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Abstract

Context The dual threats of habitat fragmentation
and climate change have led to a proliferation of
approaches for connectivity conservation planning.
Corridor analyses have traditionally taken a focal
species approach, but the landscape “naturalness”
approach of modeling connectivity among areas of
low human modification has gained popularity as a
less analytically intensive alternative.

Objectives We compared focal species and natural-
ness-based corridor networks to ask whether they
identify similar areas, whether a naturalness-based
approach is in fact more analytically efficient, and
whether agreement between the two approaches varies
with focal species vagility.
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Methods We compared focal-species and natural-
ness-based connectivity models at two nested spatial
extents: greater Washington State, USA, and, within
it, the Columbia Plateau ecoregion. We assessed
complementarity between the two approaches by
examining the spatial overlap of predicted corridors,
and regressing organism traits against the amount of
modeled corridor overlap.

Results A single naturalness-based corridor network
represented connectivity for a large (>10) number of
focal species as effectively as a group of between 3 and
4 randomly selected focal species. The naturalness-
based approach showed only moderate spatial agree-
ment with composite corridor networks for large
numbers of focal species, and better agreed with
corridor networks of large-bodied, far-dispersing
species in the larger scale analysis.

Conclusions Naturalness-based corridor models
may offer an efficient proxy for focal species models,
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but a multi-focal species approach may better repre-
sent the movement needs of diverse taxa. Consider-
ation of trade-offs between the two approaches may
enhance the effectiveness of their application to
connectivity conservation planning.

Keywords Coarse-filter - Connectivity - Corridors -
Fine-filter - Focal-species - Landscape integrity

Introduction

Maintaining and restoring landscape connectivity has
become a central priority for wildlife conservation
(Soulé and Orians 2001; Hilty et al. 2006), and is the
most frequently proposed climate change adaptation
strategy for biodiversity preservation (Heller and
Zavaleta 2009; Lawler 2009). Efforts to maintain and
restore connected networks of habitat have conse-
quently multiplied in recent years, including numerous
large-scale initiatives (e.g., the Yellowstone to Yukon
Conservation Initiative). The significant financial
investment and technical challenge associated with
planning for connectivity at large scales have stimu-
lated debate around the relative utility of fine-filter
(e.g., focal species) and coarse-filter (e.g., “natural-
ness” or “ecological integrity”) approaches to mod-
eling connectivity networks (Theobald et al. 2012).
Connectivity-planning efforts have traditionally
employed a focal-species approach. This method
relies on choosing a limited number of species to
serve as surrogates for a larger suite of species
(Lambeck 1997), and modeling connectivity networks
for these focal species. Expert opinion is often used to
guide model parameterization (e.g., assigning values
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to the resistance of certain landscape elements, such as
roads, to species movement). Focal species methods
have been used for decades, and empirical studies
suggest that, at least in some cases, they have been
successful (Epps et al. 2011). However, focal species
connectivity modeling becomes difficult to implement
at large scales; the process for conducting a full focal
species connectivity analysis can typically require
months or years and a large financial investment
(Beier et al. 2011), and large-scale analyses may
require large numbers of focal species to represent
diverse habitat types.

In response to these limitations, there has been
growing interest in the application of coarse-filter
approaches to large-scale connectivity planning
efforts, particularly those that model connectivity
based on the degree of landscape “naturalness” or
“ecological integrity” (Spencer et al. 2010; Theobald
etal. 2012). The benefits of such an approach are that it
requires relatively easily-obtained data regarding
human land use (e.g., roads, agriculture, dwelling
density); parameterization is relatively straight for-
ward (though also expert-based), with resistance
directly related to the degree of human modification
(Theobald et al. 2012); and it typically yields a single
connectivity network, which may avoid uncertainty
arising from the interpretation of numerous focal
species connectivity networks. However, it also may
be difficult to interpret resulting connectivity networks
(e.g., understanding which species are best repre-
sented), and implementation may be hindered by the
species-based mandates of most wildlife management
agencies and organizations (Lacher and Wilkerson
2014).

Despite growing interest in using naturalness-based
approaches as relatively fast and less expensive
alternatives to focal species approaches to large-scale
connectivity planning, no attempt has yet been made
to compare the spatial outputs of the two approaches
within the same landscape. Yet such comparison is
critical for determining whether naturalness-based
approaches provide an effective proxy for a focal
species-based analysis. We addressed this need by
comparing two distinct models of ecological connec-
tivity networks spanning Washington State, USA, and
neighboring areas of Idaho, Oregon, and British
Columbia, Canada (WHCWG 2010; 2012). One
network was based on the habitat requirements and
dispersal characteristics of a suite of focal species,



Landscape Ecol (2015) 30:2121-2132

2123

whereas the other was based solely on human land
use intensity. Comparing the two networks allowed
us to address several important questions regarding
the use of naturalness-based and focal species-based
approaches to connectivity conservation planning.
First, do naturalness-based and species-based con-
nectivity models identify similar areas? Second, are
naturalness-based models in fact more analytically
efficient than focal species models (i.e., can a single
naturalness model represent areas identified by
multiple focal species models)? Finally, are areas
identified by naturalness-based models biased
toward focal species with particular movement
traits? In answering these questions, we help clarify
the similarities and differences between these alter-
native approaches to connectivity conservation plan-
ning, to better inform their interpretation and
implementation.

Methods
Connectivity models

We compared focal-species and naturalness-based
corridor networks created by the Washington Wildlife
Habitat Connectivity Working Group (WHCWG), a
collaborative effort to identify opportunities and
priorities for maintaining and restoring wildlife habitat
connectivity in Washington State, USA (http://www.
waconnected.org). Detailed methods describing the
WHCWG’s development of the corridor networks are
described elsewhere (WHCWG 2010; 2012) and are
summarized here. We compared focal-species and
naturalness-based  (specifically, and henceforth,
“landscape integrity”’) corridor networks modeled by
the WHCWG at two nested spatial scales. The firstis a
447,000 km? rectangular area (henceforth “State-
wide,” Fig. la) spanning Washington State and
neighboring areas of Idaho, Oregon, and British
Columbia, Canada (WHCWG 2010). The second is
the 84,000 km? Columbia Plateau ecoregion (hence-
forth “Columbia Plateau,” Fig. 1b, WHCWG 2012).

The WHCWG modeled corridor networks for 22
terrestrial vertebrate species in the study region
(Table 1) using a least-cost corridor approach (Sin-
gleton et al. 2002; Adriaensen et al. 2003). Species
were selected to be geographically representative of
major habitat types, vulnerable to the isolating effects

of habitat fragmentation, and analytically tractable
(i.e., to have adequate data for modeling). Wildlife
biologists with expertise on focal species led the
development of habitat and resistance models using
expert opinion, literature review, and/or empirical data
(when available), to identify suitable conditions for
habitat and dispersal. Expert opinion was solicited via
workshops and conference calls. GIS data on land
cover, roads, and other features were used to map
habitat and resistance to movement at a raster
resolution of 100 m for the Statewide analysis, and
90 m for the Columbia Plateau. For each focal species,
large areas of suitable habitat, referred to as habitat
concentration areas (HCAs), were mapped using a
variety of methods, including delineation of polygons
based on survey data, use of legally-defined recovery
areas, and habitat suitability modeling followed by
aggregation of high-quality habitat pixels into discrete
polygons. For the latter, the HCA Toolkit was used
(Shirk 2011). Grid cells outside of HCAs were given
species-specific resistance values based on expert
opinion, literature review, and/or empirical data, when
available. The Linkage Mapper toolbox for ArcGIS
(McRae and Kavanagh 2011) was used to map least-
cost corridors between HCAs, and to identify net-
works of core areas and key dispersal corridors
between them.

The WHCWG constructed naturalness-based cor-
ridor models using the same spatial data and methods
as the focal species models, but with resistance values
based on the degree of human landscape modification
or “landscape integrity.” These models were param-
eterized according to similar efforts (Comer and Hak
2009; 2012; Sanderson et al. 2002; Leu et al. 2008;
Theobald 2010), and assigned relatively high resis-
tance values to roads, agricultural, and urban areas.
Contiguous areas of low resistance that spanned at
least 4047 hectares were delineated as HCAs using the
HCA toolkit. To represent landscape linkages for
organisms with different sensitivities to human influ-
ence, four different resistance models were developed
which assigned heavily human-modified lands differ-
ent resistance values relative to lightly-modified lands.
The Linkage Mapper toolbox for ArcGIS (McRae and
Kavanagh 2011) was used to map least-cost corridors
between HCAs, and to identify networks of core areas
and corridors between them.

Habitat and resistance values were mapped at 100
and 30 m resolutions for the Statewide and Columbia
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NI %
Columbia Administrative Modeled Dispersal
Plateau Boundaries Corridors

Fig. 1 Statewide (a) and Columbia Plateau (b) corridor net-
works, identified using the landscape integrity (LI) approach
(purple), and the focal species (FS) approach (yellow), and both

Plateau analyses, respectively. For the Columbia
Plateau analysis, these values were re-sampled to
90 m prior to HCA and corridor modeling to reduce
effects of single-pixel errors in base data derived from
satellite image classification (WHCWG 2012). Resis-
tance values for landscape classes and criteria used to
delineate HCAs for both focal-species and landscape
integrity models are detailed in WHCWG (2010), and
WHCWG (2012).

Comparing areas identified as dispersal corridors
using each approach

To directly compare focal-species and landscape
integrity corridor networks, we standardized and
created composites of individual focal-species and
landscape integrity models to produce maps repre-
senting overall corridor networks for each of the two
modeling approaches. Specifically, we linearly
rescaled relative cost-distance values for all corridors
to vary from O to 1, and combined these areas with
HCAs to create corridor network maps for individual
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(b)

I

Non-corridor Outside
Core Areas Lands Study Area

approaches (light green). Corridor networks represent the
highest-value 30 % of the land area outside of the landscape
integrity core areas (dark green)

focal species (Fig. S1 and S2). In the resulting maps,
the HCAs and the least-cost paths between them had a
value of 1, with values decreasing to O in inverse
proportion to their cost distance relative to the least-
cost path. We summed individual focal species and
landscape integrity sensitivity models to create com-
posite maps representing overall corridor networks for
each approach (Fig. S3). Creating these maps by
summing reflects the assumption that areas included in
a large number of focal species (or landscape integrity
sensitivity models) are the most important overall
landscape linkages.

To focus the analysis on lands important for
connectivity, as opposed to primary habitat, we
compared corridor networks in areas that fall outside
of the landscape integrity core areas: human-modified
lands for which anthropogenic habitat fragmentation
is a more pressing concern (Theobald et al. 2012). We
measured the spatial overlap of composited focal-
species and landscape integrity corridor maps by
computing the rank-correlation between the standard
scores of the two maps, as well as calculating the
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amount of spatially coincident corridor area at various
equal-area thresholds (e.g. the highest-value 30 % of
the landscape identified using each approach). We
compared these values to null criteria that estimate the
proportion of cells that would be jointly selected if the
two networks were independent of each other at that
percentile. For a given proportion of the landscape, p,

the null criterion for two overlapping maps is simply

P

Comparing the analytical efficiency of each
approach

To test the hypothesis that naturalness-based models are
more analytically efficient than focal species models, we
compared the correlation of random subsets of focal-
species composites to the full 16- or 11-species
composite at each spatial scale (Statewide or Columbia
Plateau, respectively) and compared these values to the
correlation between the landscape integrity composite
and the full focal species composite. We sampled
between 1 and 15 species (Statewide) or 1 and 10
species (Columbia Plateau) without replacement and
combined these networks using the procedure described
above. We then computed the Spearman rank correlation
coefficient between the randomly sampled composite
and the composite representing the full suite of focal
species at each scale. To reduce the computational
demands of this analysis, we resampled the composites
to a 1 km (Statewide) and 900 m (Columbia Plateau)
grid size and computed correlations based on a random
sample of 10,000 raster cells for each comparison. To
test the sensitivity of our results to resampling resolution,
we repeated the Columbia Plateau analysis at 450 and
1800 m resolutions (higher resolution analysis of State-
wide composites was computationally prohibitive).

Testing whether landscape integrity networks
better represent certain types of focal species

To test whether landscape-integrity networks better
agree with the networks of certain types of focal
species, particularly in regards to traits relevant to
sensitivity to habitat fragmentation, we assembled
life-history and dispersal data from the PanTHERIA
database (mammals; Jones et al. 2009) and primary
literature (non-mammals), including adult body mass,

@ Springer

home range size, and maximum natal dispersal
distance (Table 1). If reported values varied between
sexes, we averaged the two values for each species.
Natal dispersal distances for the white-tailed jackrab-
bit, Townsend’s ground squirrel, and sharp-tailed
grouse were not available, and were estimated as the
average dispersal distance of congeneric species for
which estimates were available.

Because these traits strongly co-vary (Pearson
correlation coefficients between log-transformed traits
were 0.50-0.83) and our sample size was small, we
performed a principal components analysis to arrange
species on a single axis (PCI) representing a contin-
uum from small-bodied, short-dispersing species with
small home ranges to large-bodied far-dispersing
species with large home ranges, which we refer to as
a “vagility index” (Fig. S4). The vagility index
represented 85.8 % of the variation in log-transformed
adult mass, maximum natal dispersal distance, and
home range size with loadings of 0.59, 0.58, and 0.57,
respectively. We then regressed this vagility index
against the rank correlation between each focal species
and the landscape integrity composite. Because focal
species geographic ranges differ, we measured corre-
lation only within the minimum convex hull enclosing
each focal-species’ geographic range. All geograph-
ical and statistical analyses were performed in R 3.0.2
(R Core Team 2013).

Results

Comparing habitat concentration areas identified
using each approach

Habitat concentration areas defined in the landscape
integrity and focal species analyses were largely
congruent (Fig. S5); at the statewide scale, 95 % of
the area in landscape integrity HCAs contained blocks
of primary habitat for at least one focal species, and in
the Columbia Plateau, this proportion was 99 %. Fifty-
three percent of the area in focal species HCAs fell
within landscape integrity HCAs in the statewide
analysis, including 73 % of the area in HCAs for more
than one focal species. This supported the decision to
use landscape integrity HCAs as a proxy for focal
species HCAs, and to focus the analysis on intervening
lands.
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Comparing dispersal corridors identified using
each approach

Overall, we found moderately strong correlations
between focal-species and landscape integrity com-
posite standard scores (rank correlation 0.62 for the
Statewide analysis, and 0.65 for the Columbia
Plateau). We also found that high-value corridor
networks identified using each approach (Fig. 1) are
more congruent than would be expected by chance
alone at both spatial scales, independent of which
threshold was considered. For example, if we examine
the 30 % of the landscape with the highest corridor
standard score using the landscape integrity approach,
we find that it overlaps with 53 % of the Statewide
composite focal species network, and 66 % of the
Columbia Plateau composite network using the same
threshold (Fig. S6).

Comparing the analytical efficiency of each
approach

The landscape integrity networks represent connec-
tivity for the full suite of focal species as effectively as
a median of between 3 and 4 species selected at
random from the species included in both the State-
wide and Columbia Plateau analyses. All focal species
combinations that include more than 9 species (State-
wide) or 6 species (Columbia Plateau) outperform the
landscape integrity networks at representing the full
composite of focal species. At each spatial scale,
composites based on half of the focal species (8 for the
Statewide, and 5 for the Columbia Plateau) have rank
correlations of greater than 0.8 with the composite
corridor network that includes the full suite of focal
species. In addition, at the Statewide scale, corridor
networks for mule deer, elk, and American black bear,
alone, have approximately the same rank correlation
with the full focal-species network as the composite
landscape integrity corridor network. For the Colum-
bia Plateau, only mule deer matches the performance
of the landscape integrity network at representing
corridors for the full suite of focal species (Fig. 2).

The similarity of results across the three resampling
resolutions used for the Columbia Plateau (450, 900,
and 1800 m) indicates that analysis results are
relatively insensitive to resampling resolution (Fig. 2
and Fig. S7).

Testing whether landscape integrity networks
better represent certain types of focal species

Accounting for differences in geographic range size
between focal species (see methods), we found a
significant positive relationship between a focal
species’ vagility index and the correspondence of its
Statewide corridor network with the Statewide land-
scape integrity network (n =16, 1> = 03I,
F = 10.60, p = 0.024). This indicates that, all things
being equal, corridor networks for large-bodied, far-
dispersing focal species were more congruent with the
landscape integrity corridor network than small-bod-
ied species with short dispersal distances. This rela-
tionship was not significant for the Columbia Plateau
(n = 12, 1> = 0.026, F = 0.49, p = 0.631).

Discussion

We compared focal species and landscape integrity
analyses in part to evaluate the latter’s ability to
identify connectivity areas that would also be identi-
fied by a comprehensive focal species approach, while
investing fewer resources. The substantial spatial
overlap exhibited between landscape integrity net-
works and the focal species composite networks
(Fig. 1) suggests that naturalness-based models may
indeed offer at least a partial proxy for a focal species-
based approach. The naturalness-based approach was
also more analytically efficient, as the single land-
scape integrity model represented connectivity net-
works for a large (>10) number of focal species as
effectively as a group of between 3 and 4 randomly
selected focal species. The landscape integrity model
is more efficient despite the fact that it is a composite
of 4 underlying models; these models differed only in
the amount of resistance applied to landscape features
(to account for a range of potential movement
sensitivities to human land use), and thus the total
analytical investment for the landscape integrity
model was similar to that of a single focal species
model. The efficiency advantage of the landscape
integrity model was consistent across the two spatial
scales in our study (Fig. 2).

However, our results also suggest that naturalness-
based models better represent the movement needs of
larger, more vagile species than those of smaller, more
locally-dispersing species, at least at larger scales

@ Springer
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Fig. 3 Correlation between organism traits and the performance
of the landscape integrity approach at representing dispersal
corridors for that species in the Statewide analysis. Relationships
in the raw data are shown in (a) with labels corresponding to
species codes in Table 1. Because organism traits are correlated

(Fig. 3). This is not surprising, as the landscape
integrity model is similar to that of a habitat generalist
whose movements are sensitive to human-modifica-
tion of the landscape. In addition, the use of a
relatively large moving window to identify large
blocks of natural lands to act as core areas for
landscape integrity linkage modeling (WHCWG
2010; 2012) would tend to exclude small, patchily
distributed lands in natural condition that could
support smaller bodied, smaller ranging species. Our
analysis suggests that patch size (Galpern et al. 2011)
can have a particularly strong influence on how well
naturalness-based connectivity analyses represent
diverse focal species. For example, naturalness-based
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Vagility Index (PC1)

and our sample size is small, we used PCA to reduce these traits to
a single axis, the vagility index (see text). The relationship
between landscape integrity performance and the vagility index is
shown in (b). The dotted best-fit line in (b) is statistically
significant (n = 16, 1* = 0.32, F = 10.6, p = 0.024)

models may do a better job of capturing connectivity
networks of smaller-bodied species if they incorporate
a range of minimum-patch sizes.

Our results also offer insight into the efficiency of
focal species-based approaches. A relatively modest
number of focal species captured a relatively large
percentage of the variation in the total focal species
composite (Fig. 2), suggesting broad spatial overlap of
movement corridors for diverse taxa (Breckheimer
et al. 2014). Yet, our results indicate that there are
decreasing returns to the new information provided by
increasing numbers of focal species; for example, just
half of the focal species modeled had a correlation of
greater than 0.8 with the full composite network at
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Fig. 4 Decision-tree for
using focal species and
landscape “naturalness”
connectivity models in
conservation planning.
While this tree reflects the

Access to high-quality land cover data (e.g.,
vegetation, soils, roads, housing, agriculture)?

yes

technical and financial
considerations involved in
model selection, the
appropriate model will also

Access to data for determining the
resistance of specific land cover types to
individual species movements?

Await and/or gather land cover
data. As a stop-gap, consider
engaging species experts to

depend on the conservation
goals and mandates of
individual planning entities

manually identify key corridors

yes

Significant time and financial
resources available?

] Naturalness-based model

yes

Numerous focal
species models plus
naturalness-based model

each scale of analysis. Furthermore, at both scales,
there were individual focal species networks (e.g.,
mule deer) that captured a large proportion of the total
focal species composite, approximately the same
proportion as the landscape integrity model. This
suggests that a single focal species model could
provide as good a proxy for a larger suite of focal
species as a naturalness-based model; in our analysis,
such species were large-bodied and highly vagile
(Fig. 3). However, not all large-bodied, highly vagile
species were good surrogates (e.g., bighorn sheep).
Thus, using such characteristics to guide a priori
selection of a single focal species would not appear to
offer as robust an approach as using a naturalness-
based model alone.

Much remains to be done to improve the evidence
base for connectivity conservation decision-making.
Our analysis compares the outputs of two widely-used
connectivity modeling approaches, but does not eval-
uate either approach’s ability to represent functional
connectivity (Tischendorf and Fahrig 2000); extensive
empirical analysis will be required to determine the
relative performance of these two proxies for meeting
connectivity conservation targets. Both approaches
used here are also patch-based (i.e., feature core areas
connected by corridors) and an increasingly important
question in connectivity planning is how the results of
such models compare to more recent approaches that
do not distinguish between core areas and corridors

Naturalness-based model. Complement with focal
species models (particularly for small-bodied and
less-vagile species) as time and funding permits

(Carroll et al. 2012; Theobald et al. 2012). Addition-
ally, both approaches employed least-cost corridor
modeling, and it will be important to see whether
similar results are found when other modeling methods
are used (e.g., circuit theory; McRae et al. 2008). The
underlying corridor models used in our analysis are
alsorelatively coarse grained (100 m for Statewide and
90 m for Columbia Plateau); this is consistent with
resolutions typically employed in connectivity model-
ing and planning across large landscapes, and reflects
the computational demands associated with processing
raster datasets over large geographic extents. However,
increased access to high performance and throughput
computing facilities may soon make finer grain
analysis feasible for most users (Leonard et al. 2014),
allowing higher resolution corridor modeling and
facilitating rapid sensitivity-testing of analysis resolu-
tion. Higher resolution modeling may also improve
corridor results for smaller-bodied, patchily distributed
species. Finally, it remains an important task to
integrate connectivity analyses into more general
conservation planning processes, which typically bal-
ance connectivity with a broader suite of management
objectives (Kukkala and Moilanen 2013; Pouzols and
Moilanen 2014).

Together, our results suggest several recommenda-
tions regarding the use of naturalness- and focal
species-based approaches in connectivity planning
(Fig. 4). First, if working with limited analytical
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capacity or information regarding the movement
biology of local taxa, or if desiring only an initial
indication of landscape connectivity patterns in an
area, a naturalness-based model may offer a relatively
efficient means of identifying many of the movement
corridors that would also be identified by a compre-
hensive focal species-based approach. Second, a
multi-focal species approach may ultimately be the
more robust strategy for representing the movement
needs of a region’s broader biota, as naturalness-based
approaches can be biased toward the movement needs
of relatively large-bodied, highly vagile species.
Finally, there may be decreasing returns to the new
information provided by increasing numbers of focal
species. Thus, determining the ideal number of focal
species will depend on trade-offs between information
needs and analytical investments (Grantham et al.
2009). Ultimately, additional research comparing the
two approaches across diverse geographies will be
needed to generate more general and robust recom-
mendations. Including both naturalness and focal
species models in regional connectivity modeling
efforts, when possible, would allow us to better
understand whether and how agreement between the
two approaches varies with regional differences in
features such as species diversity, land use, and
topography. Formal optimization modeling compar-
ing trade-offs between the two approaches may further
improve recommendations regarding their applica-
tion. With rates of habitat fragmentation and climate
change rapidly increasing, choosing our methods
wisely will be critical for guiding effective biodiver-
sity conservation.
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