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Abstract

 

The loss and fragmentation of habitat is a major threat
to the continued survival of many species. We argue
that, by including spatial processes in restoration
management plans, the effects of habitat loss and
fragmentation can be offset. Yet few management
plans take into account spatial effects of habitat con-
servation/restoration despite the importance of spatial
dynamics in species conservation and recovery plans.
Tilman et al. (1997) found a “restoration lag” in simu-
lations of species restoration when randomly select-
ing habitat for restoration. Other studies have sug-
gested that the placement of restored habitat can
overcome effects of habitat loss and fragmentation.
Here we report the findings of simulations that exam-
ine different regional management strategies, focus-
ing on habitat selection. We find that nonrandom res-
toration practices such as restoring only habitat that is
adjacent to those occupied by the target species can
dramatically reduce or negate any restoration lag. In
fact, we find that the increase in patch occupancy of
the landscape can be greater than two-fold in the ad-
jacent versus the random scenarios after only two res-
toration events, and this increase can be as great as
six-fold during the early restoration phase. Many res-
toration efforts have limitations on both funds and
available sites for restoration, necessitating high po-
tential success on any restoration efforts. The incorpo-
ration of spatial analyses in restoration management
may drastically improve a species’ chance of recovery.
Therefore, general principles that incorporate spatial
processes and sensible management are needed to
guide specific restoration efforts.

 

Introduction

 

M

 

any species face extinction given the current rate
of habitat loss, fragmentation, and degradation

(Hastings 1980; Ehrlich & Ehrlich 1981; Wilcox & Mur-
phy 1985; Wilcove et al. 1986; Hassell et al. 1993; Fahrig
1997; Tilman et al. 1994). Although the implications of
spatial pattern and arrangement have been studied in
terms of species persistence (Dytham 1995

 

a

 

), they have
not been adequately addressed for species recovery
plans. Here, using simple spatial models, we argue that
by including spatial processes in restoration manage-
ment plans, the effects of habitat loss and fragmentation
can be offset (Lewis et al. 1996). The decision as to
which habitat should be restored may be as important
as to how much is to be restored. Yet few management
plans take into account spatial effects of habitat conser-
vation/restoration, despite the importance of spatial
dynamics in species conservation and recovery plans.
Tilman et al. (1997) investigated species restoration in
cellular automata, in which habitat in a landscape was
randomly selected for restoration. They found a sub-
stantial delay in recovery of the species.

Species recovery studies/plans have more frequently
been incorporating realistic spatial dynamics, whereas
those that do not do so have come under increasing fire
(Pulliam et al. 1992; Stacey & Taper 1992; Harrison 1993;
Harrison et al. 1993; Doak et al. 1994; Dunning et al.
1995; Noon & McKelvey 1996). Additionally, there have
been numerous calls for the inclusion of realistic spatial
dynamics in the discussion of general conservation is-
sues (Hanski & Gilpin 1991; May 1993; Gilpin & Hanski
1997; Levin et al. 1997; Tilman & Kareiva 1997; Groom
& Pascual 1998).

In response to this need, Tilman et al. (1997) used a
spatially explicit model to examine habitat destruction
and restoration. Their model exhibited a restoration lag
that implies a significant number of patches must be re-
stored before a positive effect on population levels is
seen. This finding is based upon several key factors, the
most important being that the patches in a landscape
that are to be restored are randomly selected, and that
the target species is not reintroduced into the patch.
However, by including spatial processes in restoration
management plans, the effects of habitat loss and frag-
mentation may be offset (Kareiva & Wennergren 1995;
Lewis et al. 1996). This is critical because many species
face extinction owing to demographic and/or environ-
mental stochasticity given the current rate of habitat
loss, fragmentation, and degradation (Hastings 1980;
Ehrlich & Ehrlich 1981; Groombridge 1992; Hassell et al.
1993; Tilman et al. 1994; Fahrig 1997; Huxel & Hastings
1998). The decision as to which habitat should be re-
stored may be as important as how much habitat is to
be restored. Fahrig (1997) argues that the effect of frag-
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mentation is only seen once a given minimum has been
reached. Using cellular automata, we test whether in-
corporating spatial processes in regional management
plans can improve the efficacy of restoration efforts.

 

Methods

 

The underlying deterministic model on which we base
our stochastic, spatially explicit cellular automata is the
Levins metapopulation model (Levins 1969). Patches
may support either populations as in the original model
(Levins 1969), or individuals (Tilman et al. 1994). Patches
that are not “destroyed” are assumed identical, as de-
scribed by the simple model in the following equation:

(1)

where 

 

p

 

 is the fraction of occupied patches or habitat, 

 

h

 

is the fraction of uninhabitable (destroyed) patches or
habitat, 

 

m

 

 is the migration or colonization rate, and 

 

e

 

 is
the extinction rate. We assume 

 

m

 

 (0.20 in all simula-
tions) and 

 

e

 

 (0.025 in all simulations) are constant and
colonization can occur only in empty but habitable
sites, as in Tilman et al. (1994). The values were chosen
for demonstration purposes to ensure that the species
persisted at the minimum number of patches (i.e., when
the number of destroyed patches was at its maximum).
These are simplifications in that both colonization and
extinction may be dependent on local density (either
within a patch or within a set of adjacent patches) and
on patch quality. Therefore, within-patch dynamics and
the rescue effect are ignored in this model. In the non-
spatially explicit Levins model, there is no temporal lag
between when habitat is lost and when extinction oc-
curs due to dispersal being global as opposed to local.
In the spatially explicit cellular automata, colonization
is local and limited to the four cardinal direction
patches adjacent to an occupied patch (von Neumann
rule; Durrett & Levin 1994).

In spatially explicit model studies of habitat fragmen-
tation, two important results have been demonstrated
and hypotheses concerning these results have been
made for natural systems. The two results are: (1) less
mobile species may become extinct first (Tilman et al.
1994; Huxel & Hastings 1998); and (2) there is an extinc-
tion lag or hysteresis that occurs when the amount of
habitable area of a landscape drops below the equilib-
rium threshold level of suitable habitat for a species to
persist (Tilman et al. 1994). The first result depends
upon the manner and pattern in which habitat is lost
(Adler & Nuernberger 1994; Dytham 1995

 

a

 

, 1995

 

b

 

;
Moilanen & Hanski 1995; Loehle & Li 1996) and upon
the dispersal being modeled as random and local (Til-
man et al. 1994, 1997; Dytham 1994, 1995

 

a

 

, 1995

 

b

 

; Huxel
& Hastings 1998).

dp
dt
------ mp 1 p2 h2( ) ep,25

 

For the second result, the length of the extinction lag
depends upon the ratio of colonization to extinction
and the random instead of directed dispersal of individ-
uals (Loehle & Li 1996). Colonization rules that allow
for increased dispersal distances may totally negate the
lag by allowing individuals to cross lethal areas (see be-
low). This model is, therefore, more appropriate for
species that have dispersal distances/rates that are
small compared to the distance between patches.

Thus, the major results of spatially explicit models
of habitat destruction, fragmentation and restoration,
greatly rely on model structure and assumptions. Here
we are only interested in the restoration aspect of these
models. Thus, we follow the Tilman et al. model (1994,
1997) in that we use a cellular automaton in which
patches are linked by dispersal. Tilman et al. (1997) ran-
domly selected patches to be destroyed until a set pro-
portion of the habitat was left and then patches were re-
stored. We followed the same pattern of destroying
habitat at the rate of 1% per time step (one hundred
patches) until 25% of the habitat was still suitable, then
restoring 1% of the habitat per time step until all
patches were again suitable habitat (Fig. 1). Our spa-
tially explicit model simulated a landscape that was di-
vided into a square grid of 10,000 patches (100 

 

3

 

 100).
Dispersal was limited to the four-cardinal-direction-
adjacent patches and random so that individuals that
dispersed to uninhabitable sites or off the grid were lost
(i.e., absorbing boundary). Because of an expected ex-
tinction lag (Tilman et al. 1994), we allowed for the sys-
tem to approach an equilibrium over a hundred time
steps between habitat loss or restoration events. We
performed ten replicates of each scenario.

Because we are interested in the efficacy of various
management strategies, we restored patches by using
four strategies: (1) patches to be restored are randomly
selected (this is our null management strategy); (2) we
randomly select patches to be restored, but we reintro-
duce the species into the restored patch; (3) only
patches that are adjacent to occupied patches are re-
stored; and (4) patches are restored in the reverse order
in which they were destroyed (the last patches de-
stroyed are the first to be restored).

The four restoration strategies were chosen to repre-
sent the variety of choices that are available to restora-
tion managers and biologists given the various situa-
tions in which restoration projects occur. Managers of
individual projects usually do not have all of these
choices; however, we are more concerned with regional
strategies. The first strategy (Random) can evolve in sit-
uations where an overall management plan is lacking,
such that restoration efforts are done independently
and typically involve only one or a few patches. The
second strategy (Species Restored) requires necessary
resources for the species to persist within the restored
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habitat over early phases of restoration. The lack of
monitoring and maintenance over a sufficient time may
result in the target (or any other) species not being re-
stored within the patch. This may also occur in land-
scapes in which habitat is created, but species are not
seeded/reintroduced into the restored areas (as in our
first strategy). Restoring habitat adjacent to occupied
habitat results in clumped habitat distributions that can
increase local patch size and therefore density (Adja-
cent). However, historical records rarely exist as to the
extent of suitable habitat and we only know which sites
have been recently destroyed. Thus, restoration efforts
focus on these known sites (Reverse Order).

 

Results

 

In Figure 1a, we see that when habitat is randomly re-
stored (Random), there is a long restoration lag. This is
because when habitat loss is at a maximum, few patches
are occupied and the probability that a restored patch
will be adjacent to an occupied patch is relatively low.
Thus, a number of restoration events may have no ef-
fect on patch occupancy. However, when patches are
restored and we reintroduce the species into those
patches (Species Restored, Fig. 1b), the restoration lag
all but disappears. Most restoration attempts will in-
volve reintroduction of a target species, but this may
not always be successful for several reasons. One such
reason is that habitat structure must be fully developed
(assembled) for the restoration of some target species
and may require long-term commitments (Lewis et al.
1996; Zedler 1996

 

a

 

, 1996

 

b

 

). Examples are the require-
ment of red-cockaded woodpeckers for live yellow pine
trees with sufficient heartwood for cavities (Walters
1991). When restoration management plans call for re-
storing only those patches adjacent to occupied patches
(Adjacent, Fig. 1c), the recovery is rapid and the species
reaches a higher frequency of occupancy during the res-
toration phase than a corresponding level of habitable
patches during the destruction phase. This rapid recov-
ery and higher occupancy are because of the transfor-
mation of the habitat from randomly distributed habit-
able patches to highly clumped distribution. Notice that
during the restoration phase, by placing restored sites
adjacent to occupied patches versus randomly placing
the sites results in up to a six-fold increase in patch oc-
cupancy and a two-fold increase during a significant
portion of the early restoration phase in general (Fig. 2).
Restoring the patches in the reverse order (so that last
patches destroyed are the first to be restored) exhibits
similar results as the random restoration (Fig. 1d). The
restoration lag occurs in this lag strategy because of de-
creased connectivity and size of continuous habitat. Be-
tween when the habitat was destroyed and when it was

Figure 1. The four parts of this figure (a–d) represent results 
from simulations of different management/recovery scenar-
ios, in which the method used to select which sites are to be 
restored differed: (a) patches to be restored are randomly se-
lected (Random—this is our null strategy); (b) last, we ran-
domly select patches to be restored, but we “reintroduce” the 
species into the restored patch (Species Restored); (c) only 
patches that are adjacent to occupied patches are restored 
(Adjacent); and (d) patches are restored in the reverse order in 
which they were destroyed (Reverse Order—the last patches 
destroyed are the first to be restored). Ten simulations for 
each scenario were performed. In each part, the thick solid 
line is the amount of habitat that is suitable; the dashed line is 
the deterministic metapopulation model result; and each rep-
licate simulation is shown as solid lines.
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restored, at least 100 time steps have occurred and, in
that time, the target species may have become extinct in
surrounding patches as local patch area decreased and/
or larger habitat patches became isolated.

 

Discussion

 

Our results demonstrate that either restoring patches
adjacent to occupied patches or reintroducing the spe-
cies into restored patches increases the efficacy of the
recovery effort. The former of these two scenarios re-
duced the amount of fragmentation as compared to the
random scenario resulting in a six-fold increase in patch
occupancy during the early phase in restoration (Fig. 2)
However, as Fahrig (1997) suggested, this resulted in a
difference between the adjacent and random scenarios
only below a threshold of habitat loss (our threshold
(

 

Z

 

60–65%) is much greater than the 20% of the land-
scape that Fahrig suggested) (Figs. 1 & 2). The latter of
the two scenarios worked in one of two ways. A single
patch either was increased in size so that it became
larger than a threshold, or connected two smaller
patches, both below the threshold size but together
greater than the threshold. Therefore, in the restoration
with reintroduction case, dispersal ability, specifically
the inability to cross the matrix, played a key role as in
the random case. Even if patches were connected or suf-
ficiently enlarged, they remained isolated below a habi-
tat-loss threshold.

A few caveats concerning these results need to be dis-
cussed. First, the fairly simplistic cellular automaton

used was chosen for demonstration purposes. We view
this model as a caricature of real systems; however,
here we are mainly concerned with arguing for a more
integrated, regional approach to restoration. Factors
such as corridors and landscapes that have patches em-
bedded in matrices of lesser suitable habitat rather than
completely hostile habitat may be more realistic for
some, but not all, species. Aquatic species that persist in
isolated, spatially distributed habitat (e.g., fairy shrimp
in vernal pools) and plant species that have narrow
ranges of tolerance for environmental conditions or
specialized habitats (e.g., salt marsh plants) may not
have corridors that connect isolated patches (Mann &
Plummer 1995; Rosenberg et al. 1997).

Yet, many systems will have corridors and more vag-
ile species will be able to use these to disperse long dis-
tances, thereby negating any restoration lag dependent
upon a species’ vagility (Noss 1983; Fahrig & Merriam
1985; Wilcove et al. 1986; Saunders & Hobbs 1991;
Rosenberg et al. 1997). However, geometrical and eco-
logical features of corridors such as width, length, fun-
neling, bends, habitat type, and any barriers will influ-
ence the ability of species to safely negotiate these
corridors (Simberloff & Cox 1987; Soulé & Gilpin 1991).
Furthermore, many species do not use corridors; in-
stead they encounter patches by chance (Fahrig & Palo-
heimo 1987; Grevstad & Herzig 1997). Regardless of
whether species use corridors or not, many habitats are
population sinks or remain uncolonized for a number
of years after being restored (Zedler 1996

 

a

 

, 1996

 

b

 

; G. R.
Huxel & S. K. Collinge, unpublished manuscript).
Therefore, immigration will be a key to species’ success-
ful colonization and restoration, and the positioning of
restored habitat will influence the efficacy of any resto-
ration efforts (G. R. Huxel & S. K. Collinge, unpub-
lished manuscript).

One could further envision a scenario where the hab-
itable patches are embedded into a matrix, without cor-
ridors, in which a species can survive but cannot main-
tain itself (Holt 1997; Fahrig 1997). This, again, would
require that suitable patches are still not too distant and
that placement of restored patches could be arranged so
that restored habitat can better link suitable habitat.

Second, our results do not imply that the practice by
regulatory agencies to allow a less than 1 to 1 ratio of re-
stored/mitigated habitat to original habitat is sustain-
able (Zedler 1996

 

b

 

), even if the restored patches are se-
lected optimally and corridors are present. As many
researchers have noted, habitat loss can threaten many
species through stochastic demographic processes as
well as genetic impacts (Levins 1969; Hastings 1980; Til-
man et al. 1994; Loehle & Li 1996). Further, fewer larger
patches may not be appropriate in areas that have large
correlated environmental perturbations or for species
that experience frequent disease epidemics.

Figure 2. Here we plot the average (of 10 simulations) adja-
cent:random site occupancy ratio during the restoration phase 
of each scenario. Notice that after only two sites have been re-
stored, there is a greater than two-fold increase in patch occu-
pancy and that this gain in patch occupancy increases to a 
point where the benefit is approximately a six-fold increase in 
patch occupancy in favor of the adjacent scenario. This benefit 
remains until about 60–65% of the habitat is once again suit-
able.
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Finally, our results suggest that proper management
plans for restoration can have significant effects on the
efficacy of a species recovery. This is especially impor-
tant when funds are limited and relatively few sites can
be restored (Fig. 2). We expect similar results for man-
agement plans involving multiple species that have dis-
persal/competition tradeoffs. As extinction occurs first
for less vagile species, management rules could increase
the patch area of these species by placing restored
patches adjacent to those of higher emigration. For less-
competitive but more vagile species, restored patches
could be placed such that they maximize connections
between patches. Thus, while the relative influence of
habitat loss and habitat fragmentation is being debated
(Dytham 1995

 

b

 

; Moilanen & Hanski 1995; Kareiva &
Wennergren 1995; Wennergren et al. 1995; Fahrig 1997;
Huxel & Hastings 1998), we find that both are impor-
tant aspects of species management/recovery plans.
The placement of restored patches can increase the area
of continuous patches, thereby increasing the local pop-
ulation size and decreasing chances of extinction owing
to deterministic and stochastic demographic effects.

The model and results presented here represent a
general concept of spatial concerns in restoration and
mitigation. Individual project managers are generally
concerned with the specifics of restoration or mitigation
at individual sites and are usually interested only in the
success at a given site. This generally occurs because re-
gional management plans for many species are lacking.
Given that funds for restoration are limited, manage-
ment plans need to make informed decisions on which
habitat is to be restored to improve species recoveries
(Zedler 1996

 

a

 

). We believe that the successful restora-
tion/conservation of endangered species requires a re-
gional plan. This is especially important for species that
have patchy distributions of habitat and experience lo-
cal extinctions in these patches. These species require
habitats that are close enough for effective dispersal to
take place between habitats. The placement of restored
or mitigated habitat then can be crucial to the long-term
persistence of the species. How might this be accom-
plished? Many species recovery plans allow for mitiga-
tion banking. Landowners in some case may pay into a
mitigation pool that is used to fund purchases of suit-
able habitat. Agencies or individuals that create or en-
hance property for mitigation banking purposes could
select habitat in areas that link currently uninhabited
but suitable habitat to occupied habitats. G. R. Huxel
and S. K. Collinge (unpublished manuscript) have ex-
amined such ideas for the recovery of the 

 

Desmocerus
californicus dimorphus

 

 Cerambycidae, (Valley Elderberry
Longhorn Beetle), a threatened California Central Val-
ley endemic. The riparian habitat of the beetle has been
severely depleted (

 

.

 

 90% loss) and fragmented since
the 1840s (Smith 1980; Barbour et al. 1993; Kucera &

Barrett 1995) so that riparian habitat in differing drain-
ages has been isolated. Using a spatially explicit model,
Huxel and Collinge found that by haphazardly placing
mitigation patches within 5 km of naturally occurring
sites, occupancy of the naturally occurring sites in-
creased (G. R. Huxel & S. K. Collinge, unpublished
data). One would expect that selection of mitigation
banking sites in a stepping stone manner, between in-
habited, non-isolated sites and isolated, uninhabited
sites, would better allow for colonization and of persis-
tence of populations in isolated habitats.

 

Conclusion

 

We recognize that regional thinking requires better in-
formation on basic biological parameters of species
such as local population size, dispersal ability, and fe-
cundity. Regrettably, for many of the species that re-
quire mitigation this information is rarely known.
Given these limitations, we believe that modeling of
these types of systems may provide some valuable in-
formation on the spatial aspects of the restoration of en-
dangered species. Finally, we stress that the recovery
and conservation of rare species will require proactive
management on a landscape scale.
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