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Abstract Quantifying the effects of landscape change on population connectivity is
compounded by uncertainties about population size and distribution and a limited under-
standing of dispersal ability for most species. In addition, the effects of anthropogenic
landscape change and sensitivity to regional climatic conditions interact to strongly affect
habitat fragmentation and loss. To further develop conservation theory and to understand
the interplay between all of these factors, we simulated habitat fragmentation and loss
across the Western United States for several hypothetical species associated with four
biome types, and a range of habitat requirements and dispersal abilities. We found dis-
persal ability and population size of the focal species to be equally sensitive to habitat
extent, while dispersal ability is more sensitive to habitat fragmentation. There were also
strong critical threshold effects where habitat connectivity decreased disproportionately to
decreases in life-history traits making these species near these thresholds more sensitive to
changes in habitat loss and fragmentation. Overall, grassland and forest associated species
are also most at risk from habitat loss and fragmentation driven by human related land-use.
These two largest biome types were most sensitive at large contiguous patch sizes which is
often considered most important for metapopulation viability and biodiversity conserva-
tion. Hypothetical simulation studies such as this can be of great value to scientists in
further conceptualizing and developing conservation theory, and evaluating spatially-

Communicated by Jan C Habel.

B. K. Hand (D)

Fish and Wildlife Genomics Group, Flathead Lake Biological Station, University of Montana, Polson,
MT 59860, USA

e-mail: brian.hand @umontana.edu

S. A. Cushman

Rocky Mountain Research Station, U.S. Forest Service, 2500 S. Pine Knoll Dr., Flagstaff, AZ 86001,
USA

E. L. Landguth - J. Lucotch

Division of Biological Sciences, University of Montana, Missoula, MT 59812, USA

@ Springer



2762 Biodivers Conserv (2014) 23:2761-2779

explicit scenarios of habitat connectivity. Our results are available for download in a web-
based interactive mapping prototype useful for accessing the results of this study.

Keywords Connectivity modeling - Least-cost paths - Resistant kernels - UNICOR

Introduction

Habitat fragmentation and loss threaten biodiversity, decrease dispersal rates and increase
mortality of wildlife populations (Fahrig et al. 1995; Frankham et al. 2002; Crooks and
Sanjayan 2006; Allendorf et al. 2013). Despite increasing interest and motivation for
increasing population connectivity in response to increased threat of habitat fragmentation
and loss (Franklin 1993; Crooks and Sanjayan 2006), empirical dispersal data are lacking
for most species across large spatial scales (Bowne and Bowers 2004). Yet metapopulation
viability is best addressed on large spatial scales for multiple species because of the
ecological and evolutionary adjustments occurring at these scales (e.g., climate change;
Soulé et al. 2006). There is a need for broad-scale, flexible, biome associated approaches
for exploring the underlying theory of population connectivity without requiring species
specific empirical data (Roberge and Angelstam 2004; Cushman and Landguth 2012).
Here, we demonstrate the use of a biome-associated, resistance kernel model for assessing
multi-taxa habitat connectivity for the entire Western United States.

Much of the difficulty in predicting the effects of landscape change on population
connectivity is due to uncertainty about species population sizes and distributions, how
different landscape features affect movement, and limited understanding of species dis-
persal abilities (Cushman et al. 2013). Past studies in this realm do not distinguish between
the interaction of population size, dispersal ability and landscape resistance on the extent
versus the fragmentation of connected habitat (Compton et al. 2007; Cushman et al. 2010).
This distinction is important given that the interpretation and management response to a
given change will differ substantially depending on whether it is loss or fragmentation
driven (McGarigal and Cushman 2002; Fahrig 2003). Considering habitat fragmentation in
terms of the change in contiguous habitat may also be important because of greatly varying
life-history traits (e.g., limited gap crossing ability), and similarly, contiguous habitat has
direct effect on area sensitive species (Freemark and Merriam 1986; Robbins et al. 1989).
Contiguous habitat may also impact species diversity as smaller patch sizes can contain
fewer species than larger patches, with small patches containing only a subset of species
found in larger patches (Vallan 2000; Debinski and Holt 2000; Fahrig 2003). Finally, large,
interconnected patch networks are key “stepping stones” for long-distance movements and
for preserving broad-scale population connectivity (Soulé et al. 2006).

Quantitative approaches for understanding population connectivity in recent years have
focused on landscape as a weighted resistance surface that represents the relative imped-
iment different landscapes impose on specific species (Spear et al. 2010; Zeller et al. 2012).
Consequent connectivity analysis is then often focused on calculating a path or corridor
(e.g. least cost) based on the weighted resistance surface. However, the least cost or path
related approaches are often limited as it is unclear how effective least-cost paths or
corridors are in protecting functional connectivity across full, complex landscapes (Sawyer
et al. 2011). An alternative approach is to consider all possible routes by creating a
dispersal resistance kernel (Compton et al. 2007; Cushman et al. 2010). Resistant kernel
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connectivity modeling is a more robust approach because it is spatially synoptic and
predicts expected probabilities of dispersal (or rates of migration) for every pixel in the
study area extent. The other major advantage of resistance kernel modeling is it can be
used to study multi-taxa connectivity for vast geographical regions (Cushman and Land-
guth 2012).

Here we illustrate the use of resistant kernel connectivity modeling to help better
understand general species sensitivity to habitat loss and fragmentation given varied life-
history traits (dispersal ability and population size). Our major goal was to map the extent
and fragmentation of connected populations of several terrestrial species occupying four
major biome types in the Western United States. Additionally, we explored three major
scenarios of the human impact on habitat fragmentation and loss in: (1) a “pristine” or no
human impact, (2) a low human influence scenario, and, (3) a high human influence
scenario. In total, we tested 48 different simulations of habitat connectivity across the
largest extent yet attempted in a resistant kernel modeling study. We offer results of our
simulations by answering three major research questions:

(1) Does lower dispersal ability more than smaller population size increase species
sensitivity to habitat loss and fragmentation?
(2) What biome type(s) is/are most impacted by the human footprint (roads and land-

use)?

(3) Does the human footprint scenarios have a larger impact on habitat fragmentation or
loss?

Methods

Study system

The study system covered the conterminous Western United States from 100° longitude
westward (Fig. 1). This region includes most of the federally protected land and forested
areas in the conterminous United States. Also, many important wildlife preserving National
parks are found in this region including the Yellowstone, Glacier, Yosemite, Redwood, and
Mount Rainer National parks.

Vegetation class data

The original vegetation data were from the Mapped Atmosphere-Plant-Soil System
(MAPSS; http://www.fs.fed.us/pnw/mdr/mapss/) vegetation model (Neilson 1993, 1995;
Neilson and Marks 1994). MAPSS is a vegetation distribution model developed to
simulate potential biosphere impacts and biosphere—atmosphere feedbacks from climate
change. Output from MAPSS has been used extensively in the Intergovernmental Panel
on Climate Change’s (IPCC) regional and global assessments of climate change. From
the MAPSS model, vegetation was reclassified from the original 10 km resolution cli-
mate data model including 62 vegetation classes (Table 1) into four broadly inclusive
biomes; Grassland/Shrubland (GS), Mixed Conifer (MC), Desert (DE) and Sub-alpine
(SA). The reclassified data were then interpolated to 1 km resolution using bilinear
interpolation.
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Fig. 1 A map of the Western United States highlighting the mixed conifer (MC) biome. a Base resistance
map for the Western United States for MC; all resistances in green are equal to 1. b Resistant kernel map for
the entire study area using the null model showing the variation in predicted population density in blue—red.
¢ An extent of the West Coast centered over Washington State, using the null or “pristine” resistance kernel
model. d The same extent as ¢ but showing the difference in population density of the high human footprint
model. (Color figure online)
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Road and land cover data

Road and land coverages for the Western United States were taken from the Census 2000
TIGER line files (http://www.census.gov/geo/www/tiger/tiger2k/tgr2000.html) and the
2001 National Land Cover Database at http://www.mrlc.gov/nlcd.php (UA Census 2000;
Homer et al. 2007). The purpose of the road and land cover layers was not to assess habitat
suitability, (which was already addressed by the biome layer), but as a measure of the
human footprint on resistance to dispersal. Different land-use types (e.g., agriculture and
urban centers) carry respectively higher resistances (Table 1). Water was also considered
to be higher resistance, since the focus was on terrestrial species.

Road cover was taken from a vector map of all major and minor roadways from the
2000 Census. The data were converted to a 30 m resolution raster map. Road features were
reclassified (Table 1) and smoothed to 1 km resolution using a 50 x 50 moving window in
the focal statistics toolkit in ArcGIS (Esri 2011). Land cover was bilinearly interpolated
from 30 m to 1 km resolution before being combined with the roads and biomes layers to
have all layers at the same grid resolution. All dataset creation and interpolation was done
in the ArcGIS 10 (ESRI 2011) and/or using the library ‘raster’ (Hijmans and van Etten
2013) in the statistical software package R (R Core Team 2013).

Resistant kernel connectivity modeling

For each scenario of biome association and human footprint impact, predictions for habitat
connectivity were based on a least-cost resistant kernel approach implemented in UNICOR
v2.0 (Compton et al. 2007; Cushman et al. 2010; Landguth et al. 2012). Unlike most
corridor prediction efforts, the resistant kernel approach is spatially synoptic and provides
prediction and mapping of expected dispersal rates for every pixel in the study area extent,
rather than only for a few selected “linkage zones” (Compton et al. 2007). Also, in
resistant kernel modeling scale dependency of dispersal ability can be directly included to
assess how species of different vagilities may be affected by landscape fragmentation.
Resistant kernel modeling is also computationally efficient, enabling simulation and
mapping across the entire Western United States for multiple species (Cushman et al.
2010).

All resistance scenarios below provide values for all locations in the study area, in the
form of the cost of crossing that pixel. Cost-distances then refer to the cumulative cost of
traveling from a source point to any other location. These cost distances are used as
weights in the dispersal function, such that the expected density of dispersing individuals in
a pixel is down-weighted by the cumulative cost from the source, following the least-cost
route (Compton et al. 2007). The initial expected density was set to one for each source
cell. The predicted density in each surrounding cell is predicted density relative to the
maximum at a source cell. The model calculates the expected relative density of each
species in each pixel around the source, given the dispersal ability of the species, the nature
of the dispersal function, and the resistance of the landscape (Compton et al. 2007;
Cushman et al. 2010).

The UNICOR v2.0 (Landguth et al. 2012) program used a scaled resistant kernel value
so kernel volume was constant (which equates to a constant population size at all occupied
source locations). Thus, volume was kept constant across different dispersal abilities and
assured that more mobiles species were not misconstrued to have larger population sizes.
Our approach was somewhat similar to Compton et al. (2007) where a normal probability
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density function was used as a basis of the dispersal model. Here, we assumed a linearly
scaled dispersal function dependent on cost distance.

Modeling scenarios

Three modeling scenarios were assessed; the null or “pristine” scenario, a low human
footprint (LHF), and a high human footprint (HHF). The “pristine” scenario considered
only the resistances of the biome resistance maps for each specific biome (GS, MC, DE and
SA) without the influence of roads or land cover (Table 1; Fig. 1). Each biome was
assumed to be a natural habitat for some species and each pixel in that biome to have an
associated value of one compared to other, less desirable habitats for those same species
(i.e., resistance values of one refer to the easiest traversable areas on each landscape).
When a species entered a non-native habitat it was assigned additional resistance penalty
per pixel and based on the native habitat of the species (Table 1). Extreme differences in
biomes were assumed to represent large resistance differences. For example, DE species
have a high resistance in SA and MC biomes and vice versa. Values were based on expert
opinion; which was appropriate in this case given the lack of species-specific resistance
relationship data across the extent of our study and our goal to represent a broad range of
plausible species responses (Table 1; Sawyer et al. 2011).

The LHF and HHF scenarios included roads and land cover as separate resistance maps,
in addition to the biome resistance map (Table 1). Points were seeded at every 10 km and
only where the resistance map had a value of one (i.e., indicative of where the habitat-
associated species occurred). For the LHF and HHF, this was consistent with an animal
choosing its preferred biome type and natural habitat without roads. For each of the biomes
in the null model starting locations (seeded points) consisted of 22,667 for GS; 6,895 for
MC; 4,085 for DE; and 627 for SA. Four dispersal distances (12.5, 25, 37.5 and 50 km)
were considered for each of the scenarios and biomes for a total of 48 different resistance
scenarios.

FRAGSTATS analysis of modeling scenarios

Different population sizes were produced of 625, 2500, and 10000 individuals per 100
square kilometers. A binary map of presence/absence in the study area was used for further
analysis in the FRAGSTATS program (McGarigal et al. 2013). To do this cells were
considered occupied only if cell values were greater than 0.00001 (corresponding to a
minimum of one individual per 10 square km).

The FRAGSTATS program was used to calculate four class-level metrics to compare
the scenarios in their impact on the extent and fragmentation of connected habitat: (1) the
extent of connected habitat as a proportion of the total study area (PLAND), (2) number of
patches of connected habitat (NP), (3) correlation length of connected habitat (CL, denoted
as GYRATE_AM in FRAGSTATYS), (4) the size of the largest patch as a proportion of the
total study area (LPI). The PLAND metric is a quick and useful measure for the com-
parative measure of the amount of loss of habitant extent between different scenarios. The
NP quantifies fragmentation of connected habitat in each scenario. The CL metric is the
area-weighted mean radius of gyration, where the mean radius of gyration is the mean
distance between each cell in a patch and the patch centroid. The CL gives the expected
distance of travel while staying in that particular patch type, from a random starting point
and moving in a random direction. The LPI metric provides a direct measure of the extent
of the largest connected patch of habitat for each scenario.
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Results
Percentage of the total land area (PLAND)

There was a non-linear trend of the decreasing extent of connected habitat (PLAND) as
population size and dispersal ability decreased that accelerated as both life history traits
decreased (Table 2). PLAND tended to decrease more slowly with decreases in the other
life history trait, however, when at low population size or dispersal ability. In other words,
the two factors interact. This reverse in trend suggested the combination of life history
traits had a compounding effect, but only up to a certain threshold where PLAND was
much less responsive to changes in life history traits. For the SA biome, the greatest change
in PLAND occurred at the minimum population size and highest dispersal ability where the
value decreased 62 % from its maximum (from 3.4 to 1.3 %). For the GS, MC and DE
scenarios, the decrease in the maximum value of PLAND from high to low values of
dispersal ability and population size was 18, 28 and 22 % respectively.

Number of patches (NP)

Across all biome types and population sizes, dispersal ability had a much greater sensitivity
to the number isolated patches of habitat internally connected by dispersal than did pop-
ulation size. The increase in NP was non-linear along dispersal gradients and tended to
accelerate at low (12.5-25 km) dispersal ability [e.g., at low population sizes NP increased
with decreased dispersal ability in ratios of 80:1 (GS), 11:1 (MC), 9:1 (DE) and 6:1 (SA),
Table 2]. Along constant levels of dispersal ability, NP tended to peak at medium popu-
lation sizes (2,500) for mid-range dispersal abilities (25-37.5 km) and then greatly
decreased thereafter. The resulting decrease from medium to low population sizes in NP
was often quite large with as much as a 94 % loss (Table 2) and in many cases was >50 %.
The only exception to this sharp decline in NP was at the lowest dispersal ability, where
NP tended to remain unchanged (GS, DE, and SA) or slightly increased (MC).

Correlation length (CL)

Dispersal ability had more effect on CL than did population size (Table 2) as the relative
changes between the extremes in life history traits (high dispersal ability and population
size to either low population size or low dispersal, while keeping the other variable
constant) showed a larger difference along the dispersal ability gradient (Table 2). For all
four biome types there were distinct threshold effects where correlation length of con-
nected habitat dropped dramatically in response to changes in population size or dispersal
ability, with the tendency to slow or stop for further decreases (with the exception of the
SA biome that had several large decreases). Values dropped for CL at these various
thresholds in a range between 7 % (DE) and 31 % (MC).

Largest patch index (LPI)
The LPI metric decreased non-linearly with decreased dispersal ability and population size
for all biome types. The LPI and CL metrics appeared to correlate strongly for the GS and

MC biome types (Table 2). For both GS and MC, strong threshold patterns were present at
identical dispersal ability and population sizes for both LPI and CL. This was to be
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expected because both GS and MC had the largest starting patch sizes that were likely
heavily weighted in the CL metric. In contrast, DE showed smooth (close to linear)
changes in LPI in response to changes in life history traits that did not indicate any strong
threshold effects. The pattern of change in LPI mirrored that of PLAND in DE. The LPI
ranged from 5.3 to 6.2 % for DE, a maximum of a 14.5 % decrease. Among all biomes, SA
experienced the most extreme change in LPI (from 0.5 to 0.1 %, an 80 % decrease, and
had strong threshold effects where LPI dropped as much as 45-50 %).

Grassland/shrub (GS)

The extent of the GS biome covered over half the Western United States (PLAND was
between 53 and 65 %) with 40-60 % of this being a contiguous patch (LPI) across all life-
history trait combinations in the “pristine” scenario. Thus, it was no surprise GS was also
the most connected of all biome types in the “pristine” scenario (the largest CL among all
biome types, Table 2). Habitat loss was also the largest of any biome type for both human
footprint scenarios and varied between a 614 % loss for LHF and 14-20 % loss for HHF,
a percentage difference of 12-27 and 22-37 % relative to the “pristine” scenario. When
dispersal ability or population size was low, the losses in LPI were exacerbated (between
35 and 50 %); reaching a low in the HHF scenario of 19.2 %. There were dramatic effects
of human footprint on the NP that decreased by over 70 % in most cases. It was only for
small population sizes that this trend did not hold and there were large gains in NP
(coupled with large decreases in PLAND, LPI and CL) as habitat fragmentation increased
in medium and large sized patches.

Mixed conifer (MC)

In the “pristine” scenario, the percentage of the landscape in connected habitat (PLAND)
ranged from 17.3-24 % (Table 2), a difference of 28 %. The amount of habitat loss due to
the human footprint was slightly higher (a maximum difference of ~32 % in PLAND)
than the difference in extent due to life history traits (~28 % difference in PLAND). The
greatest habitat loss due to human footprint occurred when population size or dispersal
ability were low (e.g., >25 % reduction; Table 1). In contrast, habitat fragmentation
occurred at all levels and with the strongest influence at moderate to high population sizes
(2,500-10,000) and high dispersal abilities (37.5-50 km). In this zone, LPI and CL tended
to decrease rapidly (44—46 % in LPI and 30-34 % in CL) in the HHF scenario, while
PLAND decreased less (13—17 %) and coincided with moderate losses to small gains in NP
(—10 to 22 %).

Desert (DE)

The DE biome was best characterized as composed of several medium sized patches
(initial LPI = 6.15 %) covering 10.4-13.4 % of the landscape in the “pristine” scenario.
Habitat loss due to the LHF and HHF scenarios (~21 and ~27 %, respectively) was
similar to the difference to the “pristine” scenario (~22 %). Habitat fragmentation caused
by human footprint was consistently observed across all life history traits with increases in
NP and little change in CL. Habitat loss was most noticeable when populations were small
and/or dispersal abilities limited with the largest proportional decreases in PLAND, CL,
and in LPL
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Sub-alpine (SA)

For the SA biome type, PLAND was much smaller compared to the other three biome
types and ranged between 1.3 and 3.4 % for the “pristine” scenario (a difference of
~62 % due to changes in dispersal ability and population size). The relative impact of
human footprint was also much less with decreases in PLAND between 0-0.1 and
0.1-0.3 %, for the LHF and HHF scenarios (a maximum difference of 8 and 17 %,
respectively). Most metrics were nearly linear in change (or remained constant) in response
to human footprint, and more relative variance occurred in habitat connectivity in the
“pristine” scenario. Species with the lowest population size were most sensitive to habitat
loss in the human footprint scenarios. Habitat fragmentation due to human footprint was
nearly negligible.

Discussion

Research Question 1: Does lower dispersal ability more than smaller population size
increase species sensitivity to habitat loss and fragmentation?

Overall, our results indicated that habitat connectivity decreased rapidly and non-linearly,
with the decline of either population size or dispersal ability. Metrics that related to the
level of interconnected habitat (e.g., patchiness), especially CL, LPI and NP reacted more
strongly to changes in dispersal ability than population size. This suggests species with
lower dispersal ability, more so than species with low population size, might experience
compounded effects with increased habitat fragmentation as their natural dispersal ability
already is limiting habitat interconnectedness. Overall, species in the SA biomes are
potentially most sensitive over the entire range of dispersal abilities and population sizes
due consistent drops observed in CL and LPI over the entire range.

We also found potential critical threshold effects; abrupt, nonlinear changes occurring
in an organism’s response across small ranges of habitat loss or fragmentation (With and
King 1999). Here, and in Cushman et al. (2010) when either dispersal or population size
passed below this threshold, even large increases in the other life-history trait caused very
little additional gain in the amount of habitat connectivity. As habitat fragmentation and
habitat loss have the potential to impeded dispersal ability (e.g., increased landscape
resistance; Fahrig et al. 1995; Dyer et al. 2002) or reduce population (or effective popu-
lation) size through reduced carrying capacity or genetic diversity (Brook et al. 2008; Dixo
et al. 2009) these thresholds are of potential concern. Additional habitat loss or frag-
mentation may exacerbate sharp declines in population connectivity at these thresholds.
Therefore, species with either dispersal ability or population size near and above these
thresholds (e.g., in the GS and MC biome) are likely sensitive to future habitat frag-
mentation and loss.

Research Question 2: What biome type(s) is/are most impacted by the human footprint
(roads and land-use)?

Simulation work has suggested major population declines will most often occur when
habitat area drops to the range of 10-30 % from the original amount of starting habitat
(Fahrig 2001; Flather and Bevers 2002). This was hard to measure precisely, of course, as
we studied hypothetical scenarios that estimated potential landscape resistance that were
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not empirically derived. In our simulations we did not observe habitat loss to approach the
10-30 % mark, though this result was likely very dependent on the choice of scale. For
example, around areas of high relative human impact, it is more likely this level of habitat
loss may be present. The largest decrease in habitat extent was observed for species
associated with the GS biome (PLAND decreased by 20 %). Much of this was explained
by the starting values of PLAND and LPI being highest for the GS biome, and therefore,
GS had the highest starting habitat connectivity, making it most sensitive to the human
footprint scenarios from the start.

If there is preference in preserving large contiguous patches versus several smaller
patches in the GS and MC, the potential change in larger patch sizes (decreased LPI) due to
human related events is of greatest interest. The largest contiguous patch in these biomes
showed up to a ~50 % shrinkage under the HHF scenario. In response, the CL metric
experienced large drops of up to 25 % in the GS biome type and 36 % in the MC biome.
The CL metric has been shown to be a strong predictor of the negative effects of habitat
fragmentation on population connectivity (Keitt et al. 1997; Cushman et al. 2010, 2013).

We expected that human footprint would have a larger impact on DE associated species
than the MC biome. The major reason for this was the high overlap of human development
with the DE biome, especially in areas of Southern California and Arizona. Major crop
related cultivation takes place in these areas, while there is less human habitation in the
MC biome, which is also often more protected (e.g., National forest land and parks).
However, our results did not reflect a greater change in the DE biome in fragmentation and
loss than in the MC biome. Specifically, the relative change in three of four landscape
metrics (PLAND, LPI, CL) from the “pristine” to the human footprint scenarios was
greater for the MC associated species than for the DE associated species. One of the major
differences between the biome types was the marked loss (e.g., a critical threshold) in
contiguous habitat for MC even for high population and dispersal sizes. Because MC
showed a highly fragmented distribution to begin with, the MC biome type might also be
more sensitive to fragmentation than the DE biome. Though the DE biome was less
impacted by habitat fragmentation, the amount of habitat loss was similar in both the DE
and MC biome.

Species associated with SA habitats were shown to experience far less relative impact of
roads and human land-uses on the extent and fragmentation of habitat. This is not sur-
prising as the SA occupies much smaller average patch sizes that are more isolated, and
mostly federally managed with a large portion protected by National Park, National Forest
and Wilderness designation.

Research Question 3: Does the human footprint scenarios have a larger impact
on habitat fragmentation or loss?

Habitat loss always occurred in response to human footprint (PLAND always decreased,
and many times LPI also). The relationship between human footprint, biome type and
habitat fragmentation, however, was not as simple. There were cases where rates of
fragmentation were higher than habitat loss due to human footprint, but it was heavily
dependent on biome type. The SA biome type showed the lowest relative change due to
habitat fragmentation or habitat loss out of all biome types, most likely due to the reasons
mentioned above (much smaller starting area and the SA biome is largely protected land).
We observed for the DE biome type nearly equivalent effects of habitat loss and frag-
mentation over all species life history traits. The largest effects of habitat fragmentation
were observed in the MC and GS biome types.
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Habitat fragmentation has been predicted to increase below some threshold habitat
composition where habitat area makes up 20-30 % of the total landscape, above which the
effects of habitat loss are also greater (Flather and Bevers 2002; Fahrig 2003; Cushman and
McGarigal 2004). We observed this strong threshold effect in the MC biome type that, in
the “pristine” scenario, represented around 20 % of the total starting habitat area (the
entire Western United States). This could potentially explain why even for high dispersal
ability and large population size there were steep drops in habitat connectivity relative to
total habitat extent (high relative loss in LPI to PLAND, with large decreases in CL). This
trend of increased sensitivity to habitat fragmentation at lower levels of habitat connec-
tivity (low population sizes and dispersal abilities) was also observed for the GS biome
type. The GS biome was well above the 20-30 % threshold of total starting landscape,
species sensitivity to habitat fragmentation noticeable accelerated as habitat extent
decreased from the “pristine” scenarios.

Overall, the MC biome experienced increased more sensitivity to habitat fragmentation
than habitat loss (the largest relative and most consistent drops in CL). Additionally, there
were sharp declines in the area of largest contiguous habitat (LPI) coinciding with only
moderate decreases in the total amount of habitat (PLAND) and moderate decreases to
small increases in NP. Alone, however, NP is not a pure indicator of habitat fragmentation,
as fragmentation is likely increased in this range despite little gain in NP. The reason for
this is that medium and large patches were likely fractured into smaller patch sizes.
Further, this distinction is potentially more important if one considers large connected
patches important for preserving broad-scale population connectivity and biodiversity.

Scope and limitations

Our analysis made assumptions that are worth considering when interpreting results or
when drawing any potential implications for conservation purposes. To increase spatial
scale to broad applicability while staying within the limitations of using computationally
intensive simulations, we were limited in the dispersal ability ranges we could consider
(due to large spacing between point seeding); and that were much higher than reasonable
for many species under conservation concern. This implies that many taxa with limited
dispersal ability, such as invertebrates, reptiles, amphibians and small mammals are not
well-represented by these results. However, at this scale, widespread empirical data cov-
ering several species is non-existent. Often though, large mammals, and often species with
high dispersal ability, are chosen as “umbrella species” for several other taxa (Roberge and
Angelstam 2004). Finally, the human footprint scenarios do not well represent flying taxa
as they tend to be very mobile and are relatively insensitive to terrestrial resistance features
such as roads and human development. All model results, therefore, should be considered
most useful for terrestrial (ground-dispersing) animals with dispersal abilities between 12.5
and 50 km.

Conclusion

Our results suggested that the sensitivity of the focal species to the extent of connected
habitat was equally dependent on dispersal ability and population size. In contrast, habitat
fragmentation is of more concern for species with lower dispersal ability than population
size due to the increased sensitivity relative to this life-history trait. We also often observed
potential critical threshold effects for both life-history traits where habitat connectivity
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quickly declined. Species just above these thresholds could be potentially much more
sensitive to future habitat fragmentation and loss. Overall, the human footprint had large
effects on the population connectivity of species in the GS and MC biomes, as would be
expected given the larger relative starting sizes of these biome types. Habitat loss is
generally assumed to have a larger impact on population connectivity than habitat frag-
mentation except below the threshold where habitat area makes up 20-30 % of the total
landscape (Flather and Bevers 2002; Fahrig 2003; Cushman and McGarigal 2004). We
observed this increased sensitivity, especially in the MC and GS biome types where there
were large decreases in habitat connectivity even at high dispersal ability and large pop-
ulation sizes. Likewise, MC and GS associated species also appeared most sensitive to
habitat loss; especially at the largest contiguous patch sizes that are most important for
metapopulation viability and biodiversity conservation.

Our work highlights the usefulness of using resistant kernel connectivity modeling to
explore habitat and population connectivity for biome associated species across the entire
Western United States. Such an approach is generalizable to several species when
empirical data is lacking. In addition, it can extend understanding of the complex inter-
action between life-history traits and landscape resistance, and help to explore the response
of habitat connectivity to habitat loss and fragmentation. Our results are available for
download, as well as illustrated in a web-based, interactive mapping prototype (http://
ptolemy.dbs.umt.edu/westwide/) that should be useful for evaluating general habitat con-
nectivity scenarios for the Western United States.
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