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The purpose of this study was to examine the relative importance of temporal
and spatial scales of habitat heterogeneity on regional abundance of populations in
patchy environments. Temporal scale is habitat lifespan relative to the generation
time of the organism, and spatial scale is the distance between habitat patches
relative to the dispersal distance of the organism. A spatially explicit simulation
model of population growth and dispersal was constructed for a population that is
distributed on a grid. The grid contains two sorts of habitat, useable and non-
useable habitat; useable habitat occurs in habitat patches. Habitat patches are
transient; they are “born” at random with a specified probability, and they exist for
a specified length of time, the patch “lifespan.” Distance between patches is directly
related to habitat patch size when the fraction of the grid in useable habitat is held
constant. A factorial simulation experiment was conducted in which the fraction of
the grid in useable habitat was held constant and patch lifespan, patch size, and
species dispersal distance were varied. The relative importance of temporal scale
(patch lifespan) and spatial scale (patch size, a surrogate for inter-patch distance
per species dispersal distance) on regional population size was tested by analysis of
variance. Population size increased with increasing temporal scale and decreased
with increasing spatial scale. The effect of temporal scale far outweighed the effect
of spatial scale. Implications for design of ecological research programmes are
discussed.  © 1992 Academic Press, Inc.

INTRODUCTION

Recently there has been growing emphasis in ecology on the “scale
problem” which, in most cases, boils down to the question: what is the
appropriate scale for study of a particular ecological problem? (Morris,
1987; Hastings, 1988; Smith and Urban, 1988; Brown, 1989; Jessop and
Anderson, 1989; Wiens, 1989; Taggart and Frank, 1990; Rose and Leggett,
1990). To understand the relationship of an organism to its environment,
one must understand the interactions between the intrinsic scales of
heterogeneity within the environment and the scales at which the organism
can respond to this heterogeneity. Environmental heterogeneity falls
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into two broad categories: spatial and temporal heterogeneity. Spatial
heterogeneity is habitat patchiness. Temporal heterogeneity is variability
over time in the extent and quality of habitat, or ecological disturbance
((Rykiel, 1985; Fahrig, 1990a). Environments are heterogeneous on many
spatial and temporal scales, while organisms have particular scales on
which they can respond to environmental heterogeneity (Fahrig and
Paloheimo, 1988a; Kareiva, 1987). For example, an organism’s ability to
respond to spatial heterogeneity may depend on the distance over which it
can disperse, while its ability to respond to temporal heterogeneity may
depend on its generation time.

Effects of spatial and temporal scales are almost never included in the
same ecological study. For example, two common spatial and temporal
habitat scales considered in ecology are habitat patch size and habitat
lifespan, respectively. Patch size is central to the debate over nature reserve
design (Diamond, 1975; Margules et al., 1982; Burkey, 1989), but in these
studies it is assumed that all patches are of infinite lifespan (ie., they
remain indefinitely). Habitat lifespan, on the other hand, is important in
studies of ephemeral and disturbed habitats (McKee and Mackie, 1981;
Agur and Deneubourg, 1985; Hobbs and Hobbs, 1987; Hastings and
Wolin, 1989), but here patch size is ignored. In many ecological systems
both patch size and patch lifespan may vary over the range of a species.

The purpose of the present study was to examine the relative impacts of
temporal and spatial habitat scales, and the interactions of these scales, on
population abundance. Temporal scale in this study is habitat lifespan
relative to species generation time, and spatial scale is distance between
habitat patches relative to species dispersal distance. The problem was
approached using a simulation model of population dynamics in an
environment of transient habitat patches.

THE MODEL

The model is of the dynamics of a population in an environment
composed of two sorts of habitat: “useable” habitat is habitat in which
the organism can survive and reproduce, and “non-useable” habitat is
inhospitable to the organism. The useable habitat occurs as discrete
patches termed “habitat patches.” The habitat patches are transient; they
exist for a limited time only, and new habitat patches appear at random.
I refer to the appearance and disappearance of habitat patches as patch
“births” and “deaths” and the whole process as “habitat dynamics.” The
model is a simulation model in which time and space are discrete. Time is
divided into time “steps” and space is divided into a grid of spatial “cells.”
The numbers of cells and steps are specified at the start of a simulation.
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\tial ' TABLE 1

ility Parameters Used in the Simulation Experiment
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Fig. 1. Tlustration of patch “birth.” The patch size is 3 cells. The solid patch is “left over”
patch from the previous time step, i.e., has not “died” yet. In the first frame the shaded cell has been
" The ; identified (procedure described in text) as the centre of a new patch. The following 5 frames
me is are the 5 possible configurations for the new patch; the one actually used in the simulation
cells.” is chosen at random. Note that the patch does not overlap with the existing patch, and the
ation. patch is constrained by its proximity to the edge of the grid.
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Within a time step, the sequence of events is (i) patch births, (ii) survival
and reproduction of organisms, (iii) dispersal of organisms, and (iv) patch
deaths. The parameter values used in the simulations are in Table 1.

Habitat Dynamics

In any time step, each spatial cell is either useable or non-useable
habitat. The useable cells are grouped to form the habitat patches. The size
of the grid in cells (G), the fraction of the grid that is made up of useable
habitat (H), the size of habitat patches in number of cells (S), and the
lifespan of patches (L) are set at the start of a simulation. The probability
of patch birth per cell per time step (B) is calculated from these as
described below. The following method is then used to simulate the habitat
dynamics. A counter moves sequentially to each cell on the grid. If the cell
is not already part of a habitat patch, a random number is drawn from a
uniform distribution (0 to 1). If the number is less than B the cell forms the
centre of a new habitat patch, i.e., there is a patch birth. The patch is then
enlarged to the prescribed size S by adding cells concentrically around
the initial cell (see Fig. 1). When there are more than one equivalent
possibilities for the location(s) of the additional cell(s), the choice is made
randomly. Patches may be contiguous but they do not overlap.

Probability of patch birth (B). The simulation is divided into two
phases: the set-up period and the simulation proper. The purpose of the
set-up period is to avoid synchrony in patch births and deaths. The idea is
to stagger the births of patches over time so that at the start of the simula-
tion proper the prespecified fraction H of the space is filled with habitat
patches, but these patches range in age. The number of time steps in the
set-up period is equal to L, the patch lifespan. By the end of the setup
period there are approximately GH cells in habitat patches, where G is the
size of the grid in cells. The number of patches is GH/S. To stagger the
patch births over the set-up period, the patch birth rate per time step is
divided by the length of the set-up period, L. The probability per cell per
time step of patch birth in the set-up period is then H/SL.

During the simulation proper, patches “die” when they have existed for
L time steps. When a patch dies it is converted to non-useable habitat, and
any organisms that are there die. If the fraction of the grid remaining in
useable habitat after patch deaths in time step ¢ is F,, then the fraction of
the grid remaining in non-useable habitat is 1 — F,, the fraction of the grid
that remains to be converted to useable habitat is H— F,, and the proba-
bility of a non-useable cell becoming the centre of a new habitat patch is

H-F,
B,=m~ (1)
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The probability B is therefore adjusted each time step to account for the
areas that remain in habitat patches from the previous time step. This
procedure ensures that at all times the proportion of the grid in useable
habitat is-close to H, but the patches are located randomly on the grid and
they are of a range of ages.

Demographics and Dispersal

At the start of the simulation proper there is a number of individuals in
each useable habitat cell. The model then keeps track of the population size
within each cell. Each time step new individuals are born and some fraction
of the population dies. Population growth rate is density-independent, but
there is a ceiling to the population size in cach cell,

N[+]’,-=PN,’,-(1+R), if N> K th‘en Nioini=K, (2)

where N, , is the population size in time step ¢ and cell i, P is the survival
rate, R is the per capita birth rate per time step, and K is the per cell
population ceiling.

Dispersal between cells is density-independent. The shape of the dispersal
curve away from a point of dispersal (cell a) follows a negative exponential
function as in DeAngelis et al. (1985), but in two dimensions. The number
of dispersers reaching the distance r from a (i.e., landing on the circle with
radius r from a) is

D, (r)=2nr Dmoe_"’, (3)

where k is a parameter that determines the rate of decay of the negative
exponential curve, and thereby determines the mean dispersal distance. To
find the number dispersing to an annulus around « (delineated by distances
r, and r,) we take the difference of the integral of (3) from a to r, and a
to r,. The number dispersing to a single cell (b) in this annulus is propor-
tional to the size of the cell relative to the size of the annulus. The immigra-
tion rate is

Dy =[2D,of(kr,+kry) [e " (—ry— k) +e™"(r, + 1/k)].  (4)

If we know (or can assume) the total number of dispersers leaving «
(i.e., D, ), We can substitute D,, in (4) with D, k*/(2r), obtained by
integrating (3) over r from 0 to co. The mean dispersal distance is 2/k.
Only dispersers that land on habitat patches survive.

In a spatially explicit model it is necessary to make a decision about
what happens to organisms that move beyond the borders of the grid. I
calculate the total number of immigrants to each cell using Eq. (4). The
sum of these over all cells is the total number of dispersers less the number
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that move beyond the borders of the grid. To return these “lost” dispersers
to the grid, I redistribute them .among the cells in proportion to the
calculated immigration. In this way the dispersers all remain on the grid,
and the spatial relationships among patches are maintained. This method
results in the same bias as for absorbing borders: population abundances
are lower at the edge than the middle of the grid.

SIMULATION EXPERIMENT

Scales

The overall goal of the simulation experiment was to compare the
relative effects of temporal scale (patch lifespan relative to organism
generation time) and spatial scale (interpatch distance relative to organism
dispersal distance) on regional population abundance. In the simulations
organism generation time is held constant, so temporal scale is the patch
lifespan, L.

Spatial scale is more difficult to define. Distance between patches was not
explicitly modelled because as new patches are born they are located ran-
domly on the grid. Distance between patches could be varied by varying
the amount of space on the grid in useable habitat. However, this would
mean that as interpatch distance increased the regional population size
would decrease. The effect of inter-patch distance on colonization rate
would then be confounded with the effect of regional population
abundance on colonization rate. I therefore decided instead to vary dis-
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Fic. 2. Illustration for calculation of mean nearest neighbour distance between patches
(see text). The case illustrated is for patches of size (S) 1 cell.
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tance between patches by holding the amount of space occupied by useable
habitat constant and varying patch size. Distance between patches then
increases ‘with increasing patch size. The mean nearest neighbour distance
between patches can be calculated approximately. Referring to Fig. 2, to
calculate the probability that the nearest patch to patch X is in region II:

p (there is no patch in region I)= (1 — H/S)™/$)-1;

p (there is no patch in region II) = (1 — H/S)™+2V/S==%5 where r is
the radius of a patch;

therefore,

p (the nearest ‘patzch to X is in regionIl)= (1 — H/S)®/$)~1
[1 _(1 _H/S)n(t+2r)/5~m /S]).

The mean distance to the nearest patch from X is then

o0, by2r
NN = Z i(l __H/S)(m'z/s)—l [1 _ (1 _H/S)n(i+2r)2/s—ni2/sl (5)

i=r

Note that this is an approximation because the patches are not circular.
Equation (5) implies a direct relationship between patch size (S) and
distance between patches (NN). Since the spatial scale (M) is defined
as the distance between patches relative to the dispersal distance
(i.e., M =NN/Z), in the simulations it can be approximated by M = S/Z.

Experimental Design

The simulation experiment was in a standard factorial design (e.g.,
Hicks, 1982). Five levels were chosen for each of three parameters: patch
lifespan L, patch size S, and species dispersal distance Z. Although the
parameter values in the model were constant, the creation of patches was
stochastic in space and time as described above. Therefore, 6 replicate runs
of each of the 125 combinations were conducted. This allowed detection of
any possible two-way interaction effects. The size of the grid was 400 cells
(20 by 20), and the starting population size in each habitat cell was
100 individuals. Each simulation ran for 50 time steps, and the average
population size per useable cell was computed for the final 20 time steps.

Choice of Parameter Levels

A limitation of simulation experiments (relative to analytical modelling)
is that, as in a “real” experiment, each run in the simulation experiment can
only give results for one of an infinite number of possible combinations of
parameter values. The challenge is to choose meaningful levels for the
parameters.
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Patch lifespan (L). A population is unable to survive in any environ-
ment in which individual patches exist for less than the minimum time
required for the organism to reach reproductive age. Also, if new patches
are continually being created, as long as patches exist for much longer than
the lifespan of the organism, local populations will overlap extensively in
time. Colonization of new patches will then be virtually certain; regionally,
the habitat will be essentially permanent. The levels of patch lifespan for
the simulations were chosen to bracket these extremes. Since the age at
reproduction was 1 step, this is the minimum patch lifespan used. With a
survival rate of 0.25 per time step, the lifespan of the organism is about 3
time steps. Therefore a maximum patch lifespan of 25 steps should be long
enough to approach habitat permanence.

Patch size (S). The smallest patch size used was 1 cell and the largest
was 21 cells. The amount of the grid made up of habitat was held constant
at 10% for all simulations, so for those simulations in which the patch size
was 21 there were, on average, only 2 habitat patches on the grid. This is
a minimum reasonable number of patches since, for population survival, it
is necessary that when one patch i1s “born,” there is some other patch on
the grid from which it can obtain immigrants,

Species dispersal distance (Z). The patch sizes used in the simulation
experiment were, 1, 6, 11, 16, and 21 cells. For these patch sizes NN is
approximately 1.2, 9.1, 16.5, 24.4, and 31.8 cells, respectively. Because of
the relatively small size of the grid used in the present simulations, these

TABLE II

Analysis of Variance of Simulation Results: Dependent Variable Is Mean Population
Size Averaged over Useable Cells

Source D.F. Type III S.S. F-value
(a)
Temporal scale, L 4 23725841 4636
Spatial scale, M 24 1825530 60
LxM 96 2153228 18
Error 590 739466
(b)
Patch lifespan, L 4 23349052 3764
Patch size, S 4 910222 147
Mean dispersal distance, Z 4 803781 130
LxS 16 848760 34
LxZ 16 1015571 41
SxZ 16 104119 4
Error 654 1412560
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values of NN are over-estimates for the largest patch sizes. Mean dispersal
distances were chosen such that the smallest mean dispersal distance
(1 cell) would restrict colonization when inter-patch distances are large,
and the largest mean dispersal distance (9 cells) would allow colonization
even for the largest inter-patch distances.

Simulation Results

As described in the “The Model” section, each simulation began with a
set-up period in which the initialization of patches was distributed over
time. There was therefore a small chance in any simulation that at the end
of the set-up period (i.e., when population dynamics are initiated) there
would be no habitat patches on the grid. In this case the population would
go extinct immediately. These amounted to 35 of the 750 simulations, and
were omitted from the analyses.

Since the simulation experiment was set up as a factorial experiment, it
was appropriate to analyse the output using analysis of variance. The
analyses of variance were conducted using the procedure GLM in SAS
(1989). Table II(a) gives the analysis of variance for the effects of temporal
scale (L) and spatial scale (M =S/Z) and their interaction. L, M, and
L x M all had significant effects on regional population size but L, the tem-
poral scale, was by far the most important, explaining over 85% of the
variability. The curves are shown in Fig. 3, 4, and 5. Table II(b) gives the
analysis of variance when the components of spatial scale, patch size (S),
and dispersal distance (Z) are examined separately. The curves for S and
Z are shown in Fig. 6 and 7.
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Regional extinctions were closely tied to temporal scale. All of the
simulations with L=1 and L=7 and 15% of the runs with L=13 were
regionally extinct before the 50-step time limit. There were no regional
extinctions for runs with L =19 or L =25,

DiscussioN

The overwhelming importance of the temporal scale over the spatial
scale was not intuitively obvious, and has interesting implications. This
result complements another result (Fahrig, 1990b) in which a simulation
experiment suggested that the temporal scale of dispersal (dispersal
frequency) far outweighed the spatial scale (dispersal distance) in affecting
population recovery from disturbance. This and the present study are the
only single-species studies in which the relative importance of temporal and
spatial scales are examined (Chesson (1985) compared the effects of spatial,
temporal, and spatio-temporal variability on two-species coexistence). Of
course, the proviso must be made ‘here that, in the case of a simulation
experiment, it can always be argued that the results might be different for
different ranges of the parameters than those chosen. The parameter levels
in this simulation experiment were deliberately chosen to cover a wide
range (Table Ib and “Choice of Parameter Levels” section above).

This result is important in light of recent emphasis on spatial
heterogeneity in ecological systems (e.g., Baker, 1989; Barmuta, 1989; Folse
et al., 1989; Hansson, 1989; Jessop and Anderson, 1989; Turner et al,
1989). It suggests that in studies of population stability (by any definition),
it is critical to determine the degree of temporal variability in the spatial
pattern of habitat, relative to the generation time of the organism. In other
words, do patches of habitat remain in the same locations for many genera-
tions, or do patches disappear and others appear frequently? For example,
the population abundance of a herbivore that depends on ephemeral
patches of plants should be greatly influenced by whether or not the
patches occur predictably in the same places every year. If the habitat of a
particular species is essentially permanent relative to the generation time of
the species, the result indicates that the spatial scale can be important.
However, it appears that such constancy would need to be on the order of
habitat lifespan of at least 25 times the generation time of the organism,
since in the present simulations this was the maximum used, and even at
this level increases in patch lifespan cause an increase in population size
(Fig. 3).

The question of the best design of nature reserves has so far been
focussed on the trade-off between size and number of reserve fragments
(Burkey, 1989). However, the present result suggests that if one is
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attempting to ensure survival of a particular species, the size of reserve
fragments may be less important than their persistence over time. Since
habitat continually undergoes modification due to processes such as
disturbance (natural or man-made), more attention should be placed on
the duration of reserve fragments as habitat for the particular species of
interest. Of course, the situation is much more complex if the goal is to
conserve assemblages of species or entire ecosystems (Baker, 1989).

Experimental studies in ecology tend to be conducted over short time
periods, usually between 1 (or less) and a few generations of the species
(Tilman, 1989), and over small spatial areas relative to the area that the
population covers (Kareiva and Andersen, 1989). Studies such as this one
suggest that to make meaningful statements about population size and
survival, larger areas and longer timespans must be considered. This is
normally an unrealistic expectation of most experimental programs. There-
fore, renewed emphasis should be placed on observational (as opposed to
experimental) studies. For example, the populations in several patches of
different ages could be observed and compared. To design such observa-
tional programs, one must first determine the relevant scales for the study.
An appropriate way to do this is to use whatever estimates (guesses) are
available for the species scales (generation time, dispersal frequency, disper-
sal distance) and the habitat scales (habitat lifespan, interpatch distances).
If habitat is very ephemeral, particulars about spatial parameters such as
dispersal distance and inter-patch distance may be ignored. Instead, one
may need to study local populations in several habitats of different ages to
understand the dynamics of the population as a whole. On the other hand,
if habitat is virtually permanent, dispersal and related spatial problems
must be considered. In both cases, larger scales than are normally used in
ecology are required. Along with renewed emphasis on observational
studies, modelling studies will also be important to support and extend the
short-term small-scale studies (e.g., Lefkovitch and Fahrig, 1985; Kareiva
and Odell, 1987).

A primary goal of studies such as this one is to answer the fundamental
scale question: can we identify environments that because of their intrinsic
scales of heterogeneity, should favour the population survival of particular
species? This® question is very difficult, because it implies that to under-
stand the relationship between an organism and its environment the
organism must be studied in all possible environments (having different
scales of heterogeneity). In other words, the “right” scale for a study is not
necessarily intrinsic to the species but depends on the particular location of
the study. If the habitat—species relationships were to be determined solely
through empirical study, the organism must be studied everywhere in its
range to be understood. To overcome this problem we need to develop
general hypotheses about the relationships between environmental and
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organism scales. Such hypotheses should allow one to focus on the most
relevant components of heterogeneity in particular situations. They can be
developed either from analytical models (e.g., Gurney and Nisbet, 1978;
Hastings and Wolin, 1988; Chesson and Huntly, 1988), or if the problem
cannot be solved analytically, from relatively simple simulation models
(e.g., Lefkovitch and Fahrig. 1985; Fahrig, 1988; Fahrig and Paloheimo,
1988b; Turner et al., 1989; this paper).
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