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MECHANISMS OF PATCH FORMATION

Douglas H. Deutschman, Gay A. Bradshaw, W. Michael Childress, Kendra L.
Daly, Daniel Griinbaum, Mercedes Pascual, Nathan H. Schumaker, and
Jianguo Wu

INTRODUCTION

Many mechanisms both physical (e.g., light, temperature, ocean currents, density gradients,
topography) and biological (e.g., allelopathy, competition, predation, selective foraging) are
considered responsible for patch formation. Wiens (1976) presented an excellent review of
population responses to environmental patchiness. He identified localized random disturbances
(e.g., fire, erosion, tree windfalls), predation, selective herbivory, and vegetational patterns
as potential causes of patch formation. Roughgarden (1977) discussed five general
mechanisms that are responsible for patchiness: resource distribution, dispersal, aggregation
behavior, competition, and reaction-diffusion.

Patch-forming mechanisms operate at different spatial and temporal scales. Different
mechanisms may predominate on one or more characteristic scales. For instance, fires are
considered a dominant mechanism producing conspicuous patchiness at relatively large scales
in many terrestrial systems (e.g., deciduous forests, grasslands). In contrast, vegetative
propagation creates patchiness at relatively small scales. In marine plankton, reproductive
population growth may dominate at large scales while behavioral adaptations of individuals
tend to dominate at small scales. Further, the scale at which this transition occurs will vary
with the size, longevity, and mobility of the organism (Mackas et al. 1985). Variability of
environmental conditions (e.g., temperature) and the diversity of an organism's behavioral and
physiological responses contribute to patchiness at many different scales in both terrestrial and
marine systems (see Pickett and White 1985, Kolasa and Pickett 1991).

To understand the consequences of patchiness, we need to understand:

On what spatial and temporal scales do organisms respond to patches in their environ-
ment?

How do processes scale up and scale down?

3)	 How do simple patch-forming mechanisms interact in space and time to give rise to
more complex patterns?
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In this chapter, we present brief discussions of our attempts to integrate the scale of
patch-forming processes. The first section focuses on the importance of identifying the
characteristic scales of the organism and its environment in order to understand how
organisms perceive and potentially react to patchiness. We address the question: What can
be determined about small-scale (= high resolution) spatial patterns from large-scale (= low
resolution) data such as satellite imagery and aerial photographs? Finally, we present an
integrated empirical and theoretical investigation of the multiple scales over which patchiness
is observed in the distribution of the Antarctic krill, Euphausia superba. This first section
demonstrates the need to consider the implicit scales of the organism, the environment, and
the data.

The second section is devoted to demonstrating how interactions of relatively simple
processes can generate very complex patterns of patchiness. This is approached through the
use of two different spatial simulation models. The first model examines the results of
random movement interacting with predator-prey cycles on a one-dimensional gradient. In
the second model, the environment consists of a two-dimensional array of cells of uniform
quality. In both cases, the interaction of movement with the predator-prey dynamics leads
to complex spatial patterns. While these studies reflect only a narrow range of possible
examples, they demonstrate how both the scaling and the interactions of patch-forming
mechanisms are critical to an understanding of patchiness.

SCALE

Relative Scales

Despite its prevalence in recent ecological literature, the definition of a patch has remained
controversial. Early definitions distinguished a patch from spatial variability by its relatively
discrete boundary and internal homogeneity (Levin and Paine 1974, Wiens 1976). Kotliar
and Wiens (1990) stressed that a patch is simply a surface area differing from its surround-
ings and that patches form a hierarchical mosaic over a broad range of scales. In the marine
context, this range of scales is portrayed as a continuum with methods like power spectra
(Platt and Denman 1975). This dichotomy corresponds to the difference between terrestrial
and aquatic patterns. Thus, it would not be fruitful to attempt a general definition of
patchiness because patches cannot be defined in the abstract. They must be defined relative
to the investigation in order to render the term meaningful (for more discussion, see the
chapter by Garcfa-Moliner et al.).

Investigations into the role of patchiness must consider the spatial and temporal scales
that are relevant to the organism under study (Steele 1978, Wiens and Milne 1989, Downes
1990). It is clear that a sessile organism will respond to phenomena at spatial scales quite
distinct from those to which a motile organism responds. Similarly, the adult stage of an
organism may experience vastly different environmental patches than a larva or juvenile of
the same species. Insects that undergo metamorphosis and benthic organisms with pelagic
larvae are extreme examples of this phenomenon. Other features of an organism's life history
such as size, dispersal, dormancy, and foraging strategies will affect its perception of scales.

Addicott et al. (1987) formalized the notion of relevant scales with the definition of
"ecological neighborhoods." The ecological neighborhood is defined in three sequential steps:
1) choosing the organism; 2) identifying the ecological process; and 3) determining the
appropriate temporal and spatial scales. This approach has a graphical analog similar to the
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Stommel diagram (Haury et al. 1978, after Stommel 1963; for more discussion see the chapter
by Marquet et al.), which involves the generation of a log-log plot of the time and space
components of the organism's ecological neighborhood (Figure la).

The graphical approach is useful in exploring interactions between a specific organism
and its environment. Environmental events (e.g., seasonal and die changes, disturbance) can
be plotted onto the same axes (Figure lb). Spatial scale indicates the range of the event,
while the temporal scale is based on the frequency of the event. Predictable events (i.e., diel,
lunar, seasonal, and annual) are indicated by discrete lines. Less predictable events are
represented by confidence ellipses indicating the amount and direction of the spatial and
temporal variability.

The position of these events relative to the organism will influence how the organism
responds to each event (see Hutchinson 1961). Events occurring over spatial and temporal
scales similar to those of the organism itself are likely to have the most pronounced effect.
Processes that are larger in spatial or temporal extent than the organism's ecological
neighborhood would not be experienced as patches or events by the organism; the effect
would more likely be at the population level. Events occurring over smaller scales or shorter
time period (below the "grain," sensu Kotliar and Wiens 1990) are often averaged out by the
behavior and physiology of the organism.

Resolving Small-scale Spatial Patterns and Processes from Large-scale Patterns:
Grid-based Computer Simulations

Although comprehensive in extent, aerial and satellite imagery have fixed minimum
resolutions well above the scales at which individual organisms can be resolved. Because
many important ecological interactions occur below the pixel level, it is necessary to develop
methods that can derive information about small-scale spatial processes and patterns from
large-scale spatial patterns. Assuming that ecological processes at a particular scale can cause
patterns at other (especially larger) scales, we consider the following question: What can be
determined about high-resolution spatial patterns and processes from spatial patterns observed
at lower resolutions? As a heuristic example, a two-dimensional grid cell spatial model is
presented and used as a means to investigate the general relationships among spatial patterns
in grids of different scales.

Methods. Grids and spatial patterns were generated using computer simulations similar
to those in Milne (1991). Each high-resolution grid was a 100 x 100 cell matrix wherein each
cell could be in one of two states, ON or OFF. These binary states are considered equivalent
to the presence or absence of an individual organism at a particular location in a given
landscape. Different grids were generated in which the proportion f of ON cells varied from
0.05 to 0.95, and the location of ON cells across the grid was random, clustered, or
dispersed.

The initial high-resolution grid was generated in a two-step procedure, beginning with
an initial scan of the grid to "seed" the ON cells. Here, 10% of the number of ON cells were
placed at random in an empty grid. Subsequent scans and placement of ON cells were
performed until the desired proportion of ON cells was achieved. In each scan and for each
OFF cell, a random number was compared with 0.02ff , where g is an aggregation factor
and n is the number of neighboring cells (from 0 to 8) that are ON. This calculation allowed
weighting the likelihood that a particular cell would be turned ON by the presence of other
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Figure 1. Diagram of the spatial and temporal scales for the propagule and adult stages of
a hypothetical tree. (a) Shaded confidence ellipses show the variability in the "species."
(b) Environmental processes that can • affect tree growth and survival. Die and annual
environmental change occur across all spatial scales. Gap formation is more variable but has
a characteristic frequency and size distribution.
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ON cells: when g = 1, there is no effect of neighbors; when g < 1, the presence of
neighboring ON cells decreases the probability of turning the cell ON; and when g > 1, the
probability is increased by each ON neighbor. In this study, the amount of aggregation (g)
was set at three different levels: 1 (random), 0.5 (spread), and 1.5 (clustered). By this
procedure, random, spread, and clustered spatial patterns were generated. The coefficient
0.02 ensured that a number of scans (about 40 - 50) was conducted so that patterns were
gradually built and the desired proportion of ON cells was not greatly overshot by the last
scan.

Three lower-resolution grids (20 x 20, 10 x 10, and 5 x 5 total pixels) were derived
from the 100 x 100 grid by combining blocks of cells. Separate 5 x 5 blocks of cells from
the 100 x 100 grid were grouped to form a single cell in the 20 x 20 grid; 10 x 10 blocks
were combined for each cell in the 10 x 10 grid; and 20 x 20 cell blocks made up each cell
in the 5 x 5 grid. The state for the lower-resolution cells was determined by one of three
methods:

Presence/Absence: if at least one of the cells in the aggregation block was ON, then
the corresponding cell in the higher-level grid was turned ON.

30% threshold: if at least 30% of the cells in the block were ON, then the correspond-
ing cell was turned ON.

c)	 50% threshold: if at least 50% of the cells in the block were ON, then the correspond-
ing cell was turned ON.

Evaluations of relationships between lower- and higher-resolution grids were based on
the proportion of ON cells and the spatial pattern in the 100 x 100 grid versus the proportion
of ON cells in the lower-resolution grids.

Results. Three results are presented here.

For a random spatial pattern in the 100 x 100 grid, the proportion of ON cells in the
three lower-resolution grids increased nonlinearly and at different rates with increase
in the proportion of ON cells (Figure 2a). This particular result can be derived
analytically. Since each cell is independent, the binomial distribution gives the
probability of any group of cells having a certain proportion of ON cells.

The three different criteria used in determining the state of the cells in low-resolution
grids caused significant displacements of these curves (Figure 2b).

3)	 As the required proportion of ON cells in the lower-resolution cell increased, the curve
shifted to the right. There was little difference in the low-resolution grids for different
spatial patterns (random, spread, or clustered) in the 100 x 100 grid (for an example,
see Figure 2c).
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Figure 2a. Proportion of ON cells in the three higher-level aggregated grids at various
proportions of ON cells in random pattern 100 x 100 low-level grid. The threshold
criterion for aggregation of low-level cells to high-level cells was 50% ON in the cell
block.

Figure 2b. Proportion of ON cells in the 20 x 20 cell grid using different criteria for
aggregating low-level cell states into higher-level cell states. Cells in the low-level 100 x
1(X) grid were distributed in a random pattern.
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Figure 2c. Proportion of ON cells in the 20 x 20 grid for different spatial patterns of
cells in the low-level 100 x 100 grid. The aggregation criterion was an ON threshold of 54

for cells in the aggregation block.

Conclusions. These results are both encouraging and disappointing. Fi
low-resolution grids can apparently be used to estimate the proportion of ON cells
higher-resolution grids. However, this requires some knowledge of how individual cell st2
are combined into larger cells. Second, it appears that both the scales and the thresh
criteria for low-resolution grids strongly affect the shape and location of curves express
relationships between low- and high-resolution proportions of ON cells. Third, there
little difference in low-resolution ON proportion curves among random, spread, and cluster
patterns in the original 100 x 100 grid, indicating there is apparently little disciminating po%
for high-resolution spatial pattern in this approach. On the other, hand, this may show t
the approach is a fairly robust indication of the proportion of ON cells in the high-resolut
grid, regardless of their pattern.

A number of research questions and directions are indicated by this preliminary effc
In satellite data, aggregation of pixels is commonly used to resolve huge data streams in b
terrestrial and marine imagery. The use of two-dimensional grid models is now comm(
Thus the relationship of these image-processing techniques to patch dynamic simulation
worth further study.
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Multiscale Patterns: Modeling and Empirical Data on Krill Aggregations

Spatial patchiness in physical and biological phenomena has been observed at virtually every
scale investigated (Haury et al. 1978, Steele 1978), but little is known about the roles of
physical vs. biological or induced vs. autonomous mechanisms that cause heterogeneity.
Analytical techniques that elucidate the predominance or interactions of these mechanisms,
therefore, are urgently needed.

We compare the results of analyses of field data from the Southern Ocean using two
techniques: spectral analysis, a method often applied in marine systems (e.g., Platt and
Denman 1975), and wavelet analysis, a relatively new statistical procedure recently applied
to ecological and physical data (Argoul et al. 1989, Bradshaw 1991, Bradshaw and Spies, in
press). The wavelet analysis is an alternative method for quantifying spatial pattern. These
methods are employed in the present analysis to examine the characteristic scales of variability
of a physical property (temperature), primary production (chlorophyll fluorescence), and an
important herbivore (the Antarctic krill, Euphausia superba) in order to develop hypotheses
about mechanisms that generate multi-scale patterns (see the chapter by Garcia-Moliner et al.
for a description of wavelet analysis).

Previous Antarctic investigations have concluded that observed variability in
phytoplankton distribution is governed primarily by physical processes, because the power
spectra of temperature and chlorophyll were consistent with those of passively adverted scalars
(Weber et al. 1986, Levin et al. 1989). In contrast, the spectra of krill biomass distribution
showed greater variability at small spatial scales than those of temperature and phytoplankton.
We hypothesize that this difference arises, in part, from the social behavior of krill, and we
examine this hypothesis with the use of a model of an idealized aggregating species
(Griinbaum 1991). Results from both the field data and the model suggest that behavior is
an important mechanism contributing to the heterogeneous distribution of krill at small scales.

E. superba is an important link in the Antarctic marine food web and also the subject
of a commercial fishery. On the scale of this large marine ecosystem, the spatial patterns of
krill are probably controlled primarily by physical processes (Sahrhage 1988). On smaller
scales, however, biological factors including behavior may influence krill spatial patterns
(Price et al. 1988, Daly and Macaulay 1991).

Methods. Sea-surface temperature and chlorophyll-a fluorescence (provided by 0.
Holm-Hansen and W. Helbling, Scripps Institution of Oceanography; and A. Amos,
University of Texas at Austin) and vertically integrated acoustic biomass of krill (provided by
M. C. Macaulay, University of Washington) were collected along a 120 km transect north of
Elephant Island near the Antarctic Peninsula during two surveys, approximately one month
apart, in mid-summer (Rosenberg and Hewitt 1991).

In the present study, we analyzed temperature, chlorophyll, and acoustic biomass data
to identify possible spatial relationships between krill and physical-biological factors by
determining (1) the characteristic distances over which significant changes in each variable
occurred, and (2) the spatial correlation among the three variables. The sampling resolution
was 100 m for acoustic data and 800 m for temperature and chlorophyll data. Thus, the
smallest scale compared for correlation analyses was 800 m (These scales complement the
analysis of krill data in the chapter by Garcfa-Moliner et al.).
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Field Results. The field data showed spatial patterns typical of other results (e.
Mackas et al. 1985, Weber et al. 1986). Sea-surface temperature showed little structure z
changed gradually with distance; chlorophyll was similar but showed more spatial pattern; a
krill density showed complex spatial structure (Figure 3). The spatial pattern of krill also v
not uniform along the transect; patch size and abundance varied with location. The pov.
spectra were similar to those of Weber et al. (1986) and indicated that the distribution of k
on both transects was highly variable at spatial scales smaller then 1000 m. The wave
transform revealed that all three variables had spatial structure at different scales. Sea-surf
temperature (Figure 4a) and chlorophyll concentration (Figure 4b) each had one characteris
scale, ca. 15 km and 5 - 10 km, respectively, while krill distribution (Figures 4c,d) v.
characterized by patches on several scales, ca. 25 km, 10 km, and < 200m. These patct
had a hierarchical structure, with fine-scale features nested in larger features, as shown by i
increasing complexity of structure and detail from large (Figure 4c) to small scales (Figs
4d). The special feature of the wavelet method is to display locational information. Wave
analysis indicated that krill were aggregated into three large patches along the transect, 2'
25 km in width; that there were few krill between 30 - 45 km; and that fine-scale strucn
was less pronounced between 0 - 10 and 100 - 120 km (Figures 3 and 4c).

Wavelet cross-covariance analysis did not indicate a strong association between a
of the variables at zero lag. The spatial patterns of temperature and chlorophyll, howevt
were associated with an offset of 2 km (Figure 5a). In other words, 10 km patches
relatively high phytoplankton density were offset by 2 km from 10 km patches of cc
temperature water. Chlorophyll and krill distributions also were negatively correlated a:
scale of about 20 km, with an offset of 4 km (Figure 5b).

Model Results. To provide additional insight for understanding spatial patterns of hi
a model of an idealized aggregating species is used to examine the qualitative effects
schooling or swarming behavior on spatial distribution and spectral density. This continm
model of density-dependent aggregation is derived directly from a stochastic model
aggregating individuals (Grunbaum 1991).

In the stochastic model, individuals form aggregations by swimming toward or aw
from neighbors in search of a desired "target" density. The premise of the model is tt
aggregating individuals make decisions on the direction in which to move based on a limit
amount of information about the distribution of other individuals around them. This limitatit
is incorporated in the model in the form of a "sensing range," the distance at whi,
individuals can detect one another. Movement based on density-dependent decisions can on
be in response to a sample of neighbors within this range. Instantaneous measurements of
relatively small number of individuals, therefore, are random quantities, which on
statistically describe the average local population density and density gradient.

The response of a species to a continuously forcing velocity field can be compared
the presence and absence of aggregation behavior. To make this comparison as explicit
possible, it is convenient to have a velocity field that has a single characteristic length scat
One possible choice of such a velocity field is simply a traveling sine wave. At any positic
this velocity field results in a succession of converging and diverging velocity fields.

A comparison between the density distributions and the spectra of aggregating ar
non-aggregating species for a typical choice of parameters is shown in Figure 6. Here, tt
characteristic length scale of the velocity perturbation is much larger than the sensing distance
The density distribution (Figure 6a) of the non-aggregating species shows variation primari,
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Figure 3. Field data for transect d illustrating different spatial patterns for sea-surface temperature (SST, °C) and chlorophyll-a concentration
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corresponding to this length scale. On the other hand, the distribution of the
species shows a shorter characteristic length scale that is autonomously ge
density-dependent social behavior. More difficult to discern in the density distri
evident in the associated power spectra (Figure 6b), is the result that the large-sca
in the density distribution of the aggregating species is nearly unchanged from
purely diffusing species. Substantial changes in the spectra, however, occur at 1-
numbers (i.e., small scales), where the addition of aggregating behavior to
dispersing species increased the spectral energy at small length scales. Tr
qualitatively consistent with the trends observed in the empirical temperature, chic)]
krill biomass distributions.

Conclusions. The results of the spectral and wavelet analyses confir
biomass distribution has more variability at small length scales than the dist
temperature and chlorophyll, consistent with earlier investigations (Weber et al.
et al. 1989). Wavelet analysis also demonstrated that bill had a multiscale
pattern while temperature and chlorophyll had a single-scale pattern within the
data resolution. The large-scale aggregations of krill (10 and 25 km range) api
composed of many small patches or swarms and were not the result of a diffuse, h
aggregation of krill over a wide area. This implies that the mechanisms the
temperature and phytoplankton spatial patterns were different from those that cons

The wavelet cross-covariance analyses indicated that temperature and chic).
negatively correlated but spatially offset by some distance. One possible hypothes
be explored based on this result is that the movement of cooler water masses at
km produces a corresponding 10 km sub-pattern in the phytoplankton comrr
cross-covariance of chlorophyll and hill spatial patterns also was negatively cc
spatially offset. Grazing by bill may have contributed to the lack of cohere
temperature and chlorophyll distributions. The field data (Figure 3) suggest a
decrease in phytoplankton concentration, with the exception of the chlorophyl
which occurred in the same location as the bill biomass minimum. The lack
between chlorophyll and bill may also indicate that important scales of interac
smaller than the sampling resolution or that complex interactions between
biological processes obscure the mechanisms.

Nevertheless, the numerous small patches of hill within larger aggr
evidence of the importance of social behavior to small-scale variability. The im
this behavior are demonstrated by the model. Although the model tremendous
the true behavior of Antarctic bill in a complex, three-dimensional environme
used to show some important properties of the spectra of schooling and swam
First, the aggregations that result from this type of behavior are resistant to
velocity perturbations (such as those present in turbulence) when the length
aggregation is up to an order of magnitude larger than the sensing distal
aggregations are characterized by high variability at small length scales. Thus,
behavior can account for, in principle, the observed increase of hill spectral der
length scales relative to those of a passively convected scalar.

Second, at length scales much larger (several orders of magnitude) that
distance, aggregations resulting from density-dependent behavior have very litt
At large length scales, the distribution patterns are determined by the external ad,
even when the characteristic external velocity is small compared to the



25

20

15

2 10

a
20	 40	 60

	
80
	

100

Distance (x)

10 -

•

 

14

0-

-5-

  

-10-

-2	 -1
	

2

Log Wavenueber (k)

Figure 6. (a) Plots of population density vs. distance for aggregating (A) and non-aggregating (B) species in an environment with a continuous
forcing velocity field of the form v (x,t) = v. sin (k9 (x - ct)). The advection parameters are v. = 0.5, k = 0.16 n, and c = 0.05. The diffusion
coefficient, aggregation velocity, and target density are D = 0.25, = 0.3535, and p = 20, respectively. (b) Power spectra (log-log plots)
for density distributions of the aggregating (A) and non-aggregating (B) species in Figure 6a. The peak in both plots at wave number
k = -0.688 corresponds directly to the sinusoidal forcing frequency. At higher wave numbers, the pure diffusion case (B) shows some
additional energy peaks at subharmonics of the forcing frequency, while aggregation behavior (A) leads to significantly higher variability.
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aggregation velocities of individuals. Hence, the effect of aggregation behavior on spectra
density is strongly length-scale specific: the model predicts an approximate length-seal,
threshold, below which distribution is determined by social behavior and above whici
distribution derives from physical oceanographic processes.

These preliminary results illustrate the benefits of a combined analytical and empirica
approach to studying pattern-generating mechanisms. Both statistical analyses of field du
and theoretical modeling suggest that behavior may be more important than physical processe
in determining meso-scale spatial patterns of krill. A number of underlying mechanisms ma
produce similar spatial patterns; hence, an investigation of an ecosystem must combin
knowledge about the spatial distribution patterns of physical and biological variables wit
experimental and theoretical studies.

PATCH FORMATION AS A RESULT OF THE COUPLING OF DIFFERENT MECHANISMS

The interplay of time and space is central to patch dynamics. A variety of nonlinear systen
when extended into space are capable of a rich range of possible dynamics (Crutchfield an
Kaneko 1987). In ecology, the study of such systems remains an open area. The next ts,
models illustrate the complex spatiotemporal patterns generated by predator-prey interactior
when coupled by dispersal.

Diffusion-Induced Chaos or Quasiperiodicity in a Spatial Predator-Prey System

Ecologists have long appreciated the role of diffusion as a pattern generator. In his classic
work on morphogenesis, Turing (1952) first demonstrated the somewhat paradoxical notic
that diffusion may lead to instability and spatial pattern. Segel and Jackson (1972) and Lev
and Segel (1976) introduced diffusion instability into ecology as a mechanism for generatir
patchiness in homogeneous environments. In heterogeneous environments, diffusion has bet
generally viewed as a stabilizing influence (Comins and Blatt 1974, McMurtie 1978). TI
following work argues against such a view. We explore a mechanism for generatir
patchiness involving the interplay of diffusion, predator-prey cycles, and a spatial gradier
The model demonstrates that diffusion can lead to complex patterns of variability by spatial
coupling local predator-prey cycles of different frequencies. Preliminary results suggest th
the spatial distributions of predator and prey are chaotic or quasiperiodic in time.

Model description. The problem was posed in its simplest form by modal
predator-prey interactions in one-dimensional space. Both species diffuse at the same rate 1
along a spatial gradient. Environmental heterogeneity is introduced by letting the prt
intrinsic growth rate R vary linearly with space. Let P(X T) and H(X,T) denote, respectivel
the prey and predator numbers at location X and time T. Assume a logistic growth rate of t/
prey and a Type II saturating functional response of the predator. Then, the followir
equations describe the predator-prey dynamics in time and space:
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The parameters K, d0, and 1 /b denote the carrying capacity of the prey, the death rate
of the predator, and the conversion rate of prey ingested to predator growth, respectively.
The constants CI and C2 set the parameters for the saturating functional response.

Also, no flux is assumed at the boundaries, and hence, at X = 0 and X = L,

8P OH
ax ax

With the dimensionless variables p = P/K, h = bH/K, x = X/L, and t = RT where
R = R(X,) for some X0 in (0,L), system (1) becomes
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At the boundaries, x = 0 and x = 1
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The dynamics of system (2) were investigated numerically with a finite difference
integration scheme using 100 spatial grid sites.

Results. The following results illustrate the dynamics of equations (2) for a single
parameter set (A = 5, B = 5, d = 0.6, m = 1.8 and n = -1.4), chosen to obtain limit
cycles at each fixed location along the gradient in the absence of diffusion. When diffusion
is added, D = le, the system exhibits sharply different dynamics. Changes in behavior
occur in both space and time (Figures 7a,b,c), and trajectories show sensitivity to initial
conditions. The resulting spatial distributions of both species along the gradient are then
aperiodic, either quasiperiodic or chaotic in time.
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Hence, diffusion may yield an asymptotic state that changes continuously in space and
time. A synoptic observer. would then see patches changing continuously in form and location
(Figure 8). Preliminary exploration of the parameter space reveals that complex dynamics
occur only at intermediate values of the diffusion rate. Also, as the diffusion rate is
decreased, the transition to temporal chaos may occur through a quasiperiodic route (Schaffer
1988). The steepness of the environmental gradient also plays a critical role. At the limit of
a uniform environment, cycles are again the rule. We are presently working on a more
definite characterization of the dynamics of the system.

Conclusions. Predator-prey systems, by virtue of their nonlinearity, are known to
exhibit complex dynamics. Previous work has focused on the temporal interplay of
oscillations (Gilpin 1979, Hastings and Powell 1991, Kot et al. 1991). These preliminary
results add the spatial dimension and show that diffusion may drive an otherwise periodic
predator-prey system into aperiodic behavior. Vastano et al. (1990) describe a similar
phenomenon for a chemical system. Kot (1989) demonstrates that diffusion can lead to
period-doubling bifurcation and chaos in discrete predator-prey models. However, these
models are already capable of complex dynamics with no added spatial dimension. We have
presented a mechanism that in spite of its simplicity creates a dynamic patchiness in the
distributions of predator and prey.

Figure 8. Spatiotemporal variation in prey numbers.



202

Dispersal of a Predator and Its Prey in a Two-Dimensional Spatial Grid

Environmental heterogeneity can function as an external or induced mechanism generatin
patchy distributions of organisms (Kareiva 1990, Doak et al. in press, Hilborn 1975
Robinson and Quinn 1988). Behavioral strategies that promote aggregation can be expecte
to create clumpy distributions of individuals in homogeneous landscapes (Grunbaum, 1991)
such behavior would typify an internal or autonomous mechanism. However, the present
of non-uniform distributions of species need not imply the existence of such explicit patch
forming mechanisms are at work. In this section, a model is presented in which randor
movement, in the form of dispersal, interacting with a predator-prey model, leads to th
generation of patchy distributions of individuals in a landscape consisting of discrete but equi
patches.

Model description. The model consists of a two-dimensional square array of cells
Every cell in the array can support a fixed population of a prey species; i.e., a carryin
capacity for the cells is defined. In addition, a predator species can exist in each cell. At an
one time, a cell is classified as being in one of four possible states: empty, only prey present
only predators present, and both prey and predator present. Because the predator cannot exis
in the absence of prey, the state with only predators is necessarily considered to be transient
Cells in the array are linked through the dispersal of both the prey and the predator species
The array that we used for this investigation was 50 x 50 cells and had wrapping boundar
conditions.

Each time the model was run, initial numbers of prey and predators were randoml
distributed throughout the array. From then on, the predator and prey populations in eac
cell were governed by a density-dependent Nicholson-Bailey model (Hassell 1976). Th
model used was:

Nat N, r(1 -	 -aPti
K

aN,{1 -exp[-aPd}

where N indicates the prey and P the predator. If the population of either species fell to les
than one-half (in one cell), it was truncated to zero. 	 Spatial interactions were defined b
specifying maximum step sizes for both species, and by fixing the fraction of each populatio
that dispersed from a cell at every time step. The fraction dispersing was the same for eac
cell (though not necessarily the same for prey and predator), and dispersing individuals move
in a random direction a distance ranging between zero and their maximum step size. A ste•
of size one would take an individual to one of its 8 nearest neighbors, and so on for large
movements. No cost (e.g., increased mortality) was associated with dispersal. All disperser
successfully arrived at a given cell (dispersal to and from the same cell was allowed). Mode
dynamics were explored by changing the fraction of predators that dispersed (from 0.05 t
0.15) while holding other parameters fixed. The other parameters used for each model ru:
were: fraction of prey that disperse = 0.01; prey maximum step size = 1; predato
maximum step size = 5; r = 2, K = 100, a = 0.5, and a = 1.00. In a single cell, then
parameters led to the predators' eliminating the prey in a relatively short time.
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To investigate further the dynamics of the spatial predator-prey system, a patch-
counting algorithm was constructed. A patch was defined as any collection of cells that were
connected by sides or corners. The inclusion of patches connected only by a corner is
consistent with our dispersal mechanism as described above. This design eliminates the bias
toward orthogonal directions that is otherwise present in grid models. The patch-counting
algorithm was used to generate a frequency distribution of patch sizes. Each frequency
distribution was constructed by allowing the model to run for 100 time steps to eliminate
transient effects. Then, prey patches, consisting of cells with prey or cells with predators and
prey, were counted for 750 subsequent time steps. The shape of the patch frequency
distribution became fully expressed after at most 500 steps.

Results. The limiting distribution of prey and predators was quite sensitive to the rate
at which predators dispersed. The distribution of prey appears increasingly clumpy as the
fraction of dispersing predators grows (Figure 9). The mean numbers of prey and predators
decrease as the predator dispersal rate increases. However, the predators were unable to
persist if significantly less than 5% dispersed. Predators would eliminate the prey in their
vicinity and then die off before finding new patches. At 15% predator dispersal, the prey
were frequently reduced nearly to zero, which would precipitate a crash of the predator
population. Large outbreaks of prey were common in this scenario, as a few cells always
escaped the onslaught and managed to grow into large new patches before the predator
population recovered. Predator dispersal rates greater than 15% led to a complete
extermination of the prey.

Patch frequencies resulting from a completely random process were also generated.
When the Nicholson-Bailey model was run, the number of grid cells containing prey was
tabulated for every step. A patch size distribution for a random process was then obtained
by placing an equal number of cells randomly throughout the array for the same number of
steps and counting up the patches that resulted. This was done to allow the frequency
distributions obtained from the Nicholson-Bailey model to be contrasted with those obtained
from a random placement of cells.

The "envelopes" that contained the patch size distributions for the Nicholson-Bailey
and the random process model runs are outlined to facilitate inspection (Figure 10). The
distributions for the two processes represent the same total number of cells of prey in each
case. A sudden loss of large patches of prey takes place as the fraction of predators
dispersing increases from 5% to 9%. The presence of large patches of prey when 5% of the
predators disperse can be explained in part by a tendency for percolating networks to form
as the number of cells containing prey increases in a grid of fixed size. Applications from
results of percolation theory suggest that, as the frequency of cells of one type grows, the
likelihood that extremely large clusters of these cells will form increases dramatically (Gardner
and O'Neill 1991). With this model, the effect of predator dispersal reaches a threshold at
around 8%, and beyond this percolating networks rapidly disappear.

As the fraction of dispersing predators increases, the Nicholson-Bailey patch size
distribution deviates from that of a random process (Figure 10). The average number of cells
containing prey declines rapidly as predator dispersal grows, and this is reflected in the patch
size distribution for the random process containing increasing numbers of patches in the range
of 1 to 10, with the difference made up in diminishing numbers of large patches. The shape
of the Nicholson-Bailey patch size distribution changes abruptly at the ends of the range of
dispersal parameters investigated, and more smoothly in the middle.
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Figure 9. Snapshots in time of the array of cells for three different fractions of predators
dispersing. Grey cells contain only the prey species and black cells contain both prey and
predators. Empty cells have neither prey nor predators in them. The value of 10% predator
dispersal was not used in the model runs, but is displayed here for clarity of presentation.
The grid is 50 x 50 cells.
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Figure 10. Envelopes containing the patch size distributions for the Nicholson-Bailey and
random process models. All of the data points fell within the regions plotted in the figure,
and the envelopes were drawn so that overlapping areas could be seen more clearly. Each
graph corresponds to a different fraction of predators dispersing.
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In a limited sense, the degree to which the distribution of prey is patchy can be
thought of as a measure of its deviation from a random distribution. To illustrate the extent
to which the spatial arrangement of prey deviated from that of a random distribution, we
subtracted the random patch frequency distributions from the corresponding Nicholson-Bailey
distributions (Figure 11). Our intent in this analysis was to focus on the tendency for
increased clumping of prey in the spatial Nicholson-Bailey model over that of a random
process, and thus only the portions of the graphs greater than zero were plotted in this figure.
The enhancement of a narrow region of the patch distribution as a result of the dispersal
process can be clearly seen. The deviation from the random distribution is greatest in the
intermediate patch sizes, and these data serve to quantify the notion of patch generation
invoked from the series of plots (see Figure 9). The decrease in the height of the maximum
in Figure 11, as the fraction of predators dispersing grows from 13% to 15%, is due to a
sudden increase in the maximum patch size. This phenomenon results from the large prey
outbreaks that occur when 15% of the predators disperse.

Conclusions. Results from this model suggest that random movements of prey and
predators in a uniform landscape can generate a highly non-random spatial distribution of the
prey species. The degree to which the distribution of prey was non-random was shown to be
a function of the number of predators that dispersed. Further, an approach has been outlined
with which these spatial distributions can be quantified and the results used to enhance a
definition of patchiness.

This work was carried out and the section was written before the work by Hassell et
al. (1991) was published. They have shown that a system similar to the one presented here
is capable of generating spatial chaos.

CONCLUDING REMARKS

By definition, patch dynamics combines the temporal and the spatial dimensions. The explicit
consideration of space leads to the explicit consideration of the environment, such as the
transport of organisms by the physics in the ocean. Dichotomies such as physical vs.
biological, or induced vs. autonomous, have developed in attempts to classify mechanisms of
patch formation. However, a focus on the interaction between the environment and the
organisms at different spatial scales would lead to a better understanding of patch dynamics.
It is imperative that ecologists avoid arbitrarily selected scales for empirical and theoretical
research. The scaling of patches and their complex interactions between mechanisms and
across scales remain as obstacles to our understanding. Once we have broadened our
understanding of these processes, we can begin to make meaningful comparisons of
mechanisms across organisms and ecosystems. The collection of projects in this chapter
explore this idea.
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