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Summary
1. Restoring biologically appropriate habitat networks is fundamental to the persistence
and connectivity of at-risk species surviving in highly fragmented environments.
For many at-risk species, this landscape planning problem requires combining detailed
biological information about the species with the landscape, economic and social
realities of the restoration effort.
2. Here, we assess the ability of potential restored landscapes to create persistent and
connected populations of the federally endangered Fender’s blue butterfly (Icaricia icarioides
fenderi) in Oregon’s Willamette Valley. Like many other at-risk species, a very small
amount (0·5%) of historic habitat remains and much of this habitat is highly degraded.
3. To do this, we combine extensive demography and behaviour data from prior studies
of Fender’s blue with landscape maps of potential restoration sites by building and
running a spatially explicit landscape model. We chose a simulation approach because
previous attempts using more traditional population modelling did not provide
sufficiently informative answers for this restoration problem.
4. From our simulations, we: (a) provide a solution to the general landscape restoration
problem of determining whether patches that are available according to social,
economic and ecological realities are sufficient to restore persistence and connectivity;
(b) supported our predictions from our previous models about persistence of our large
patches and expanded our inference to include connectivity and persistence of small
patches; and (c) found several emergent properties of our system, including identifying
stepping-stone patches, observing asymmetric connectivity and uncovering reciprocal
effects of connectivity and population dynamics.
5. Synthesis and applications. Assuming no large disturbances, and relying on our
14 years of data collection and models, restoring all currently degraded and potentially
available habitat patches to high quality native prairie would be sufficient for long-term
persistence of Fender’s blue butterfly in the West Eugene area, Oregon. This conclusion
resolves many of the shortcomings of our previous population and metapopulation
models that were not able to combine the necessary landscape complexity with species
behaviour to address this restoration problem.
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Restoration planning in highly fragmented landscapes
requires careful consideration of both the biology of
at-risk species and the status of the current and
potentially restorable habitat network (Collinge 2001).
This issue differs substantially from traditional reserve
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design approaches, which seek to identify minimum
sets of remaining habitat patches that maximize
biodiversity and minimize cost (e.g. Williams, Revella
& Moloney 2004; Moilanen 2005; also see review in
Kingsland 2002). In contrast, landscape planning for
restoration of at-risk species requires a focus upon
adding potential habitat that might achieve restoration goals, such as species persistence or connectivity,
within the constraints of a unique landscape. Thus,
on-the-ground restoration planning must be able to
address species-specific biology, the economic realities
of restoration costs and an explicit inclusion of the real,
non-idealized habitat network in the landscapes of
interest. As a result, evaluating options for restoration
is fundamentally a spatial problem in which individual-,
population- and landscape-level processes must be
included (Huxel & Hastings 1999; Smallwood 2001).
Throughout its short history, planning for landscape
restoration has been approached largely on a site-by-site
basis, based on ad hoc judgement or rules (see review
Holl, Crone & Schultz 2003), although planning has
been directed by diffusion (e.g. Flather & Bevers 2002)
and landscape models (e.g. Adriaensen et al. 2003;
Carroll et al. 2003) in a few cases. Modelling has the
benefit of being able to forecast the future impact of
actions taken today, thereby potentially limiting the
ecological and economic costs of restoration by trial
and error. Different modelling approaches, however,
will carry different assumptions and limitations and
will have a particular scope of inference. For example,
it is not straightforward for a population or a metapopulation model to address the landscape complexity
often present in highly fragmented landscapes. Similarly,
static geographical information systems (GIS)-based
landscape models can be useful (Adriaensen et al.
2003) if there are no feedbacks within the system (e.g.
social and population dynamics responding to the
system, see this study). Spatially explicit, individualbased landscape models (SE-IBMs), on the other hand,
provide a potentially important approach to examining
the movement and demographic parameters of species in landscapes of realistic complexity, allowing
for system properties to emerge from the model while
incorporating species, population and individual data
sources. These SE-IBMs have been used to address
a variety of conservation issues, especially in large
landscapes where multiple stakeholders must be
considered. For example, some researchers have
developed SE-IBMs that address general questions
about spatial structure and conservation strategies
(e.g. Fahrig 2001; Wiegand, Revilla & Moloney 2005).
Other models have been developed to examine the
spread of reintroduced populations in real landscapes
(Gardner & Gustafson 2004; Kramer-Schadt et al.
2004; Wiegand et al. 2004). These approaches differ
from spatially explicit metapopulation models (e.g.
Ovaskainen 2002; Grimm et al. 2004; Heinz, Wissel &
Frank 2006) because they explicitly include landscape
complexities such as the actual shapes of landscape

patches and animal behaviour that changes in different
landscape locations. In particular, these individualbased simulation approaches are easily amenable to
including species-specific biological information, such
as mechanisms of habitat-specific movement and
population dynamics (e.g. Grimm & Railsback 2005).
In general, restoration planning for at-risk species
attempts to answer the two-part restoration question:
is the remaining habitat enough for species persistence
and connectivity and, if not, how much restoration and
which patches would be needed to achieve persistence
and connectivity? To date, there are few examples that
we know where this restoration question has been
answered using several alternative approaches, thereby
demonstrating the uses and limitations of each (although
see Stephens et al. 2002). In our system, over the past
14 years we have studied extensively field populations
of the Fender’s blue butterfly and used these studies to
parameterize simpler diffusion (Schultz 1998; Schultz
& Crone 2001), population (Schultz & Crone 1998;
Crone & Schultz 2003; Schultz & Hammond 2003) and
metapopulation (Schultz & Crone 2005; Winfree et al.
2005) models. The results of these studies have not been
adequate to determine whether the extant patches or
whether proposed restored networks of habitat patches
are sufficient for subpopulation connectivity, nor have
they been able to rule out this possibility.
Here, we attempt to resolve this general species-atrisk restoration problem of determining which patches
should be chosen to restore population persistence and
connectivity, given the limitations of on-the-ground
patch availability and restoration potential. To do this,
we build and use a spatially explicit, individual-based
model of an endangered prairie butterfly, the Fender’s
blue (Icaricia icarioides fenderi). We then compare our
conclusions from previous studies with predictions
of this model. These previous studies did not yield
unequivocal predictions for connectivity between
butterfly subpopulations, a major inspiration for this
current study. Finally, we highlight general ecological
insights about the relationships between individual
behaviour, population dynamics and landscape
structure that emerge from our results that have not
been recognized (or at least, not widely appreciated) in
this or other systems.

restoration context and past
research
The West Eugene Wetlands Project (WEP; Anonymous
2004), an eight-agency partnership of public and
private agencies, provides a specific, systematic vision
for landscape restoration. The project has been lauded
for its exemplary mix of habitat protection and land use
planning (Duerkson & Snyder 2005). The area contains
a matrix of historic wetland and upland prairie (Fig. 1).
Fender’s blue is an upland prairie specialist and it is not
clear that the small and isolated upland habitat parcels
that exist within the area comprising the Wetlands
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Fig. 1. Fender’s blue butterfly habitat west of Eugene, Oregon. (a) Potential wetland and upland routes; (b) existing and potential Fender’s blue butterfly patches modelled in FendNet. Numbers correspond to
patches on x-axis in Figs 3 and 5. Butterfly occupancy over the past 10 years has included many extinctions and recolonizations; as a result, we have not identified ‘occupied’ patches on these maps. See Fig. 3 for
geometric mean population sizes corresponding to patches in these maps.
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Project are sufficient to connect existing Fender’s blue
populations. Land managers have suggested an upland
route outside the Wetlands Project as an alternative for
Fender’s blue connectivity because the upland route
contains substantially more historic upland prairie
(Fig. 1). However, land within this potential upland
route is private and thus expensive or impossible to
restore in the public planning efforts. In contrast, substantial social and economic benefits would result if
restoration within the West Eugene Wetlands could
also contribute to Fender’s blue recovery, because
much of the land is already being acquired for wetland
restoration, and the project has broad-based popular
support (USFWS 2006; P. Johnston, personal communication). Thus, we evaluate whether achieving
connectivity through the Wetlands is feasible by restoring
these more easily restorable patches.
Our past research has not given a clear answer as to
whether restoring patches within the WEP will connect
subpopulations. For example, Schultz (1998) used an
empirically parameterized diffusion model to compare
two broad conservation options: a long narrow movement
corridor vs. stepping stones, such as the potentially
restorable upland patches within the WEP. She
found that butterfly movement was not habitat-specific
enough for a long, narrow corridor to be feasible, but
that stepping stones might work, if they were within the
average movement distance (1 km) of other patches. To
refine this prediction, Schultz and Crone collected
finer-scale observations of butterfly dispersal behaviour
in response to habitat edges and calculated how long
butterflies would remain in patches of different sizes,
based on observed dispersal behaviour (Schultz &
Crone 2001). These data were combined with estimates
of survival and fecundity to calculate that high quality
patches of less than ~5 ha would not persist in isolation,
setting a minimum size for restoration projects outside
existing habitat networks (Crone & Schultz 2003).
These first studies set two rules of thumb: to support
Fender’s blues, a habitat patch must be > 5 ha or within
1 km of large populations. Existing upland prairie
remnants are generally both too small and too isolated
to meet these criteria, confirming the need for habitat
restoration to restore a habitat network. However, the
large majority of potentially restorable habitat patches
within the WEP also failed to meet one or both of these
criteria (Schultz & Crone 2005), so it was not clear that
restoration in this area would be sufficient. Thus, in this
present study, we evaluate explicitly the population and
connectivity consequences of restoration options in
the WEP, using a spatially explicit individual-based
simulation model of butterfly movement, reproduction
and mortality.
Here, to address the restoration problem of determining which patches would be needed to create
population persistence and connectivity, we develop
restoration scenarios to address the following questions
of increasing restoration effort. First, what is the
persistence and connectivity of the current patch network?

Second, what is the persistence and connectivity of the
current network if all existing habitat patches were
restored fully to high quality upland prairie? Third, if
all patches that have high potential for restoration were
restored, would this be sufficient to achieve persistence
and connectivity? Fourth, if not, can we fill any large
gap or gaps between the patches assessed above with a
targeted suboptimal patch, and would this be sufficient
to restore connectivity?

Methods
study species and system
Fender’s blue is a federally endangered butterfly
that survives in upland prairie remnants in Willamette
Valley, Oregon that maintain its primary larval host
plant, Kincaid’s lupine (federally threatened, Lupinus
sulphureus spp. kincaidii). These prairies are highly
endangered with less than 0·5% of prairies remaining,
and many of these are highly degraded due to invasion
by non-native species and absence of historic disturbance regimes (Noss, LaRoe & Scott 1995). Currently,
3000–5000 butterflies survive in about a dozen isolated
prairie patches (Schultz, Hammon & Wilson 2003). The
area west of Eugene includes one of the largest remaining
populations of the Fender’s blue, The Nature Conservancy’s Willow Creek Natural Area and several smaller
butterfly populations. In addition, there are several
patches of Kincaid’s lupine that are potential Fender’s
blue habitat which are not occupied currently by the
butterfly. We have investigated site-level management
required to convert a degraded patch to a restored
patch (see Schultz & Crone 1998; Schultz & Dlugosch
1999; Schultz 2001), complementing our focus in this
paper, where to restore these patches.

modelling approach
To investigate the conservation effectiveness of potential
habitat networks, we constructed an individual-based
spatially explicit simulation using the Spatially Explicit
Landscape Event Simulator (SELES; Fall & Fall 2001).
SELES is a raster-based spatial modelling framework.
Our model has four components: habitat maps, butterfly
movement, reproduction (affected by patch quality)
and mortality. We refer to our model of the Fender’s
blue network as FendNet. The base time scale for the
simulation is the time required for one ‘movement’, as
defined in our field data (Schultz 1998; Schultz &
Crone 2001).
Habitat maps were assembled by identifying current
and potential habitat in the West Eugene area (Fig. 1).
Current habitat maps were created by combining
field-based GPS site surveys with aerial photographs
and are accurate to ~10–20 m resolution. To identify
potential sites for restoration, we worked with local
experts from The Nature Conservancy, City of Eugene
and Bureau of Land Management (E. Alverson and E.
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Wold, personal communication). Sites were included
as potential Fender’s blue habitat if sites were open
fields (i.e. no human structures and no forests), soil
maps indicated historic upland prairie and they were
within the area considered for conservation by the West
Eugene Wetlands Project. In addition, some sites of
questionable history (i.e. previous human structures
and highly degraded) were noted as possible restoration areas if simulations suggested that restoration of
higher quality sites was insufficient for conservation
goals. For each simulated scenario (see below), we
added patches to the current patch map or filled in very
spotty patches to reflect the restoration scenario. Each
scenario had a single, unchanging base map for the
entire simulation. We rasterized these base maps to a
1 m × 1 m pixel size (the scale of butterfly movement;
Schultz 1998) for use in FendNet.
Butterfly behaviour and population dynamics in this
model build on our previously published work in this
system. Below, we refer readers to published models
if we directly incorporated them into the landscape
simulation, and provide more details on approaches
not described elsewhere. We modelled individual butterfly movement using a biased, correlated random
walk parameterized with field-collected observations
of Fender’s blue dispersal behaviour (Schultz & Crone
2001). We modelled butterfly population dynamics using
annual adult-to-adult transitions. Following Crone &
Schultz (2003), we assumed the number of eggs laid in
each patch was proportional to the total number of moves
made in that patch, with ~ 0·7 successful offspring
produced per day in high-quality habitat, over a 15-day
life span.
We incorporated environmental stochasticity into
our predictions by modifying this deterministic relationship to reflect estimates of annual fluctuations
in population growth rate, as measured by Schultz &
Hammond (2003). Specifically, we multiplied fecundity
by a log-normal random variable that differed among
years and among patches, reflecting independent growth
fluctuations between patches (Schultz & Hammond
2003). We solved numerically for the variance in fecundity that generated parameters equal to those measured
by Schultz & Hammond (2003) by extracting population
size in each year from FendNet, calculating the population
growth rate and variance in population growth rate,
and compared them to known population growth rates
and variability. We repeated this, fitting in an iterative
procedure by adjusting the variance parameter in the
random number generator until the population variance
from FendNet matched the observed variance from
1992 to 2001 across the range of Fender’s blue butterfly
populations.
We incorporated density dependence into predicted
population dynamics by fitting simple population
models to survey data from 1993 to 2003 in the West
Eugene area (Fitzpatrick 2004; P. Severns, unpublished
data). We fitted four models for population growth to
annual abundance estimates: two without carrying

capacity (exponential growth) and two with carrying
capacity (logistic growth). Within each of these pairs
(exponential vs. logistic), we tested a single model for
all patches and a separate model for each patch (see
Appendix S1 in Supplementary material for details).
Comparison of the fit of these four models demonstrated
that the simple logistic was clearly the best model
(second best: logistic × patch, ∆AICc = 14·5), indicating
that all the patches had a similar butterfly density and
that there was a carrying capacity that could be estimated
from the data (i.e. exponential growth models with no
carrying capacity were not as good). The maximum
likelihood estimate for the carrying capacity based on this
best model was 613 butterflies per hectare (95% confidence interval: 313, 1310). We used this point estimate
of carrying capacity as the maximum density that
could be in a patch. When the patch was at carrying
capacity, the patch population was calculated as the
product of the carrying capacity (no./ha), the patch size
and the same log-normal random number used in the
calculation of the population size (see above). Thus,
the same stochasticity approach was used to calculate
population size irrespective of whether the patch was at
carrying capacity. However, this does mean that the
population size within a patch in year t + 1 will be
independent of butterfly movement in that patch in
year t, if it is calculated to be greater than the carrying
capacity.
Existing prairie remnants differ in habitat quality
(Schultz & Dlugosch 1999), and restoration may not
fully restore high quality habitat. To incorporate this
key variable, each patch was assigned qualitatively to
one of three prairie qualities (low, medium, high) based
on estimation of the abundance of Kincaid’s lupine,
nectar abundance and degree of degradation due to
exotic species. In FendNet we assumed that lower patch
quality reduced fecundity by 33% and 50% in medium
and low-quality patches, respectively. This decision
was subjective. However, it is validated empirically to
the extent that FendNet was sufficient to reproduce
historical patterns of Fenders blue population dynamics,
with this model of habitat quality (see Results). We also
echo Forrester (1961: 57), who commented that omitting
unknown variables (e.g. patch quality) in simulations is
equivalent to saying that there is a zero effect of differing
patch quality on butterfly population dynamics –
which is probably the only value that is certainly not
true.
At initiation of the simulations, starting population
sizes were chosen to reflect the population sizes in each
patch estimated from spring 2003 abundance surveys.
However, because population sizes fluctuate dramatically,
selecting 2003 arbitrarily as the starting conditions
may overemphasize the importance of the population
sizes in that year. Also, the habitat quality is set to the
simulated restored habitat quality at the start of each
simulation (i.e. no time lag). To minimize the impacts
of the starting conditions and to address the mediumterm consequences of our management actions, we
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allowed all scenarios to run for 25 years, by which time
we assumed that patches had reached their full restoration
potential, and we interpret only the last 10 years of the
simulations.
To validate FendNet, we compare monitoring data
from Fender’s blue populations to results from the
status quo scenario (with no added patches; see below)
from the first 10 years of the simulations. For this
assessment, we use data from 10 sites in West Eugene
that were surveyed between 1993 and 2003. Because
not all sites were monitored in all years, this data set
includes 86 population estimates at 10 sites over the 11year time interval. In addition, we note that at some
sites a survey site corresponds to two nearby habitat
patches identified in our mapping (e.g. sites 44 and 45
are one census site; see Fig. 1b). Thus these 10 sites
correspond to the 19 patches in the status quo alternative
that had Fender’s blue butterflies in 2003. To compare
FendNet to the observed census data, we report the
number of censuses from 1993 to 2003 that fall within
the 95% confidence intervals from the first 10 years of
the simulations in the status quo scenario, as well as
whether the geometric mean population size for any
site over this interval fell within the 95% confidence
interval produced by FendNet.

restoration scenarios
We used FendNet to simulate dynamics of Fender’s
blue populations under eight scenarios, ranging from
no restoration to extensive habitat restoration
(summarized in Table 1). In scenario 1, the landscape
consists of existing upland prairie at current quality.
In scenario 2, we assume all existing upland prairie
patches are restored to high quality prairie (see Schultz
2001 for discussion of methods to restore degraded
prairie). The next two scenarios add restoration of

highly degraded uplands within these existing protected
lands, increasing patch size of these sites, but not
changing the number of habitat patches. In scenario 3,
these are restored to the current quality of adjacent
lands and in scenario 4 these and all existing lands are
restored to high quality prairie. Scenarios 5 and 6 add
restoration of potential upland sites within the West
Eugene wetlands, as identified by Schultz & Crone
(2005), to scenarios 3 and 4, respectively. Finally,
scenarios 7 and 8 add a highly degraded patch with soil
that may not be suitable for restoration (patch 32 in
Fig. 1b, a former racetrack) to scenarios 5 and 6,
respectively. These final two scenarios were added
because this zone represents the largest area of scenarios
5 and 6 in which there is no habitat patch.
We assessed these restoration alternatives in terms of
population dynamics and connectivity over the last 10
years of the 25 years’ simulations. We reason that,
given simulated full restoration at the beginning of the
simulation, 15 years should be sufficient time for
colonization dynamics if natural colonization drives
dynamics and, given high extinction risks (Schultz &
Hammond 2003), a conservation strategy should have
a high likelihood of achieving success over this timeframe. If a restoration alternative is not likely to succeed
within 2 decades, other restoration options should be
pursued. To evaluate population dynamics, we report
expected median population size with 95% confidence
intervals for each patch and for the entire network
over the last 10 years of the simulation. To evaluate
connectivity, we divide the network into four subnetworks (see Fig. 2), even though FendNet treats each
butterfly and each patch independently. We report
connectivity as the number of butterflies moving between
these subnetworks. We chose these subnetworks as
a way to summarize and interpret the 48 × 48 matrix
depicting movement among all sites. We know from

Table 1. Description of restoration alternatives. ‘All high quality’ habitat indicates that the model assumed that all patches of
existing upland prairie can be restored to high quality Fender’s blue habitat. ‘Mixed quality’ indicates that there are some patches
of existing prairie for which local experts suggest that even with substantial restoration effort, restoring high quality Fender’s blue
habitat may not be feasible. In these scenarios, we assumed that these patches were restored to moderate or low rather than high
quality prairie

Scenario

Landscape description

Patch quality

No. of
patches

1

Status quo with an estimate of actual habitat quality. No additional
management or restoration
Status quo with assumed high quality in all current patches following
restoration
Restore all existing upland prairie to Fender’s blue butterfly habitat
Restore all existing upland prairie to Fender’s blue butterfly habitat
Restore all existing upland prairie and all high potential sites in West
Eugene Wetlands area
Restore all existing upland prairie and all high potential sites in West
Eugene Wetlands area
Restore all existing upland prairie and all high and the only moderate
potential site in West Eugene Wetlands area
Restore all existing upland prairie and all high and the only moderate
potential site in West Eugene Wetlands area

Mixed quality

19

8·6

All high quality

19

8·6

Mixed quality
All high quality
Mixed quality

19
19
47

21·0
21·0
136·5

All high quality

47

136·5

Mixed quality

48

138·1

All high quality

48

138·1

2
3
4
5
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6
7
8

Total
area (ha)
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Fig. 2. Map comparing connectivity during the first and last 10 years of status quo
simulations (scenarios 1 and 2). Numbers next to arrows indicate median number of
butterflies moving between subnetworks each year. Numbers in parenthesis indicate
95% confidence intervals. Arrow shaft thickness increases with increasing numbers of
butterflies moving along route described by the arrow. Sites enclosed by solid line
polygons represent site groupings, with names written in top right panel of figure.

previous empirical observations and analyses that
there is movement within these subnetworks (C. Schultz,
personal observation). These areas correspond to
geographically contiguous areas that support current
concentrations of butterflies and to management
boundaries that are relevant to future conservation
planning. These areas, from North-west to South-east,
are: (1) Fern Ridge –Fender’s blue habitat on land primarily owned by the US Army Corps of Engineers;
(2) Fir Butte –Fender’s blue habitat on land primarily
owned by the US Bureau of Land Management; (3)
Central Core of the West Eugene Wetlands – land that
is part of the central part of the West Eugene Wetlands
Project which has substantial potential to be restored as
Fender’s blue butterfly habitat; and (4) Willow Creek –
Fender’s blue habitat on land owned by The Nature
Conservancy (see Fig. 1).

Results
validation
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Model output suggests that FendNet reasonably
captures Fender’s blue population dynamics (Fig. 3),
particularly when we included mixed quality habitat.
For the status quo scenario assuming mixed habitat
quality (scenario 1), geometric mean population size
from annual surveys for each of the 10 sites fell within
the 95% confidence interval from the simulation. In
only one case for the status quo scenario assuming all
high quality habitat (scenario 2) did the geometric
mean population size over the interval fall outside the
95% confidence interval. Not surprisingly, this was a

Fig. 3. Median with 95% confidence intervals for model
output for the status quo simulations (scenarios 1 and 2)
during the first 10 years of simulation. ‘X’ indicates geometric
mean population size from Fender’s blue butterfly surveys
from 1993 to 2003. Patches are identified by number in Fig. 1.

site which has moderate quality habitat and, in the
scenario assuming the habitat was high quality, the
95% confidence interval produced by the simulation
(91–2625 butterflies) was higher than the average of the
observed populations (65 butterflies). In addition, 87%
(75/86) of the observed censuses fell within the 95%
confidence intervals for the first 10 years of predictions
from scenario 1 and 84% (72/86) of the observed
censuses fell within the 95% confidence intervals for the
first 10 years of predictions from scenario 2. Seven of
the observed censuses falling outside the confidence
interval in scenario 2 were from the same site (i.e. the
actual census estimates were lower than the predicted
lower confidence limit).

p opulation dynamics
Simulations of alternative restoration networks
indicate that all scenarios except scenarios 1 and 2 (no
increase in existing habitat area) are likely to support
Fender’s blue butterfly populations. In scenarios 1 and
2, only 22% and 36% of the patches are occupied
consistently (> 95% probability) in the last 10 years of
the simulation. In contrast, for all other scenarios,
more than 95% of the patches have a > 95% probability
of occupancy in the last 10 years of the simulation.
In addition, in scenarios 1 and 2, the median population
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Fig. 4. Median population size of full network over last
10 years of simulation. Error bars are 95% confidence
intervals. Scenarios are summarized in Table 1.

sizes for the last 10 years is below 3000, with the lower
95% confidence limit suggesting the potential of only a
few hundred butterflies (Fig. 4). In contrast, if a substantial network is restored (scenarios 5–8), the habitat
supports 50 000–65 000 butterflies, with lower
confidence limits suggesting at least 10 000 butterflies.
If degraded lands within the existing network were
restored (scenarios 3 and 4), one to a few patches would
probably reach and maintain population sizes close
to carrying capacity (Fig. 5, scenarios 3 and 4). If all
potential upland habitat within the West Eugene
wetlands were acquired and restored, several of the
patches have the potential to reach and maintain
population sizes near carrying capacity (Fig. 5, scenarios
5–8). In these scenarios, more existing patches reach
carrying capacity because nearby patches are restored, so
immigration is more likely to balance emigration. Thus,
from a population dynamics perspective, restoration
of upland habitat in the West Eugene wetlands is
sufficient to support Fender’s blue populations.

connectivity
Given the status quo habitat network, movement of
butterflies between subnetworks is low today and is
likely to drop over time as population sizes decline
(Fig. 2; scenarios 1 and 2). If existing protected uplands
were restored to functioning habitat (scenarios 3 and
4), there would be connectivity between the Fern Ridge
and Fir Butte subnetworks, but not full connectivity
through the Central Core of the West Eugene Wetlands
(Fig. 6). If most potential habitats were restored
(scenarios 5 and 6), there would be enhanced connectivity between the subnetworks (Fig. 6). However, there
would be asymmetric movement between two subnetworks; butterflies would travel from Willow Creek to
the Central Core of the West Eugene Wetlands, but not
in the reverse direction. Restoring connectivity depends
on restoring the low-potential habitat patch added in
scenarios 7 and 8 (Fig. 6). Only scenarios with this
patch predict full connectivity between subnetworks
(Fig. 6).

Discussion
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Based on our previous approaches (Schultz & Crone
2001; Crone & Schultz 2003), we expected persistence
of our larger subpopulations in the simulations.
This study confirmed this prediction. Our previous
studies, however, were equivocal with respect to connectivity between these persistent patches. Here, we
found that connectivity would be achievable within the
constraints of availability of patches for restoration,
complex movement behaviours, realistic habitat quality
estimates, social momentum and economic costs. This
key result did not emerge from our previous approaches,
perhaps because the landscape and biological complexity
of our system warranted this added model complexity.
Thus, in this and other restoration planning situations,
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Fig. 6. Map of connectivity during the last 10 years of each simulated scenario. (a) Odd-numbered scenarios (assuming that some existing upland prairie can only be restored to moderate quality); (b) Evennumbered scenarios (assuming all existing upland prairie can be restored as high quality). Other symbols follow fig. 2.

734
E. J. B. McIntire,
C. B. Schultz &
E. E. Crone

© 2007 The Authors.
Journal compilation
© 2007 British
Ecological Society,
Journal of Applied
Ecology, 44,
725–736

the complexity of the system and the social needs will
define the complexity of model needed to assist in
planning.
Our results build on and increase dramatically our
ability to infer about the functioning of a fragmented
system. Previously, our simpler diffusion and landscape
models demonstrated that successful restoration of a
connected and persistent system in the West Eugene
Wetlands would depend upon successful movement
among habitat patches (Schultz 1998; Crone & Schultz
2003). Similarly, our past research showed that restoring
small, connected habitat patches was more important
than restoring large, isolated habitat patches (Schultz
& Crone 2005). These results are generally true and
were corroborated here, but did not inform us sufficiently
about the functioning of this system. In other words,
we could not tell how much dispersal limitation,
population dynamics, habitat limitation or connectivity
would drive the dynamics of our system and to what
extent these effects would interact. Here, for example,
several small patches in the core wetland area were
found to be essential because of their role as stepping
stones. These patches did not, nor could not, maintain
populations in isolation, nor were they close enough to
large patches to receive immigrants directly from them.
We were able to tell in which patches population dynamics
drives connectivity, in which patches connectivity and
dispersal drive population dynamics and where lack of
habitat prevents system-wide connectivity.
In addition to this increased understanding of our
system, we also were able to answer the landscape
restoration question – which patches are necessary for
creating persistent and connected populations within
the constraints of an ongoing restoration programme?
To answer this question, however, we found that we
needed the relatively complex modelling approach
used here, a result also found elsewhere. Stephens et al.
(2002) compared four models ranging from simple
matrix approaches to detailed spatially explicit models
with and without behaviour. They found that only the
more complex model with behaviour adequately predicted
observed populations of the alpine marmot (Marmota
marmota) from a 13-year study. In addition, they note
that including behaviour in the model was a critical
step for predicting transient rather than equilibrium
dynamics. This observation is particularly relevant
for studies investigating the potential of restoration
strategies because many at-risk populations are not near
equilibrium (cf. Fox & Gurevitch 2000). Lindenmayer
et al. (2002), in their review of landscape-scale population models, found that there was a reasonable fit
between model predictions and field data only when
sufficient complexity was added to the model. This
complexity included matrix effects on dispersal and the
influence of habitat quality on population dynamics.
Several population- and landscape-scale insights
emerged from our study, in spite of the fact that
mechanisms driving the model were at the individual
scale. One key result was that population dynamics

were influenced substantially by connectivity and vice
versa. The importance of connectivity for population
dynamics has been well documented in population
ecology and was confirmed here. At several of the
smaller patches in our data set, population sizes are
well below carrying capacity. However, these patches
maintain populations at or close to carrying capacity
when nearby areas are restored in the model (Fig. 5).
Much less attention has been paid to the importance of
population dynamics for connectivity. Our results
demonstrate that connectivity depends on population
size within each patch, not merely patch location, patch
size and movement behaviour. Although only a small
fraction of individuals move across gaps between
disparate patches, large populations make this unlikely
individual event likely at the population level. Thus, the
large population in the south-east corner of our system
provides a source of dispersers into the large area with
only small patches. This source of dispersers effectively
connects the butterflies in this section to all other areas
within the fully restored landscapes.
Asymmetric dispersal between patches is commonly
discussed in the conservation literature in the context
of source–sink dynamics and dispersal between patches
driven by patch selection based on habitat quality (e.g.
Boughton 1999; Kauffman, Pollock & Walton 2004),
but is discussed less commonly between patches
maintaining different population sizes. A corollary of
the result that population size affects connectivity is
that we found asymmetric dispersal in the south-east
corner of our system driven by differences in population
size and patch size not active habitat selection based on
patch quality. Similar patterns have been observed in
genetic assessments of population structure. For example,
Fraser, Lippe & Bernatchez (2004) observed asymmetric
movement of brook charr (Salvelinus fontinalis) from
a population with a large effective population size
(Ne) towards two smaller populations. At larger scales,
directional asymmetry in dispersal is a common
consideration in biogeography and the colonization of
distant islands (e.g. Cook & Crisp 2005). Our findings
emphasize the importance of considering asymmetric
dispersal between patches in developing landscapescale conservation plans.
The utility of models for conservation planning
depends on knowledge of life history and ecology,
as well as model complexity. A common conclusion
from many studies investigating potential conservation
strategies is the need to begin with a solid understanding
of species-specific biology. We found that population
dynamics and connectivity interacted in speciesspecific ways indicating that both must be assessed where
there are restoration strategies for at-risk species.
Elsewhere, Baguette, Petit & Queva (2000) found that
species-specific differences in dispersal of three butterfly
species within the same network in Belgium had implications for population viability and recommended that
design of regional conservation strategies focus on the
most fragile species. Similarly, Wang et al. (2004)
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contrasted the movement behaviour of two checkerspot
species in network of meadows in China. In years of
high overall butterfly numbers the more mobile species,
Euphydryas aurinia, had higher numbers of patch
colonization events while populations of the less mobile
species, Melitaea phoebe, tended to increase in local
abundance, but not regional abundance. These results
are consistent with findings from a broad range of taxa.
For example, in their studies of fragmentation effects
on three closely related species pairs of birds and
mammals in Australia, Lindenmayer et al. (2003) found
that model predictions for one species were not informative for the other member of the species pair.
Constructing simulation models for use with real
landscape maps raises potential future complexities
that may need to be dealt with for restoration planning.
Our work to date has been based on Fender’s blue
behaviour in primary prairie habitat, in abandoned
fields with few host plant or nectar resources, and at the
boundaries between these habitats. These habitat types
represent a substantial amount of the habitat in the
West Eugene area. However, we have not estimated
butterfly response to other matrix habitat types and
barriers such as woodlands, light industrial development
and roads. The influence of the matrix has attracted
substantial attention in recent literature (e.g. Ricketts
2001; Adriaensen et al. 2003; Baum et al. 2004; Antongiovanni & Metzger 2005; Berry et al. 2005). We are
currently undertaking field studies to estimate the
effect of the woodlands and topography on butterfly
movement because understanding the effect of the
matrix is a priority.
In conclusion, we were able to resolve the general
landscape restoration problem of determining which
patches are required for species persistence and
connectivity, given social, economic and ecological
constraints, under the aforementioned assumptions.
Furthermore, we assessed and corroborated our
predictions from previous simpler approaches in this
system, and found restoration solutions where our
previous attempts had not. In particular, connectivity
in all directions should be obtainable, creating links
between subpopulations and probably providing longerterm stability of Fender’s blue butterfly. To obtain these
results and have predictions for landscape management,
our study required combining individual behaviour
within frameworks of population and landscape
ecology. We also illustrated the general importance
of the reciprocal effects of movement on population
dynamics, and of population dynamics on connectivity.
Although the former has been recognized widely, the
latter needs more attention, particularly in landscape
studies for which very little population ecology is known.
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