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Abstract

Dispersal is a fundamental component of many spatial population models. Concerns over the need to incorporate
detailed information on dispersal behavior in spatially explicit population models (SEPMs) motivated us to undertake
a simulation study in which we explored (1) the conditions under which landscape structure affects dispersal success
and (2) the dependency of dispersal success on the choice of dispersal algorithm. We simulated individual dispersal
as a random process (the mean-field approximation), a percolation process (PD) or a nearest-neighbor process (NND)
on random and fractal neutral landscapes across gradients of habitat fragmentation and abundance (0.1–90%). Both
landscape structure and dispersal behavior affected dispersal success in landscapes with �30–40% habitat. Land-
scape structure, in the form of contagious habitat, was always important for predicting the success of weak dispersers
constrained to move within a local neighborhood, unless habitat was abundant (�80%). Dispersers generally attained
highest success on landscapes in which habitat had high spatial contagion. Habitat clumping may thus mitigate the
negative effects of habitat loss on dispersal success. Spatial pattern is generally not important for predicting dispersal
success when habitat abundance exceeds 40% and the mean-field approximation (random dispersal) adequately
describes dispersal success in these landscapes. Because species of conservation concern generally occur in landscapes
with �20% habitat, modeling dispersal as a random process may not be warranted for these species. In these cases,
the required interaction between spatial structure and dispersal may be captured adequately by a simple local
dispersal algorithm such that detailed movement rules may not be needed. © 2002 Elsevier Science B.V. All rights
reserved.
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1. Introduction

Dispersal success—the ability of organisms to
locate suitable habitat on a landscape—is a fun-
damental property of most spatially structured
population models. For metapopulation models,

* Corresponding author. Tel.: +1-865-576-3436; fax: +1-
865-574-2232.

E-mail address: awk@ornl.gov (A.W. King).

0304-3800/02/$ - see front matter © 2002 Elsevier Science B.V. All rights reserved.

PII: S 0304 -3800 (01 )00400 -8

mailto:awk@ornl.gov


A.W. King, K.A. With / Ecological Modelling 147 (2002) 23–3924

in which the extinction–colonization dynamics of
populations occupying habitat patches are mod-
eled, dispersal success is equivalent to, or deter-
mines, the patch colonization rate. Dispersal is
thus modeled phenomenologically as the proba-
bility that a given patch will be colonized. In
spatially implicit metapopulation models, this
probability may be a function of the size or
relative isolation of the patch (i.e. landscape struc-
ture; see Hanski, 1999 for a comprehensive treat-
ment of metapopulation models). In contrast,
spatially explicit population models (SEPMs), in
which a population simulation model is coupled
with a landscape map (Dunning et al., 1995),
often simulate dispersal explicitly using an indi-
vidual-based approach with movement rules de-
scribing how organisms interact with the spatial
complexity of the landscape. The landscape is
usually represented as a lattice of habitat cells,
such as a raster-based map of a real landscape in
a geographical information system (GIS) or as a
hypothetical habitat distribution (neutral land-
scape models; Gardner et al., 1987; With, 1997;
With and King, 1997). At a minimum, the disper-
sal modules of individual-based SEPMs include
information on (1) the type of movement (e.g.
random, correlated random walk, self-avoiding
walk) and (2) either the dispersal distance or
number of sites that can be searched by individu-
als (e.g. Doak et al., 1992; Lamberson et al., 1992,
1994; Lindenmayer and Possingham, 1996; With
and King, 1999a) or a dispersal-distance function
for the distribution of propagules in the case of
plants (e.g. Lavorel et al., 1995). More elaborate
dispersal modules may additionally include habi-
tat-specific rates of movement or mortality, habi-
tat-specific movement behaviors (such as more
linear movement in habitat matrix) and density-
dependent dispersal (e.g. Pulliam et al., 1992;
Lamberson et al., 1994; Liu et al., 1995; Linden-
mayer and Possingham, 1996). Dispersal success
is calculated as the fraction of individuals that
successfully locate and occupy new habitat (Doak
et al., 1992; With and King, 1999b).

Because habitat destruction and fragmentation
are cited as the major causes of species endanger-
ment (e.g. Meffe and Carroll, 1997), SEPMs have
become increasingly popular in conservation ap-

plications. One of the more immediate conse-
quences of habitat loss and fragmentation should
be a disruption of dispersal or movement between
habitat patches, which may lower colonization
success and lead to local extinction. Conse-
quently, ecology and conservation biology has
become preoccupied with space and modeling dis-
persal success (Dunning et al., 1995; Wennergren
et al., 1995; Ruckelshaus et al., 1997; South,
1999a). Spatial structure may not always be im-
portant, however, for predicting dispersal success.
Whether or not dispersal success is affected by
landscape pattern depends upon the scale of
movement relative to the scale of fragmentation
(Doak et al., 1992; With and King, 1999b). In
fact, definitions of landscape connectivity—
whether a given landscape is perceived as frag-
mented by a particular species—are based on
how organisms interact with spatial pattern (Tay-
lor et al., 1993; Pearson et al., 1996; With, 1997;
With et al., 1997). Detailed information on disper-
sal of real organisms is often lacking, however,
particularly for parameters such as dispersal mor-
tality and thus, it can be very difficult to parame-
terize the individual-based dispersal algorithms
used in SEPMs (Wennergren et al., 1995). Incor-
rect estimates of dispersal distances and dispersal
mortality resulted in the greatest prediction errors
for dispersal success (Ruckelshaus et al., 1997). If
these errors propagate in SEPMs, then estimates
of population viability (patch occupancy and
probability of persistence) may be so seriously
biased as to be worthless (but see South, 1999a).

Because of these concerns and the central im-
portance dispersal has in spatial population mod-
els, it is important to understand the conditions
under which landscape structure affects dispersal
success, as a means of identifying when a spatially
explicit approach is necessary. Other investigators
have used simple landscapes to investigate the
effects of landscape structure on dispersal success
(e.g. Doak et al., 1992; Ruckelshaus et al., 1997),
but have not explored the full range of spatial
complexity across a gradient of habitat abun-
dance and fragmentation, as we do here using
neutral landscape models. It is also important to
understand how sensitive dispersal success is to
different movement algorithms, particularly those
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encountered in the lattice-based SEPMs that have
become so popular. Many of these lattice-based
approaches use simple movement rules, which
may lack realism but which therefore do not
require detailed empirical behavioral data to im-
plement. If dispersal success is less sensitive to the
way in which dispersal is modeled than to the
effects of landscape structure, then concerns over
the realism of movement rules become less critical
and would be welcome news given the paucity of
empirical data on dispersal. We therefore under-
took a simulation study to address the relative
effects of landscape structure and dispersal behav-
ior on dispersal success.

2. Methods

2.1. Neutral landscape models

We used the program RULE (Gardner, 1999)
to generate spatially structured landscapes (i.e.
neutral landscape models). Binary landscapes
were generated as either a random or fractal
distribution of habitat and non-habitat on a two-
dimensional square grid measuring 128×128 cells
(Fig. 1). Random landscapes were created by
randomly assigning some fraction (h) of the cells
to be habitat. Fractal landscapes were generated
using the mid-point displacement algorithm
(Saupe, 1988) in which both the fraction (h) and
the contagion of habitat (H) were varied to create
complex landscape patterns across a gradient of
habitat fragmentation (see With, 1997; With et al.,
1997 for further details). Habitat abundance (h)
was simulated at 12 levels (h=0.001, 0.01, 0.05,

0.10, 0.20, . . . , 0.90) for random and fractal land-
scapes. For fractal landscapes, we also varied the
contagion of habitat (H) across three levels (H=
0.0, 0.5, 1.0) for each level of h. This resulted in
landscapes that varied in the degree of habitat
fragmentation (Fig. 1) and also allowed us to
tease apart the relative effects of habitat abun-
dance (h) and fragmentation (H) on dispersal
success. Ten replicate maps were generated for
each landscape type (random: 12 h-levels×10=
120 maps; fractal: 12 h-levels×3 H-levels×10=
360 maps; total=480 landscape maps). We then
simulated individual dispersal and calculated dis-
persal success for different dispersal algorithms on
these landscape maps.

2.2. Dispersal algorithms

We modeled dispersal as a random process, a
nearest-neighbor process (NND) or as a percola-
tion process (PD).

2.2.1. Random dispersal
In random dispersal, the disperser moved with

random direction and distance to any point (cell)
on the landscape. If dispersal is modeled in this
fashion, spatial structure does not matter and
only the amount of habitat and the number of
cells searched affect dispersal success:

P(success)=1−um (1)

where u=1−h and m is the number of cells that
can be searched (Lande, 1987; With and King,
1999a). This is equivalent to the mean-field ap-
proximation for the probability of dispersal suc-
cess and serves as a baseline for assessing how

Fig. 1. Neutral landscape models. All four maps contain the same amount of habitat (h=0.5, black cells). Fractal landscapes vary
in the spatial contagion (H) of habitat, which produces a gradient of fragmentation.
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spatial structure and different dispersal behaviors
affect dispersal success (Bascompte and Solè,
1998). Note that in this definition of random
dispersal, m does not define a local neighborhood.
It simply defines the number of cells across the
entire landscape that can be visited in seeking
habitat. The distance between visited cells and the
distance from the cell of origin are random vari-
ables. Random movement of the type described
by our random dispersal algorithm has been
shown to be a reasonable estimate of dispersal in
many insects.

2.2.2. Nearest-neighbor dispersal
In simulating nearest-neighbor dispersal

(NND), individual dispersers (n=1000) were in-
dependently initialized at randomly chosen habi-
tat cells on the landscape. At each time step, the
dispersers were constrained to move with equal
probability into one of the four neighboring cells
(the ‘nearest neighbors’). The direction of move-
ment was random, but the dispersal step length
was limited to one cell. This is a non-self-avoiding
random walk of fixed step-length and the ‘area-
limited dispersal’ (ALD) of With and King
(1999b). On average, this movement rule produces
more localized dispersal than a random dispersal
algorithm, in which both direction and step length
are random. Dispersers were permitted to take up
to m steps in their search for a suitable habitat cell
(m=1, 2, 5, 10, 20 or 50 steps), and could move
through non-habitat cells. Upon encountering a
cell of suitable habitat, the disperser stopped and
was scored as a success. The number of steps a
disperser can take (m) may be interpreted as
either the innate dispersal ability of the species or
as an indirect measure of matrix quality that
affects dispersal for a given species in different
landscape contexts (e.g. dispersal distances m may
be reduced in landscapes with hostile matrix habi-
tat, perhaps because dispersers are unwilling to
cross such inhospitable habitat or suffer higher
mortality if they do). While a theoretical abstrac-
tion, NND might approximate dispersal by larger
mammals or birds willing to cross unsuitable
habitat to find appropriate habitat in which to
establish dens or nests. The edge of the grid was a
reflective barrier, but edge effects were insignifi-

cant because of the large size of the grid (16,384
cells), the relatively limited number of grid cells
dispersers could search (m�50) and the large
number of independent dispersal events (n=1000)
(With and King, 1999b).

2.2.3. Dispersal by percolation
Dispersal as a percolation process (PD) is simi-

lar to NND except individuals were constrained
to move only through habitat cells. This is basi-
cally the With (1997) ‘Rule 1’ movement, which
describes organisms that are unable or unwilling
to cross unsuitable habitat (i.e. a species that lacks
gap-crossing abilities; Dale et al., 1994). PD might
approximate the dispersal of voles or other small
animals unwilling to leave the cover of suitable
habitat and risk predation or environmental
stress. Dispersal by percolation (PD) is the most
restrictive movement algorithm of the three we
explored, and it has the potential to result in the
most localized dispersal if habitat is not well
connected and landscapes lie below the percola-
tion threshold (i.e. the threshold amount of habi-
tat, hcrit, at which a continuous cluster of habitat
no longer occurs on the landscape; see With,
1997). As with NND, the map boundaries (edges
of the grid) were reflective barriers.

2.3. Simulation design

Simulations were conducted in a factorial de-
sign, in which landscape pattern (random, H=
0.0, H=0.5 and H=1.0), habitat abundance (h)
and dispersal ability (m) were varied, resulting in
2880 simulation runs (480 landscape maps×6
m-levels). The probability of NND and PD dis-
persal success on a given landscape for a given
level of m was calculated as the proportion of
individuals (n=1000) that located a suitable habi-
tat cell within m steps. We compared dispersal
success for random dispersal and for NND and
PD on both random and spatially structured
landscapes. We also examined variability in dis-
persal success among replicate maps for a given
landscape (With and King, 1999a calculated dis-
persal success on fractal landscapes for only a
single map for each landscape combination of h
and H).
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Fig. 2. Mean dispersal success (N=10 replicate landscapes) as
a function of dispersal strength (m) for different dispersers on
random and fractal landscapes with 0.1, 1 or 5% habitat.
NND, nearest-neighbor dispersal; PD, percolation.

NND on random landscapes and for random
dispersal when dispersal ability is limited (m=1,
2) (Fig. 6). Dispersal success is non-linear and
asymptotic for NND and PD on fractal land-
scapes (Figs. 6 and 7) and for greater dispersal
strengths by random dispersers and NND and PD
on random landscapes (Fig. 7). The function is
generally monotonic, except for PD on random or
highly fragmented fractal landscapes (H=0.0)
(Figs. 6 and 7), but these exceptions are perhaps a
consequence of stochasticity. Dispersal as a perco-
lation process (PD) produces greater variability in
dispersal success among replicate landscapes, par-
ticularly if the habitat is randomly distributed
(Fig. 8). This is attributable to the greater vari-
ability in the clustering of habitat cells into con-
tiguous patches among replicate random maps.
Contagious clustering greatly influences the suc-
cess of PD since those dispersers cannot cross

Fig. 3. Mean dispersal success (N=10 replicate landscapes) as
a function of dispersal strength (m) for different dispersers on
random and fractal landscapes with 10, 20 or 30% habitat.
NND, nearest-neighbor dispersal; PD, percolation.

3. Results

Dispersal success is an increasing function of
dispersal strength (m) for all landscape patterns
and dispersal behaviors (Figs. 2–5). The relation-
ship is typically non-linear, with a rapid increase
in dispersal success at small m followed by an
asymptotic approach to a maximum probability
of dispersal success. The asymptote is achieved
most rapidly in landscapes with abundant habitat
(Fig. 5). When habitat is very rare, the rate of
approach to that asymptote is very slow for both
random dispersal and NND on random maps; PD
on random maps asymptotes quickly to low levels
of success (Fig. 2).

Dispersal success is also an increasing function
of habitat abundance (h) for all landscapes and
dispersal behaviors (Figs. 6 and 7). The function
is linear or approximately linear for PD and
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Fig. 4. Mean dispersal success (N=10 replicate landscapes) as
a function of dispersal strength (m) for different dispersers on
random and fractal landscapes with 40, 50 or 60% habitat.
NND, nearest-neighbor dispersal; PD, percolation.

uncommon (10–30%), success is not assured ex-
cept when habitat is highly clumped (H=1.0)
until m=20 (Fig. 3). Even then, at 10% habitat,
dispersal success is �90% for random dispersal
and for NND and PD dispersal on random and
highly fragmented fractal landscapes (H=0.0;
Fig. 3). When habitat is very rare (�10%), levels
of success as high as 90% may not be achieved
until m�50, except for NND and PD on
clumped fractal landscapes (H=0.5, 1.0; Fig. 2).
At 0.1% habitat, mean dispersal success rarely
exceeds 90%, although it may exceed that for
NND and PD on some clumped fractal land-
scapes (Fig. 2).

Thus, dispersal success tends to converge with
increasing dispersal strength (m) and habitat
abundance (h), but differences emerge among
landscape patterns and dispersal behaviors when
dispersal is limited (small m) and habitat is scarce

Fig. 5. Mean dispersal success (N=10 replicate landscapes) as
a function of dispersal strength (m) for different dispersers on
random and fractal landscapes with 70, 80 or 90% habitat.
NND, nearest-neighbor dispersal; PD, percolation.

non-habitat to find habitat. Hence, variability in
clustering is reflected in variability in dispersal
success.

When habitat is abundant (e.g. �70%), the
probability of success is high (�70%) even for
the most limited dispersers (m=1; Fig. 5) and
success is virtually guaranteed (�95%) within five
dispersal steps regardless of dispersal behavior or
landscape structure (Fig. 5). Dispersal success is
not, however, independent of landscape structure
and dispersal behavior at intermediate levels of
habitat abundance. At intermediate levels of habi-
tat abundance (40–60%), success is not generally
guaranteed (�95%) until dispersal strength ap-
proaches m=10 (Fig. 4). However, on clumped
fractal landscapes (H=0.5, 1.0) of intermediate
habitat abundance, dispersal success for NND
and PD is still high even for weak dispersers
(m�5, Figs. 4 and 6). When habitat is rare to
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Fig. 6. Mean dispersal success (N=10 replicate landscapes) as
a function of habitat abundance (h) for different dispersers
with limited dispersal strength (m=1, 2 or 5) on random and
fractal landscapes. NND, nearest-neighbor dispersal; PD, per-
colation.

especially if dispersal strength is limited (Fig. 3) or
habitat is scarce (h�0.1 for all fractal landscapes;
Tables 1 and 2, Fig. 6). Because individuals begin
their search from a habitat cell, even individuals
constrained to move only to an adjacent cell
(m=1) have a higher probability of encountering
habitat in fractal landscapes with high spatial
contagion than in landscapes where habitat is
randomly distributed. This effect of contagious
pattern is greatest when habitat is rare (low h).
Not unexpectedly, landscape pattern is unimpor-
tant if dispersal strength is high or if habitat is
abundant (Fig. 7). Differences between random
and fractal landscapes exist even for strong dis-
persers (m=50), however, when habitat is scarce.
For NND, this occurred in landscapes with �5%
habitat (Table 1, Figs. 2 and 7). For PD, strong
dispersers had lower success in random than frag-

Fig. 7. Mean dispersal success (N=10 replicate landscapes) as
a function of habitat abundance (h) for different dispersers
with moderate to high dispersal strength (m=10, 20 or 50) on
random and fractal landscapes. NND, nearest-neighbor dis-
persal; PD, percolation.

and fragmented. The probability of successful dis-
persal is thus often a consequence of interactions
between dispersal behavior, habitat abundance
and landscape structure. It is useful to try and
separate these influences into landscape effects
and behavioral effects.

3.1. Landscape effects: random �ersus fractal
landscapes

Recall that dispersal success for random dis-
persers is independent of landscape pattern and
depends only upon the amount of suitable habitat
(h) and the number of dispersal steps (m) (Eq.
(1)). In contrast, landscape pattern does affect
dispersal success for NND and PD. Dispersal
success is generally higher for both NND and PD
on fractal landscapes than on random landscapes,
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Fig. 8. Dispersal success (mean�S.D., N=10 replicate land-
scapes) as a function of habitat abundance (h) for dispersers
with different dispersal strength (m=1, 10 or 20) on random
and fractal landscapes of H=0.5. NND, nearest-neighbor
dispersal; PD, percolation. Note the greater variability among
replicate maps for PD on random landscapes.

tal landscapes with minimum contagion (H=0.0)
is not present at 50% habitat, but is present at 40
and 60% habitat (Fig. 6). This may be a stochastic
result owing to high variability in dispersal suc-
cess among maps for PD on random and highly
fragmented fractal landscapes (H=0.0), or it may
indicate a complex relationship between PD and
spatial pattern. In general, however, dispersal suc-
cess of both NND and PD tended to increase with
increased spatial contagion of habitat.

The RULE-generated landscape metrics for the
random and fractal landscapes used in this study
are given in With and King (1999b). Theoreti-
cally, dispersal success for PD should be highly
correlated with the RULE calculated correlation
length (a measure of patch contagion). Correla-
tion length is itself correlated with H (as H in-
creases, correlation length increases) and that
correlation is reflected in the greater dispersal
success for PD with increasing H (Figs. 2–7).
However, With and King (1999b) found that cor-
relation length does not predict dispersal success
for NND. Indeed, dispersal success was not re-
lated to any of the patch-based measures of land-
scape structure (including correlation length), but
was correlated with lacunarity thresholds, a mea-
sure of gap structure or inter-patch distances (cf.
Figs. 4 and 5 of With and King, 1999b).

3.2. Beha�ioral effects: comparison of dispersal
algorithms

There is essentially no difference between PD
and NND on fractal landscapes with H�0.5
(Figs. 2–7, Table 3). On highly fragmented fractal
landscapes (H=0.0) with 5–20% habitat, there is
some tendency for NND to become more success-
ful than PD as dispersal strength increases. This
crossover occurs, for example, at m�17 for 20%
fragmented fractal landscapes (Fig. 3) or at m�
25 for 5% fragmented fractal landscapes (Fig. 2).

The comparison between PD and NND on
random landscapes is more complicated. When
habitat is extremely rare (0.1%) (Fig. 2) or disper-
sal is limited to a single neighboring cell (m=1, 2)
(Fig. 6), there is no difference between PD and
NND, although dispersal success is more variable
for PD on random landscapes (Table 3). Simi-

mented fractal landscapes (H=0.0) with �30%
habitat (Table 2, Figs. 2, 3 and 7). Alternatively,
for weak dispersers (m=1, 2), landscape pattern
generally affected dispersal success even when
habitat was abundant (Tables 1 and 2, Figs. 5 and
6). When habitat was abundant (�80%) but
highly fragmented (H=0.0), weak dispersers con-
strained to move through habitat (PD), generally
had lower success than in random landscapes
(Figs. 5 and 6), reversing the general trend of
greater success on fractal landscapes. A similar
exception apparently occurs for weak PD on
highly fragmented landscapes (H=0.0) with 50%
habitat. Dispersal success did not increase
monotonically as a function of habitat abundance
for PD with extremely localized dispersal (m�2);
a difference in success between random and frac-
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larly, allowing for the greater variability in PD,
there is no difference between PD and NND on
random landscapes with �40% habitat (Table 3,
Figs. 4, 5 and 8), although there is some tendency
for PD to be more successful than NND when
dispersal is limited (Figs. 4 and 8). Within the
range of 1 and 30% habitat, however, differences
in the success of these two types of dispersal
depend upon dispersal strength. For example, dis-
persal success is higher for NND on random
landscapes with 5% habitat for m�6 and contin-
ues to increase with increasing dispersal strength,
whereas dispersal success plateaus for PD at �
18% (Table 3, Fig. 2). For strong dispersers (m=
50), this results in a difference in dispersal success
of 57% on these 5% random landscapes (Fig. 7).
Depending upon the dispersal strength, differ-
ences may occur between PD and NND at vari-
ous points within or across the entire range of
1–40% habitat on random landscapes (Table 3,
Figs. 6 and 7).

Random dispersal does not differ from NND
or PD on random landscapes for weak dispersers

(m=1) or when habitat is exceedingly rare (0.1%;
Table 4). Again, the higher mean success of PD
over random and NND dispersal at h=0.4–0.5
and m=1 (Fig. 6) may be a stochastic effect.
Differences between random dispersal and NND
on random landscapes emerge across particular
ranges of habitat depending upon the dispersal
strength (Table 4). For example, dispersal success
is higher for random dispersers than NND on
random landscapes with 5–60% habitat for indi-
viduals constrained to move up to five steps (Figs.
2–4, Table 4). There is no difference between
random dispersers and NND above or below this
habitat range on random landscapes. Similar
complex interactions emerge at particular levels of
habitat abundance on random landscapes, in
which differences in dispersal success between
random dispersal and NND occur within a partic-
ular range of dispersal strengths. For example,
dispersal success is �10% greater for random
dispersers that can move two to 14 steps on 30%
random landscapes (Fig. 3). Below this habitat
range, however, dispersal success is greater for

Table 1
Summary of simulation results comparing the difference in dispersal success (probability of encountering a suitable habitat cell)
between random and fractal (H=0.0, 0.5 and 1.0) landscapes for nearest neighbor dispersers (NND). Is there a difference between
random and each of the fractal landscapes for NND?

H=1.0H=0.5H=0.0

Dispersal strength
m=1 Yes, if h�0.9 Yes Yes

Yes, if h�0.8 Yes, if h�0.9 Yes, if h�0.9m=2
Yes, if h�0.5 Yes, if h�0.6m=5 Yes, if h�0.7

Yes, if h�0.5Yes, if h�0.4Yes, if h�0.3m=10
Yes, if h�0.2m=20 Yes, if h�0.3Yes, if h�0.2

Yes, if h�0.2 Yes, if h�0.2 Yes, if h�0.2m=50

Habitat abundance
h=0.001 YesYesYes

Yesh=0.01 Yes Yes
Yes Yesh=0.05 Yes

YesYesh=0.10 Yes
Yes, for m�17 Yes, for m�20h=0.20 Yes, at least for m�20
Yes, for m�9h=0.30 Yes, for m�11 Yes, for m�15
Yes, for m�7 Yes, for m�9h=0.40 Yes, at least for m�10

h=0.50 Yes, for m�4 Yes, for m�7 Yes, for m�8
No, except for m�3h=0.60 Yes, for m�8Yes, for m�6

Yes, for m�5Yes, for m�4h=0.70 No, except for m�2
No, except for m�2 No, except for m�2 No, except for m�3h=0.80
No, except for m�2 No, except for m=1 No, except for m=1h=0.90
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Table 2
Summary of simulation results comparing the difference in dispersal success (probability of encountering a suitable habitat cell)
between random and fractal (H=0.0, 0.5 and 1.0) landscapes for dispersal as a percolation process (PD). Is there a difference
between random and each of the fractal landscapes for PD?

H=0.5H=0.0 H=1.0

Dispersal strength
m=1 YesYes, for h�0.4 and h=0.7 Yes
m=2 Yes, for h�0.9Yes, for h�0.5 and h=0.7 Yes, for h�0.9

Yes, for h�0.7Yes, for h�0.3 Yes, for h�0.7m=5
Yes, for h�0.5 Yes, for h�0.5m=10 Yes, for h�0.3
Yes, for h�0.5Yes, for h�0.3 Yes, for h�0.5m=20

Yes, for h�0.3m=50 Yes, for h�0.5 Yes, for h�0.5

Habitat abundance
h=0.001 YesYes Yes
h=0.01 YesYes Yes

YesYes Yesh=0.05
Yesh=0.10 YesYes
YesYes Yesh=0.20
Yesh=0.30 YesNo, except for m�3
YesNo Yesh=0.40

Noh=0.50 No, except for m=1 No, except for m�3
Noh=0.60 No, except for m�10 No, except for m�10

No, except for m�5No, except for m�2 No, except for m�5h=0.70
Noh=0.80 No, except for m�4 No, except for m�4

No, except for m�2No No, for m�2h=0.90

random dispersal on random landscapes with 1–
20% habitat, once sufficient dispersal strength has
been attained (m�3 for 20% random landscapes,
m�17 for 1% landscapes; Table 4).

Dispersal success is generally higher for NND
than random dispersal on fractal landscapes, par-
ticularly if habitat is rare (h�0.05) or dispersal is
limited to the neighboring cell or two (m=1, 2)
and habitat is sufficiently abundant (h�0.6;
Table 4). Increasing dispersal strength mitigates
any differences between NND and random dis-
persal on highly clumped fractal landscapes (H=
0.5, 1.0), except when habitat is scarce. For
example, dispersal success is 10–70% higher for
nearest-neighbor dispersers that can move up to
five steps on highly clumped (H=1.0) fractal
landscapes with �50% habitat (Fig. 6). For
strong dispersers (m=50), however, the higher
success of NND over random dispersal occurs
only with 10% habitat on clumped fractal land-
scapes (Fig. 7). The relationship is more complex
on highly fragmented (H=0.0) fractal landscapes.
Differences between NND and random dispersal

generally occur at particular levels or ranges of
habitat abundance once a limited amount of dis-
persal has been attained (e.g. m�5), although the
general effect of convergence with increasing dis-
persal strength still holds (Table 4). Alternatively,
for a given level of habitat abundance between 20
and 70% on fragmented fractal landscapes, con-
vergence between NND and random dispersal
may occur within or across a particular range of
dispersal strengths (Table 4). The relationship is
more straightforward on clumped fractal land-
scapes (H=0.5, 1.0), although a significant differ-
ence between NND and random dispersal persists
even when the landscape is mostly habitat (90%)
for individuals constrained to move only a single
step (m=1; Figs. 5 and 6).

4. Discussion

Because dispersal is featured in most spatial
population models, it is important to understand
(1) the conditions under which landscape struc-
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ture affects dispersal success and (2) the depen-
dency of dispersal success on the choice of disper-
sal algorithm (movement rule). We therefore
undertook this simulation study to address the
relative effects of landscape structure and disper-
sal behavior on dispersal success. The main
results are summarized in Table 5. A comparison
of local dispersal on spatially structured land-
scapes with the mean-field approximation (ran-
dom dispersal) provides the most general evidence
for the importance of landscape structure on dis-
persal success. Differences between random and
fractal landscapes for local dispersal processes
represent a finer distinction regarding the impor-
tance of spatial structure in predicting dispersal
success.

When do spatial pattern (landscape structure)
and dispersal behavior really matter? The mean-
field approximation (random dispersal) was a
poor predictor of dispersal success for local dis-
persal processes (NND or PD) on spatially struc-
tured landscapes when habitat abundance was

�40% and when dispersal was limited. Land-
scape structure (as measured by H) was always
important for predicting the success of weak dis-
persers constrained to move within a local neigh-
borhood (m=1, 2 for NND and PD) unless
habitat was very abundant (�80%). In general,
dispersers attained highest success on landscapes
in which habitat had a high degree of spatial
contagion (H=0.5, 1.0). Habitat clumping may
thus mitigate the negative effects of habitat loss
on dispersal success, a result also reported from
other studies (e.g. Doak et al., 1992; Lamberson
et al., 1994; Wennergren et al., 1995; Ruckelshaus
et al., 1997). In our study, for example, even weak
dispersers (m=1) could achieve high levels of
success (�70%) in landscapes with as little as 1%
habitat when it was clumped (H=1.0). The effect
of habitat clumping is particularly notable for
dispersers that are constrained to move only
within a particular habitat type (PD). Such dis-
persers were very sensitive to habitat fragmenta-
tion, and even strong dispersers (m=20, 50)

Table 3
Summary of simulation results comparing the difference in dispersal success (probability of encountering a suitable habitat cell)
between nearest-neighbor dispersal (NND) and dispersal as a percolation process (PD) on random and fractal (H=0.0, 0.5 and 1.0)
landscapes. Is there a difference between NND and PD in each of these landscapes?

H=0.5H=0.0 H=1.0Random

Dispersal strength
No, although PD more variable Nom=1 No No

m=2 NoNoNoNo
NoNoNo, except for h=0.3 Nom=5

m=10 No, except for h=0.05 and h=0.2–0.3 No No No
No Nom=20 NoYes, for 0.01�h�0.4

Yes, for 0.01�h�0.4 NoYes, for 0.05�h�0.2m=50 No

Habitat abundance
No Noh=0.001 NoNo

No Noh=0.01 Yes, if m�16 No
Yes, if m�6 Yes, if m�25h=0.05 No No

NoNoYes, if m�19h=0.10 Yes, if m�10
Yes, if m�9 Yes, if m�17h=0.20 No No

No Noh=0.30 Yes, if m�3 No, PD success becomes more variable
No Noh=0.40 No No

h=0.50 No No No No
No Noh=0.60 NoNo

NoNoNoh=0.70 No
No No No Noh=0.80
No No No Noh=0.90
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Table 4
Summary of simulation results comparing the difference in dispersal success (probability of encountering a suitable habitat cell)
between random dispersal and nearest-neighbor dispersal (NND) on random and fractal (H=0.0, 0.5 and 1.0) landscapes. Is there
a difference between random dispersal and NND?

H=0.0 H=0.5Random H=1.0

Dispersal strength
Yes, if h�0.9 YesNo Yesm=1
Yes, if h�0.6 Yes, if h�0.8m=2 Yes, if h�0.9Yes, if 0.3�h�0.8
Yes, except for h=0.3–0.4 and h�0.6 Yes, if h�0.4Yes, if 0.05�h�0.6 Yes, if h�0.5m=5

m=10 Yes, except for h=0.2 and h�0.4Yes, if 0.05�h�0.4 Yes, if h�0.3 Yes, if h�0.3
Yes, except for h=0.1 and h�0.3 Yes, if h�0.2Yes, if 0.05�h�0.3 Yes, if h�0.2m=20

m=50 Yes, except for h=0.05 and h�0.2Yes, if 0.05�h�0.2 No, except for h�0.05 No, except for h�0.1

Habitat abundance
Yes Yes Yesh=0.001 No
Yes YesYes, if m�17 Yesh=0.01
Yes Yesh=0.05 YesYes, if m�5
Yes, if m�15 YesYes, if m�4 Yesh=0.10
Yes, except if 8�m�14 Yes, if m�11 Yes, if m�15h=0.20 Yes, if m�3
Yes, except if m=5–9 and m�13 Yes, if m�7Yes, if 2�m�14 Yes, if m�9h=0.30
Yes, except if m=4–5 and m�10 Yes, if m�6h=0.40 Yes, if m�7Yes, if 2�m�10
No, except for m=1–2 and m=5–6 Yes, if m�4Yes, if 2�m�7 Yes, if m�5h=0.50

No, except for No, except for m=1 and 4 No, except if m�3h=0.60 No, except if m�4
m=2–4
No, except for No, except for m=1 and m=3–4h=0.70 No, except if m�3 No, except if m�4
m=2–4
No, except forH=0.80 No, except if m�3 No, except for m�2 No, except if m�2
m=2–3

No, except for m=1h=0.90 No, except for m=1No, except if m=2 No, except for m=1

experienced low success on random and frag-
mented fractal landscapes (H=0.0) that lay be-
low the percolation threshold (hcrit) where habitat
connectivity had been disrupted (hcrit=0.59 for
random landscapes, hcrit=0.54 for fractal H=0.0
landscapes; With and King, 1999b).

How sensitive is dispersal success to different
dispersal algorithms, especially in terms of
whether movement is modeled as a percolation
process (restricted to move only within habitat)
versus localized dispersal in which dispersers also
move through non-habitat (NND)? PD and NND
were very similar, especially in fractal landscapes
because of the higher relative spatial contagion of
habitat (measured by H) and the high probability
that adjacent cells would be habitat (Fig. 1).
Divergence between these two localized dispersal
processes occurred primarily in random land-
scapes, with 1–30% habitat, for which sufficient

dispersal strength had been attained (Table 5).
Thus, the main difference is between local disper-
sal and random dispersal (the mean-field approxi-
mation). The difference between these algorithms
is in step length relative to the spatial grain and
extent of the landscape pattern. To what extent,
then, can dispersal success be modeled as a ran-
dom process that ignores localized interactions
with spatial structure? Random dispersal is gener-
ally a good approximation in landscapes with
�40% habitat unless dispersal strength is limited
(m�5).

Many dispersal models are not based on the
movement of individuals (representing the spread
of populations instead), or are not spatially ex-
plicit, or if they are, do not consider heteroge-
neous or non-random spatial patterns (e.g. Wilder
et al., 1995; Blackwell, 1997; Johst and Brandl,
1997; Torres-Sorando and Rodriguez, 1997; Mc-
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Table 5
Summary of the effects of landscape structure and choice of dispersal algorithm on dispersal success1

0.30 0.40 0.50 0.60 0.70 0.80h0.001 0.900.01 0.05 0.10 0.20

Is landscape Yes Yes Yes Yes Yes, unless No, unlessYes, unless No, unlessYes, unless Yes, unless No, unless No, unless
m�10m�20 for m�7m�15 for m�5structure m�4 m�2m�3

NNDimportant NND
in
predicting
dispersal
success?

No, except ifYes, unless No, except ifIs dispersal Yes, unless No, exceptNo, except if No, exceptUsually Usually Usually No, except if No, except if
m�5m�8 for PD m�3random m�3randomsuccess m�2 for m=1for m=1

landscape landscape andaffected by with m�5
choice of m�10
dispersal
algorithm?

50m1 2 5 10 20
Yes, unless Yes, unlessIs landscape Yes, unless No, except No, except No, except if
h�0.9 h�0.7 h�0.4structure when h�0.3 h�0.3when h�0.3

important
in
predicting
dispersal
success?

Yes, unless No, unlessYes, unlessIs dispersal No, unless No, unless No, unless
success h�0.4h�0.8 h�0.4 h�0.4h�0.9 h�0.4
affected by
choice of
dispersal
algorithm?

1 To address the effect of landscape structure, comparisons are made between landscape types (random versus fractal) for a given type of dispersal algorithm and particularly against the mean-field approximation (random
dispersal) which is unaffected by landscape structure. To assess the importance of the choice of dispersal algorithm on dispersal success, comparisons are made among dispersal algorithms for a particular landscape type
and with the mean-field approximation of random dispersal.
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Carthy, 1999; South, 1999b). Consequently, these
models are not appropriate dispersal submodels
for the individual-based SEPMs we are concerned
with here. Other models describe the dispersal of
plant seeds as algebraic or exponential decay
functions of distance (e.g. Malanson and Arm-
strong, 1996; Latore et al., 1994), while our dis-
persal algorithms address animal movement and
behavior. Moreover, few analyses of dispersal suc-
cess systematically vary both spatial pattern and
dispersal behavior as we have done here. Direct
comparisons of our results with earlier results are
thus difficult. Nevertheless, a variety of modeling
studies have shown dispersal success to be influ-
enced by landscape pattern or animal behavior.
For example, Byers (1996) found that relatively
few simulated bark beetles with very low flight
speeds found suitable host trees when the trees
were widely distributed, a situation comparable to
our relatively weak dispersers (m�5) on random
landscapes of rare habitat (h�0.30). Gustafson
and Gardner (1996) found that most of the vari-
ability in the dispersal success of a self-avoiding
random walker (similar to our NND, although
our NND is not self-avoiding) was accounted for
by differences in the size and isolation of patches.
They also found that dispersal success was very
similar on random and homogeneous landscapes,
but significantly reduced on ‘curdled’ maps ex-
hibiting patch contagion or aggregation
(Gustafson and Gardner, 1996). In a simulation
of forest beetles, Tischendorf et al. (1998) found
that the proportion of individuals arriving at a
sink patch varied with the length and width of
modeled hedgerows. Other modeling studies,
while not explicitly quantifying dispersal success,
have shown that migration rates, species diversity,
resource consumption, patterns of species distri-
bution consumption and the survival of individu-
als, populations and metapopulations are all
influenced by spatial heterogeneity (Dyer, 1995;
Anderson, 1996; Baker, 1996; Malanson and
Armstrong, 1996; Swart and Lawes, 1996; With
and Crist, 1996; Blaine and DeAngelis, 1997;
Fahrig, 1998; Carter and Finn, 1999; With and
King, 1999b). That influence arises, at least in
part, from the impacts of spatial pattern and
movement behavior on dispersal success. These

results, combined with arguments for the critical
importance of movement rules in individual-based
SEPMs (Railsback et al., 1999), argue the need
for a fundamental understanding of when and
how spatial structure interacts with dispersal be-
havior to affect dispersal success.

Although the relationship between landscape
structure and dispersal success may not be a
simple matter to resolve (Doak et al., 1992), our
simulation results indicate that both dispersal be-
havior and the explicit arrangement of habitat
(landscape structure) are predicted to affect dis-
persal success in landscapes with �30–40% habi-
tat. Given that the amount of suitable habitat
available to species of conservation concern may
generally fall within this range (e.g. Ruckelshaus
et al., 1997), details of how organisms interact
with spatial pattern may be essential to the selec-
tion or development of dispersal modules in
SEPMs implemented on landscapes with �40%
habitat (Fig. 9). In other words, representations
of dispersal based on mean-field approximations
will not suffice under these circumstances and
may provide biased estimates of dispersal success.
Furthermore, errors in estimating dispersal
parameters may be most severe in landscapes with
a limited amount of habitat (Wennergren et al.,
1995; Ruckelshaus et al., 1997). For example,
Wennergren et al. (1995) found that ‘modest’
errors in estimating attributes of dispersal behav-
ior propagated into huge errors in predicting dis-
persal success for a variety of habitat
configurations in landscapes with 2–25% habitat.
If the per-step mortality rate during dispersal is
overestimated by 16–24%, the prediction error
may be as high as 90% (Ruckelshaus et al., 1997).
Prediction errors resulting from errors in estimat-
ing dispersal distances tended to be less than those
associated with dispersal mortality, however, and
were generally �10% in landscapes with �16%
habitat (Ruckelshaus et al., 1997). Thus, it is
landscapes in which habitat has been drastically
reduced (e.g. to 10%) in which all these sources of
error have the greatest potential to be com-
pounded and where details on dispersal behavior
may be most critical for predicting dispersal
success.
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As has been pointed out recently by South
(1999a), however, such concerns over accurate
predictions of dispersal success may be misplaced.
These concerns emanate from two assumptions:
(1) errors in predicting dispersal success propagate
into similar errors in estimates of population vi-
ability within SEPMs, and (2) dispersal success is
important for predicting population viability in
the first place. Although dispersal figures promi-
nently in SEPMs, dispersal may not be the key to
population persistence, contrary to conventional
wisdom (e.g. Opdam, 1990). Studies are emerging
that demonstrate demographic factors may, in
some circumstances, be more important than dis-
persal for population persistence in fragmented
landscapes (Pulliam et al., 1992; Liu et al., 1995;
With and King, 1999a; South, 1999a). South

(1999a) found, for example, that if the intrinsic
population growth rate (�) was sufficiently high
(e.g. ��1.12), populations persisted in the major-
ity of cases irrespective of dispersal success. If
dispersal is generally less important than demo-
graphic factors for population persistence, then
SEPMs may not require detailed dispersal mod-
ules. Fairly simple movement rules, such as those
featured in our study, or even patch incidence
functions (With and King, 2001) may suffice to
capture the essential properties of how organisms
redistribute in space. The choice of movement
rule should not be made, however, without con-
sideration of the influence of spatial pattern on
dispersal success. As we have shown here, model-
ing dispersal as a random process (the mean field
approximation) is not likely to be sufficient when
habitat is rare and fragmented (i.e. for species and
landscapes of conservation concern). Localized
dispersal algorithms, such as NND and PD with
their coarse distinctions in movement behavior,
may adequately capture the interaction between
spatial structure and dispersal success such that
more detailed movement rules, with their con-
comitant data requirements, may not be needed in
many applications.
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