptera: Acrididae), Psoloessa delicatula, to
the structure of this landscape. This species was retained in
only a small portion of the landscape (as assessed by cal-
culated transition probabilities; see Results: Comparison with
an ecological system: Grasshopper distributions . . . for de-
tails). Bottom: response of the larger Xanthippus corallipes
in this same landscape. This species exhibited increased res-
idence times in one-third of the landscape.

through area-restricted search, or the habitat may offer
some other positive attribute such as shade or cover
from predators that would enhance residence time. Al-
ternatively, the structural complexity of the habitat may
form physical barriers that impede movement and in-
crease residence time in a particular area for this rea-
son. In the present context, we are only modelling the
movement responses and not the specific mechanisms
or the fitness consequences of such responses. Can the
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pattern of distribution of these two species be predicted
based upon their responses to landscape structure?

The landscape structure of the bird territory bears a
striking resemblance to percolation maps (Fig. 10, Ta-
ble 2). The landscape was dominated by a single habitat
type (moderately heterogeneous, MH) that comprised
65% of the total area. Percolation theory predicts that
even a random distribution of habitat should span the
map when pp = p. = 0.59. The bird territory thus
possesses a high degree of landscape connectance, as
illustrated by the contagion index, D,, which measures
the overall extent of habitat aggregation across the
landscape (O’Neill et al. 1988b, Li and Reynolds 1993).
The value of D, is similar for the territory and a totally
random assemblage of the three habitat types (<10%
difference, Table 2). The other habitat types (H and
VH) are slightly more clumped than expected for a
random distribution, however. Nearest neighbor prob-
abilities are the likelihood that a particular cell type i
is adjacent to a like cell type i (Turner et al. 1989). For
example, H cells are 2.5 times more aggregated than
if randomly distributed (compare g,; for territory and
random maps, Table 2). Nevertheless, this habitat type
is a rare component of the landscape (8% cover) and
thus there is a low probability that homogeneous cells
are adjacent (g;; = 0.20, Table 2). The two habitat
types, H and VH, occur as small patches or isolated
cells scattered across the landscape.

Psoloessa delicatula showed reduced movement in
H cells, a rare (<10%) cover type on this landscape
(Fig. 10). Consequently, individuals of this species
were moving faster through >90% of the bird’s terri-
tory. In contrast, X. corallipes exhibited reduced move-
ment in H and VH cells, which comprise 35% of this
landscape. Assume that both species initially emerged
as a random distribution across the bird territory, and
that the species are capable of only a very limited range
of dispersal. Several grasshopper species were shown
to disperse an average of 60—80 m during a 7-wk period
(Joern 1983), the approximate season length for our
two species in this system. An 80-m dispersal range
would cover =5% of the bird’s territory (80 m/6.25 m
linear dimension of grid cells X 286 cells/territory =
4.5%). The results of our simulation experiments pre-
dict that a species such as P. delicatula, which has an
affinity for a rare habitat, should not be able to aggre-
gate beyond its initial random distribution (Fig. 5) be-
cause a species with relatively low vagility will have
a low probability of locating and aggregating within
scarce habitat. A species such as X. corallipes, which
has a combined affinity for two habitats that comprise
<40% of the landscape, should have an aggregated
distribution.

How do these expectations from our simulations
match the actual distributions of the two grasshopper
species in a real landscape? X. corallipes is patchily
distributed with a high degree of aggregation (I, =
4.1), in which the population occupies 22% of the land-
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TABLE 2. Measures of habitat adjacency and landscape contagion for the bird territory in which grasshopper distributions
were assessed. Nearest neighbor probability is the probability that a particular cell type i is adjacent to a like cell type i:
q:; = probability that very heterogeneous (VH) cells are adjacent, g,, = probability that moderately heterogeneous (MH)
cells are adjacent, and g,; = probability that homogeneous (H) cells are adjacent. The contagion index, D,, provides a
measure of landscape connectivity by evaluating the overall extent to which habitats are aggregated. These indices of
spatial pattern are compared to simple random landscapes comprised of the same proportion of habitat types as in the bird

territory.

Proportion of cell types

Nearest neighbor probabilities*

Landscape

type VH MH H qn q2 g3 D,
Territory 0.27 0.65 0.08 0.42 0.72 0.20 0.765
Random 0.27 0.65 0.08 0.28 + 0.028 0.66 = 0.013 0.08 = 0.034 0.834 = 0.072

* Values for random landscapes are the mean = 1 sp for 10 maps.

scape; most individuals (>10 individuals/cell) are in
2% of the territory (Fig. 11). The smaller P. delicatula
possesses a random distribution (Z,, = 1.9) and can be
found in two-thirds (67%) of the landscape, although
most individuals are concentrated in one-third (30%)
of the territory (Fig. 11). The distributional patterns
found for populations of these two grasshopper species
match the predictions from our simulations, given the
respective movement responses of each species to land-
scape structure. This is not to say that other processes,
such as competition or predation, do not also play a
role in dictating the distributional patterns of a species,
only that our null model provides a good first approx-
imation at predicting the pattern of distribution ex-
pected to emerge on a given landscape mosaic given
information on species’ dispersal ranges and habitat
affinities.

DISCUSSION

Critical thresholds in landscape structure are not just
a property of landscapes, but one that emerges from
species’ interactions with landscape structure. The ex-
act value of the critical threshold, and thus whether a
landscape is perceived as connected by the species,
depends on the scale at which a species interacts with
spatial heterogeneity (O’Neill et al. 19885, Plotnick

Psoloessa delicatula

FiG. 11.

and Gardner 1993, Pearson et al., in press). How an
organism will be affected by habitat fragmentation is
determined by its vagility, its habitat requirements, and
relative rates of movement through various habitats
comprising the landscape mosaic. Our simulations
showed that good dispersers, which can move =5% of
the landscape, are likely to form patchy distributions
when their preferred habitat comprises a minor pro-
portion (<35-40%) of the landscape. This threshold of
aggregation is modified by habitat specificity, however.
The relative abundance of preferred habitat in the land-
scape may be the primary determinant of distributional
patterns for habitat specialists and may even override
the importance of the species’ dispersal capabilities,
provided the species has a dispersal range encompass-
ing =3% of the landscape. Because the occurrence of
the critical threshold is a function of whether or not a
particular species perceives the landscape as connected,
it is unlikely that a single threshold value can ade-
quately describe the response of all species in a com-
munity to changes in landscape pattern. This necessi-
tates a species-centered definition of landscapes (With
1994, Pearson et al., in press), which is a necessary
vista if we are to adopt meaningful and effective con-
servation strategies (Hansen and Urban 1992).
Besides determining the effect of land-use changes

Xanthippus corallipes

Distribution of two acridid grasshoppers (Orthoptera) within a bird territory (1 ha) in the shortgrass prairie of

north-central Colorado. Each cell is 6.25 X 6.25 m (39.1 m?). Psoloessa delicatula is a small species (16-27 mm) and occurs
as a random distribution in this landscape, as indicated by the measure of aggregation (I, = 1.9). Xanthippus corallipes is
a larger species (35-65 mm) and occurs as a patchy distribution exhibiting a high level of aggregation (I, = 4.1) in this
same landscape.
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on patterns of species distributions, conservation bi-
ologists are also concerned with achieving long-term
persistence of species populations in the face of land-
scape fragmentation. Population dynamics for species
in landscape mosaics involve two components: the dis-
persal of individuals among habitats and habitat-spe-
cific demographic rates (e.g., Pulliam 1988, Pulliam
and Danielson 1991, Wiens et al. 1993). We have fo-
cused on dispersal in our modelling efforts, but the
model could be enhanced to include habitat-specific
mortality and/or reproductive rates that would generate
source and sink habitats (sensu Pulliam 1988). This
would certainly add an interesting dimension to this
modelling framework by producing complex interac-
tions between species’ life-history attributes underly-
ing habitat selection and landscape patterns. Not all
habitats utilized by the species are necessarily valuable
from a reproductive standpoint, and it is possible that
preferred habitat may pose as ‘‘ecological traps’ in
which individuals aggregate but suffer lower repro-
duction or higher mortality than in other habitat types
(e.g., Pulliam and Danielson 1991).

Lande (1987) developed a general metapopulation
model for species that were postulated to occupy ter-
ritories on binary landscapes in which suitable habitat
was randomly distributed across the landscape. Al-
though not a percolation model, Lande’s metapopula-
tion model established the existence of an “‘extinction
threshold,”” defined as the minimum proportion of suit-
able habitat necessary for population persistence. The
ability of a population to persist in a fragmented land-
scape may be suddenly compromised once a certain
threshold is reached, depending upon the ‘“‘demograph-
ic potential’’ of the species (k, the maximum occupancy
of territories possible at equilibrium for a given dis-
persal range and suite of life-history traits of the spe-
cies). Species with a high demographic potential (e.g.,
large dispersal range, high fecundity, high survivor-
ship), persist even in the most extensively fragmented
systems; the extinction threshold for such species is
roughly 0.25-0.50 (Fig. 1 in Lande 1987). Thus, such
species would be able to persist even when only 25—
50% of the landscape comprised suitable habitat. Con-
versely, a species with a low demographic potential
could not persist even when suitable habitat occupied
80% of the landscape. The potential utility of such
models illustrating threshold effects was demonstrated
by the application of Lande’s model to predict the per-
sistence of populations of Northern Spotted Owls (Strix
occidentalis caurina) in old-growth forests subjected
to various intensities of habitat fragmentation (Lande
1988, Lamberson et al. 1992). The population was pre-
dicted to go extinct if the proportion of old-growth
forest was reduced to <20% of the landscape.

These types of modelling exercises, as depicted by
our percolation model and Lande’s metapopulation
model, illustrate what Kareiva (1990) has called the
“recurring theme of critical rates, critical scales, and
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critical geometries”” in mathematical modelling. En-
vironmental heterogeneity, such as that caused at the
broad scale by habitat fragmentation, will have im-
portant consequences for population dynamics de-
pending upon the dispersal rates of individuals and the
spatial scale at which the process is considered. The
notion of critical thresholds implies that certain eco-
logical responses may be difficult to predict without
recourse to this type of modelling exercise and may go
undetected until a critical threshold is reached.

What evidence exists for the occurrence of critical
thresholds in real systems? Most ecological research
has not been interpreted in this context, and thus the
occurrence of critical thresholds has not been tested
empirically, or at least not directly. Yet examples of
potential threshold effects abound in the ecological lit-
erature. Andrén (1994) reviewed the literature on re-
sponses of birds and mammals to habitat fragmentation
and proposed that a critical threshold of 10-30% might
exist. Interestingly, the actual threshold may be lower
than that predicted by percolation theory, possibly be-
cause habitat occupies a clumped rather than random
distribution in real landscapes. Above this threshold,
the primary effect of habitat fragmentation is loss of
habitat with a concomitant decrease in species richness
or population size. Below the threshold, habitat frag-
mentation increases isolation of habitat patches, there-
by reducing landscape connectance. Biodiversity may
in fact present two threshold effects: low diversity in
homogeneous, well-connected landscapes comprised of
“interior species,’” shifting to highest diversity at some
point when the landscape becomes sufficiently frag-
mented to afford a mixture of interior and ‘‘edge’ spe-
cies, and a corresponding decrease in diversity once
again as the landscape becomes increasingly dissected
into small, isolated fragments that support primarily
edge species (e.g., hedgerow networks; Burel 1992).
Other examples of critical thresholds in ecology may
occur at finer spatial scales than that of landscapes.
Foraging animals shift search strategies in response to
the distribution of resources; the shift from area-re-
stricted search (aggregated behavior) to random search
is a predictable behavioral response that is linked to
spatial heterogeneity and is modified by the size of the
organism, its vagility, its sensory capabilities, and other
traits that modify the scale at which the organism in-
teracts with the environment (e.g., Smith 1974, Swihart
et al. 1988, Johnson et al. 1992). The economic de-
fensibility of maintaining a territory, as opposed to
foraging in groups, appears to be based on similar prin-
cipals related to foraging energetics and the spatial pat-
terning and abundance of resources, although much of
this area of research remains theoretical in nature (e.g.,
Davies and Houston 1984, Carpenter 1987). Thus,
while the general notion of thresholds is apparently not
a new one in ecology, research programs are needed
to address explicitly the occurrence of critical threshold
effects in ecological phenomena.



2458

ACKNOWLEDGMENTS

K. A. With was supported by an Alexander Hollaender
Distinguished Postdoctoral Fellowship, administered by the
U.S. Department of Energy, Office of Health and Environ-
mental Research, and managed by the Oak Ridge Institute
for Science and Education. Research was also sponsored by
the U.S. Department of Energy, under contract DE-AC05-
840R21400 with Martin Marietta Energy Systems, Inc. T. O.
Crist was supported by funding through the National Science
Foundation (BSR-880529 and DEB-9207010). Empirical re-
search on grasshopper populations was performed at the Cen-
tral Plains Experimental Range with the assistance of the
Rangeland Resources Research Unit, USDA Agricultural Re-
search Service, and was funded by grants from the Program
for Ecological Studies at Colorado State University and NSF
for Long-Term Ecological Research at the CPER (BSR-
8612105). We appreciate the comments on various versions
of this manuscript by R. H. Gardner, M. G. Turner, J. A.
Wiens, and two anonymous reviewers. This is publication
4408 of the Environmental Sciences Division, Oak Ridge
National Laboratory.

LITERATURE CITED

Andrén, H. 1994. Effects of habitat fragmentation on birds
and mammals in landscapes with different proportions of
suitable habitat: a review. Oikos 71:355-366.

Burel, E 1992. Effect of landscape structure and dynamics
on species diversity in hedgerow networks. Landscape
Ecology 6:161-174.

Carpenter, E L. 1987. Food abundance and territoriality: to
defend or not to defend? American Zoologist 27:387-399.

Cummings, J. R., and S. H. Vessey. 1994, Agricultural in-
fluences on movement patterns of white-footed mice (Pero-
myscus leucopus). American Midland Naturalist 132:209—
218.

Davies, N. B., and A. I. Houston. 1984. Territory economics.
Pages 148-169 in J. R. Krebs and N. B. Davies, editors.
Behavioural ecology: an evolutionary approach. Second
edition. Blackwell Scientific, Boston, Massachusetts, USA.

den Boer, P. J. 1981. On the survival of populations in a
heterogeneous and variable environment. Oecologia 50:39—
53.

Fahrig, L., and G. Merriam. 1985. Habitat patch connectivity
and population survival. Ecology 66:1762-1768.

Gardner, R. H., B. T. Milne, M. G. Turner, and R. V. O’Neill.
1987. Neutral models for the analysis of broad-scale land-
scape pattern. Landscape Ecology 1:19-28.

Gardner, R. H., and R. V. O’Neill. 1991. Pattern, process,
and predictability: the use of neutral models for landscape
analysis. Pages 289-307 in M. G. Turner and R. H. Gardner,
editors. Quantitative methods in landscape ecology. Spring-
er-Verlag, New York, New York, USA.

Gardner, R. H., R. V. O’Neill, M. G. Turner, and V. H. Dale.
1989. Quantifying scale-dependent effects of animal move-
ment with simple percolation models. Landscape Ecology
3:217-227.

Gardner, R. H., M. G. Turner, V. H. Dale, and R. V. O’Neill.
1992. A percolation model of ecological flows. Pages 259—
269 in A. J. Hansen and F di Castri, editors. Landscape
boundaries: consequences for biodiversity and ecological
flows. Springer-Verlag, New York, New York, USA.

Gilpin, M. E., and I. Hanski, editors. 1991. Metapopulation
dynamics. Academic Press, London, UK.

Haefner, J. W., G. C. Poole, P. V. Dunn, and T. T. Decker.
1991. Edge effects in computer models of spatial com-
petition. Ecological Modelling 56:221-244,

Hansen, A. J., and D. L. Urban. 1992. Avian response to
landscape pattern: the role of species’ life histories. Land-
scape Ecology 7:163-180.

K. A. WITH AND T. O. CRIST

Ecology, Vol. 76, No. 8

Hurlbert, S. H. 1990. Spatial distribution of the montane
unicorn. Oikos 58:257-271.

Joern, A. 1983. Small-scale displacements of grasshoppers
(Orthoptera: Acrididae) within arid grasslands. Journal of
Kansas Entomological Society 56:131-139.

Johnson, A. R., J. A. Wiens, B. T. Milne, and T. O. Crist.
1992. Animal movements and population dynamics in het-
erogeneous landscapes. Landscape Ecology 7:63-75.

Kareiva, P. 1990. Population dynamics in spatially complex
environments: theory and data. Philosophical Transactions
of the Royal Society of London B 330:175-190.

Kotliar, N. B., and J. A. Wiens. 1990. Multiple scales of
patchiness and patch structure: a hierarchical framework
for the study of heterogeneity. Oikos 59:253-260.

Krummel, J. R., R. H. Gardner, G. Sugihara, R. V. O’Neill,
and P. R. Coleman. 1987. Landscape patterns in a disturbed
environment. Oikos 48:321-324.

Lamberson, R. H., R. McKelvey, B. R. Noon, and C. Voss.
1992. A dynamic analysis of spotted owl viability in a
fragmented forest landscape. Conservation Biology 6:505—
512.

Lande, R. 1987. Extinction thresholds in demographic mod-
els of territorial populations. American Naturalist 130:624—
635.

. 1988. Demographic models of the northern spotted
owl (Strix occidentalis caurina). Oecologia 75:601-607.
Li, H,, and J. E Reynolds. 1993. A new contagion index to
quantify spatial patterns of landscapes. Landscape Ecology

8:155-162.

Milne, B. T. 1991. Lessons from applying fractal models to
landscape patterns. Pages 195-235 in M. G. Turner and R.
H. Gardner, editors. Quantitative methods in landscape
ecology. Springer-Verlag, New York, New York, USA.

Milne, B. T., M. G. Turner, J. A. Wiens, and A. R. Johnson.
1992. Interactions between the fractal geometry of land-
scapes and allometric herbivory. Theoretical Population Bi-
ology 41:337-353.

Morse, D. R., J. H. Lawton, M. M. Dodson, and M. H. Wil-
liamson. 1985. Fractal dimension of vegetation and the
distribution of arthropod body lengths. Nature 314:731—
734.

O’Neill, R. V., D. L. DeAngelis, J. B. Waide, and T. E H.
Allen. 1986. A hierarchical concept of ecosystems. Prince-
ton University Press, Princeton, New Jersey, USA.

O’Neill, R. V,, J. R. Krummel, R. H. Gardner, G. Sugihara,
B. Jackson, D. L. DeAngelis, B. T. Milne, M. G. Turner,
B. Zygmunt, S. W. Christensen, V. H. Dale, and R. L.
Graham. 1988a. Indices of landscape pattern. Landscape
Ecology 1:153-162.

O’Neill, R. V., B. T. Milne, M. G. Turner, and R. H. Gardner.
1988b. Resource utilization scales and landscape pattern.
Landscape Ecology 2:63-69.

Orbach, R. 1986. Dynamics of fractal networks. Science 231:
814-819.

Pearson, S. M., M. G. Turner, R. H. Gardner, and R. V.
O’Neill. In press. An organism-based perspective of hab-
itat fragmentation. In R. C. Szaro, editor. Biodiversity in
managed landscapes: theory and practice. Oxford Univer-
sity Press, Oxford, England.

Plotnick, R. E., and R. H. Gardner. 1993. Lattices and land-
scapes. Pages 129-157 in R. H. Gardner, editor. Lectures
on mathematics in the life sciences: predicting spatial ef-
fects in ecological systems. Volume 23. American Math-
ematical Society, Providence, Rhode Island, USA.

Pulliam, H. R. 1988. Sources, sinks, and population regu-
lation. American Naturalist 132:652-661.

Pulliam, H. R., and B. J. Danielson. 1991. Sources, sinks,
and habitat selection: a landscape perspective on population
dynamics. American Naturalist 137:S50-S66.

Senft, R. L., M. B. Coughenour, D. W. Bailey, L. R. Ritten-



December 1995

house, O. E. Sala, and D. M. Swift. 1987. Large herbivore
foraging and ecological hierarchies. BioScience 37:789—
799.

Smith, J. N. M. 1974. The food searching behaviour of two
European thrushes. II: The adaptiveness of the search pat-
terns. Behaviour 49:1-61.

Stauffer, D., and A. Aharony. 1991. Introduction to perco-
lation theory. Second edition. Taylor and Francis, London,
UK.

Swihart, R. K., N. A. Slade, and E J. Bergstrom. 1988. Re-
lating body size to the rate of home range use in mammals.
Ecology 69:393-399.

Turchin, P. 1991. Translating foraging movements in het-
erogeneous environments into the spatial distribution of
foragers. Ecology 72:1253-1266.

Turner, M. G., R. Costanza, and E H. Sklar. 1989. Methods
to evaluate the performance of spatial simulation models.
Ecological Modelling 48:1-18.

Turner, M. G., and R. H. Gardner. 1991. Quantitative meth-
ods in landscape ecology: an introduction. Pages 3-14 in
M. G. Turner and R. H. Gardner, editors. Quantitative meth-

CRITICAL THRESHOLDS IN SPECIES’ RESPONSES

2459

ods in landscape ecology. Springer-Verlag, New York, New
York, USA.

Turner, S. I., R. V. O’Neill, W. Conley, M. R. Conley, and
H. C. Humphries. 1991. Pattern and scale: statistics for
landscape ecology. Pages 17-49 in M. G. Turner and R.
H. Gardner, editors. Quantitative methods in landscape
ecology. Springer-Verlag, New York, New York, USA.

Welch, J. L., R. Redak, and B. C. Kondratieff. 1991. Effect
of cattle grazing on the density and species of grasshoppers
(Orthoptera: Acrididae) of the Central Plains Experimental
Range, Colorado: a reassessment after two decades. Journal
of Kansas Entomological Society 64:337-343.

Wiens, J. A. 1976. Population responses to patchy environ-
ments. Annual Review of Ecology and Systematics 7:81—
120.

Wiens, J. A., N. C. Stenseth, B. Van Horne, and R. A. Ims.
1993. Ecological mechanisms and landscape ecology. Oi-
kos 66:369-380.

With, K. A. 1994. Using fractal analysis to identify how
species perceive landscape structure. Landscape Ecology
9:25-36.

Zallen, R. 1983. The physics of amorphous solids. John Wi-
ley and Sons, New York, New York, USA.



	Article Contents
	p.[2446]
	p.2447
	p.2448
	p.2449
	p.2450
	p.2451
	p.2452
	p.2453
	p.2454
	p.2455
	p.2456
	p.2457
	p.2458
	p.2459

	Issue Table of Contents
	Ecology, Vol. 76, No. 8 (Dec., 1995), pp. 2347-2709
	Volume Information [pp.2692-2709]
	Front Matter
	Lee N. Miller
	Perturbation and Resilience: A Long-Term, Whole-Lake Study of Predator Extinction and Reintroduction [pp.2347-2360]
	Trophic Generalists vs. Trophic Specialists: Implications for Food Web Dynamics in Post-Fire Streams [pp.2361-2372]
	Gene Flow and Larval Duration in Seven Species of Fish from the Great Barrier Reef [pp.2373-2391]
	Avian Ecology
	Seasonal Decline in Reproductive Success of the Great Tit: Variation in Time or Quality? [pp.2392-2403]
	Environmental Influence on Life-History Traits: Growth, Survival, and Fecundity in Black Brant (Branta Bernicla) [pp.2404-2414]
	Estimating Annual Survival and Movement Rates of Adults within a Metapopulation of Roseate Terns [pp.2415-2428]
	Use of Amazonian Forest Fragments by Understory Insectivorous Birds [pp.2429-2445]

	Critical Thresholds in Species' Responses to Landscape Structure [pp.2446-2459]
	Effects of Food Availability and Density on Red Squirrel (Sciurus Vulgaris) Reproduction [pp.2460-2469]
	Food Hoarding by Merriam's Kangaroo Rats: A Test of Alternative Hypotheses [pp.2470-2481]
	Life Cycle Trade-Offs in Matrix Population Models [pp.2482-2489]
	Holocene Tree-Limit and Climate History from the Scandes Mountains, Sweden [pp.2490-2502]
	Toward an Integrated Model for Raised-Bog Development: Theory and Field Evidence [pp.2503-2516]
	Origins of Dioecy in the Hawaiian Flora [pp.2517-2529]
	Biogeographical and Ecological Correlates of Dioecy in the Hawaiian Flora [pp.2530-2543]
	Seed Size of Woody Plants in Relation to Disturbance, Dispersal, Soil Type in Wet Neotropical Forests [pp.2544-2561]
	Damage and Responsiveness of Jamaican Montane Tree Species after Disturbance by a Hurricane [pp.2562-2580]
	Edaphic and Human Effects on Landscape-Scale Distributions of Tropical Rain Forest Palms [pp.2581-2594]
	Habitat Specificity of Two Palm Species: Experimental Transplantation in Amazonian Successional Forests [pp.2595-2606]
	An Extreme-Value Function Model of the Species Incidence and Species--Area Relations [pp.2607-2616]
	Ficus Stupenda Germination and Seedling Establishment in a Bornean Rain Forest Canopy [pp.2617-2626]
	Frugivore-Mediated Selection on Fruit and Seed Size: Birds and St. Lucie's Cherry, Prunus Mahaleb [pp.2627-2639]
	Ecological Controls over Monoterpene Emissions from Douglas-Fir (Pseudotsuga Menziesii) [pp.2640-2647]
	Responses of Legumes to Herbivores and Nutrients During Succession on a Nitrogen-Poor Soil [pp.2648-2655]
	Notes and Comments
	Fluorescamine: A Rapid and Inexpensive Method for Measuring Total Amino Acids in Nectars [pp.2656-2660]
	Interplant Communication Revisited [pp.2660-2663]
	Is Photosynthesis Suppressed at Higher Elevations Due to Low CO Pressure? [pp.2663-2668]
	Host-Plant Selection and Predation Risk for Offspring of the Parent Bug [pp.2668-2670]

	Reviews
	untitled [p.2671]
	untitled [pp.2672-2673]
	untitled [pp.2673-2674]
	untitled [pp.2675-2676]
	untitled [pp.2676-2677]
	untitled [pp.2677-2678]
	untitled [pp.2678-2679]

	Books and Monographs Received through July 1995 [pp.2679-2681]
	Back Matter [pp.2682-2691]





