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Abstract: Preserving landscape connectivity is one of the most frequently recommended strategies to
address the synergistic threats of climate change, habitat fragmentation, and intensifying disturbances.
Although assessments to develop plans for linked and connected landscapes in response to climate
and land-use change have been increasingly employed in the last decade, efforts to operationalize
and implement these plans have been limited. Here, we present a framework using existing,
available biological data to design an implementable, comprehensive multispecies connectivity plan.
This framework uses a scenario-based approach to consider how ecosystems, habitats, and species
may need to adapt to future conditions with an ensemble of connectivity models. We use the
south coast ecoregion of California as an example to evaluate and prioritize linkages by combining
linked metapopulation models and key landscape features (e.g., conservation planning status and
implementation feasibility) to identify and prioritize a multispecies linkage network. Our analyses
identified approximately 30,000 km2 of land, roughly one-fifth of our study area, where actions to
preserve or enhance connectivity may support climate adaptation, nearly half of which is already
conserved. By developing and implementing a dynamic connectivity assessment with an eye towards
projected changes, our analysis demonstrates how dynamic connectivity can be integrated into
feasible regional conservation and management plans that account for demographic as well as
landscape change. We observed overlap across multiple models, reinforcing the importance of areas
that appeared across methods. We also identified unique areas important for connectivity captured
by our complementary models. By integrating multiple approaches, the resultant linkage network is
robust, building on the strengths of a variety of methods to identify model consensus and reduce
uncertainty. By linking quantitative connectivity metrics with prioritized areas for conservation,
our approach supports transparent and robust decision-making for landscape planning, despite
uncertainties of climate and land-use change.

Keywords: climate change; climate-wise connectivity; conservation; ecological network; feasibility;
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1. Introduction

Climate change is expected to result in rising temperatures, increased variability in precipitation,
and more frequent disturbance events such as wildfire and floods [1]. The potential effects of these
changing environmental conditions on wildlife may include latitudinal and elevational shifts in
species’ ranges toward cooler climates [2], shifts in habitat elements such as vegetation type and
cover, and changes in water availability, all with compounding impacts on food webs and natural
communities. Maintaining biodiversity and ecological function in the face of the direct and indirect
impacts of climate change is one of the central and burgeoning issues facing conservation planners.
However, the primary threats to species’ capacity to adapt to these climate impacts are concurrent
habitat fragmentation and loss caused by anthropogenic development and land-use changes that can
result in barriers to dispersal [3]. With unprecedented climate-driven species extinctions predicted
at the global and local levels [1], maintaining genetic diversity to support adaptation and landscape
connectivity to allow for range shifts or migration are two of the most viable mechanisms for species
to respond to the changing climate. Preserving landscape connectivity is therefore one of the most
frequently recommended strategies to address these synergistic threats of climate change [4,5] habitat
fragmentation [6], and increased disturbances [7,8].

Landscape connectivity can provide for dispersal, recolonization or immigration supporting
small populations [9], and gene flow, particularly in patchy or fragmented habitats [10]. In response
to the widespread habitat loss and fragmentation that has affected biodiversity and connectivity
worldwide, conservation efforts have focused on establishing landscape-scale plans to delineate
connected networks of core habitat. Traditionally, connectivity planning and implementation for these
protected area networks have assumed static landscape conditions, primarily due to limitations in data
availability and computational power. However, connectivity across these protected area networks
will likely shift over time in response to landscape changes caused by changing climate and altered
disturbance regimes [4,11].

Over the last 10–15 years, a range of analytical approaches and design strategies for climate-wise
connectivity in dynamic landscapes have emerged, including many designed explicitly for conservation
planning purposes [5]. Yet, it is unclear whether plans that explicitly include climate change have been
incorporated into conservation actions [12], particularly for preserve networks that were established
prior to the emergence of these new approaches. In locations that face the more proximate threats of
habitat loss and fragmentation from increasing urbanization, connectivity planning and implementation
often focus proactively on areas that are most constrained, or reactively on opportunistic investments
to preserve connectivity. The uncertainty of planning for future conditions creates further challenges
that may delay actions to preserve connectivity for climate adaptation [13]. However, integrating
near-term barriers and challenges to connectivity plans as well as long-term resilience of the network
given projected changes will likely yield greater conservation successes [14].

Assessments of climate-wise connectivity often rely on a focal species approach to identify linkages
that will support movement and metapopulation persistence [5]. A multispecies framework for such
assessments may confer a number of advantages [15–17]. Modeling connectivity for multiple species
can capture different habitat associations, movement behaviors, and dispersal abilities and under
scenarios of climate change, can reflect a range of projected responses. Emerging strategies that
combine these species-based approaches to model functional connectivity with assessments of key
structural features of the landscape to support connectivity have thus far proven to be the most effective
for addressing both near-term and long-term threats [18,19]. Still, there is a need to further develop
modeling approaches and long-range planning to simultaneously account for continued anthropogenic
development and accommodate adaptation to climate change [20].

Planning for landscape connectivity under the synergistic effects of climate and land-use
changes can be further strengthened with innovative methods that incorporate demographic
constraints to species persistence. Spatially connected populations, or metapopulations, are formed as
populations reorganize when there are large fluctuations in births and deaths across the landscape [21].
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Reorganization can also follow when populations recolonize an area following disturbances (e.g., fire,
drought, disease) that reduce populations in good habitat, fragment when contiguous habitat is split,
or consolidate when new habitat forms [22]. Because of these processes, which are all likely to occur
more frequently in the face of climatic and land-use shifts, population dynamics are integrally linked
to connectivity. Although corridors or linkages are recognized as important to population persistence,
the role of population dynamics in connectivity planning is not often assessed (but see [23]).

Efforts to develop proactive, adaptive planning for linked and connected landscapes under climate
and land-use change have been increasingly employed [24,25]. However, there are still gaps in the
operationalization and implementation of dynamic connectivity plans, likely because strategies must
address uncertainty in future conditions, incorporate demographic constraints to species’ persistence,
and account for other factors affecting the feasibility of actions to preserve connectivity and meet
conservation objectives. One region with a history of rapid land-use development that is expected to
continue is southern California, where high human population density and growth is correlated with
increasing numbers of rare and threatened plants and animals [26] and increasing fire frequency [27].
Here, we present a scenario-based, multispecies approach to assess current and projected future
connectivity with an ensemble of modeling methods to develop a multispecies linkage network for a
southern California landscape. We evaluate and prioritize linkages to support structural and functional
connectivity, combining the results of linked metapopulation models with connectivity and landscape
metrics, conservation feasibility, and a climate assessment based on consensus from multiple climate
scenarios. Our goal was to develop a framework to address the synergistic threats of climate and
land-use change by integrating interrelated factors representing the biological value, climate value,
and conservation considerations to support connectivity prioritization, planning, and implementation
in a dynamic landscape. Our framework employs empirical data to assess and plan for likely landscape
changes that will affect habitat suitability and population persistence, capturing both species pattern and
population process responses. Using empirical data to account for demographic and landscape changes
from climate scenarios, our findings highlight how dynamic connectivity approaches can account
for uncertainty and support proactive and climate-resilient landscape conservation, management,
and planning.

2. Materials and Methods

2.1. Study Area

This study focuses on the south coast ecoregion of southern California (Figure 1) from the
Transverse and Peninsular mountains ranging from Santa Barbara County to the U.S. border with
Mexico in San Diego County. To ensure we were capturing a range of climatic conditions and avoiding
artifacts of edge effects in our connectivity modeling, we expanded our analytical extent north to the
central coast and southern Sierra Nevada and incorporated desert regions to the east, encompassing
lands within Monterey, Kings, Tulare, San Luis Obispo, Kern, San Bernardino, Santa Barbara, Ventura,
Los Angeles, Orange, Riverside, San Diego, and Imperial Counties. Elevation in this area ranges from
below sea level in the eastern deserts to 3506 m at the top of San Gorgonio Mountain in San Bernardino
County. The Mediterranean climate of the study region is characterized by hot, dry summers and
mild, wet winters with annual precipitation often less than 300 mm, virtually all coming during the
winter months. Both precipitation and temperature vary across the study area, and are dependent on
distance from the coast, elevation, and local topographic features. Temperatures ranges from averages
of 14.8–31.9 ◦C in summer to averages of 0–14.2 ◦C in winter.
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Figure 1. Map depicting the primary study area within southern California, U.S.A., with conserved
lands identified in green and urban development in gray. The hatched area represents the expanded
analytical extent.

2.2. Modeling Approach

To address uncertainty in climatic projections and species’ responses to those changes, we took
a scenario-based approach to modeling and assessing connectivity. These scenarios allowed us to
evaluate a range of potential outcomes to determine how connectivity may play a role in supporting
the persistence of biodiversity over time under climate change. For this assessment, we used a novel
complement of ensemble species distribution models (SDMs) and connectivity models linked with
metapopulation models to advance connectivity planning accounting for climate change, land-use
shifts, and uncertainty (Figure 2). We briefly describe our modeling approaches below. Further details
are available in Supplementary Information.

To map and evaluate functional connectivity based on the biological importance of linkages,
we employed a species-focused analysis using a suite of representative species—big-eared woodrat
(Neotoma macrotis), bobcat (Lynx rufus), California spotted owl (Strix occidentalis occidentalis), western
toad (Anaxyrus boreas), and wrentit (Chamaea fasciata)—to determine which linkages were most likely
to support long-term population persistence, based on demographic models. The species employed
in these analyses were chosen through a collaborative process of stakeholder engagement based on
specific criteria, namely demographic and distribution data availability and whether the species was a
fairly widely distributed, relatively common species that could inform connectivity planning for a
wide range of species across our geographic extent. Information on occurrence data and sources for
each species can be found in Section 1.1.1 of the Supplementary Materials S1 and Table S1.
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Figure 2. Diagram of the analytical process for patch, linkage, and metapopulation modeling. Analysis
starts with occurrence points for focal species and their association with climatic and environmental
variables. From those points, suitability maps are generated under historic and future conditions.
Suitability is converted to resistance, which is used in linkage modeling. Both the habitat suitability
and the linkages inform dynamic population models which are then used in linkage prioritization
(see Figure 3).

2.2.1. Habitat Suitability, Resistance, and Core Area Modeling

We used habitat suitability derived from ensemble SDMs as the basis for the resistance surfaces
and core areas employed in our least cost corridor and circuit-theory connectivity modeling (described
in Methods Section 2.2.2). Using publicly available occurrence data for each species paired with absence
or background points at a 1:3 ratio, we characterized habitat suitability for each species at a 90-m
resolution across the study area using environmental layers representing climate, impervious surfaces
(land-use), stream density, and topography (Table 1). We selected this ratio of presence to absence and
pseudoabsence points to help maximize the differentiation between suitable and unsuitable habitat
across our range of focal species [28]. We used a static representation of land-use to ensure our final
linkage maps would encompass any areas important for connectivity that could be preserved prior to
further land-use changes from the current condition. Historic climate variables were derived from
1971–2000 averaged Parameter-Elevation Regressions on Independent Slopes Model data (PRISM, [29])
and spatially downscaled to a Digital Elevation Model [30] using gradient inverse distance squared
approach [31]. To evaluate future climatic shifts in suitable habitat and connectivity for our focal
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species, we selected two climate models that spanned extremes of warmer-wetter (CNRM-CM5)
and hotter, drier (MIROC5) conditions for southern California under two future greenhouse gas
emissions simulations: one with substantially mitigated emissions, (Representative Concentration
Pathways [RCP] 4.5) and the other with emissions produced under business as usual (RCP 8.5).
Projections of future climate were first downscaled to the statewide-level using Localized Constructed
Analogs downscaling [32] to 1 km followed by further localized downscaling for southern California
to 90-m resolution, again using the gradient inverse distance squared approach [31]. Predicted climate
variables for 2070–2099 were averaged for each scenario to represent the predicted climate at the end
of the century.
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Figure 3. Conceptual model of how individual focal species linkages are assembled into a single
multispecies network. (A) Depicts the within-species prioritization of least cost corridor linkages
for each focal species. Prioritization was based on metrics that were grouped into four categories,
conservation feasibility, connectivity and landscape value, climate consensus, and metapopulation
persistence. (B) Illustrates how the multispecies linkage network was assembled from the union of the
within-species prioritization values with linkages from the Circuitscape and land facet analyses used to
fill gaps in the network.
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Table 1. Environmental and climatic variables used in species distribution models.

Name Description and Source Time Variant

Climate

Source: Downscaled (to 90 m) PRISM, MIROC5 RCP4.5, MIROC5 RCP8.5, CNRM
CM5 RCP4.5, CNRM CM5 RCP8.5

Bioclim 1 Mean temperature Yes

Bioclim 2 Mean diurnal range (mean of monthly (max
temperature-minimum temperature)) Yes

Bioclim 4 Temperature Seasonality (Monthly
standard deviation *100) Yes

Bioclim 6 Minimum temperature of the coldest month Yes

Bioclim 12 Mean precipitation Yes

Bioclim 14 Precipitation of the driest month Yes

Bioclim 15 Precipitation seasonality (coefficient of
variation across months) Yes

Land- use
Source: National Land Cover Database 2011 [33]

Impervious surfaces Used as a proxy for urban land cover No

Water Resources

Source: [34]

Distance to seasonal
streams

Euclidean distance to streams with low
probability of year-round flow No

Distance to perennial
streams

Euclidean distance to streams with high
probability of year-round flow No

Stream density Density of all streams within a 5-km
moving window No

Topography

Source: National Elevation Dataset [30]

Roughness Index Total curvature calculated with DEM
Surface Tools [35] No

Percent Slope Derived from National Elevation Dataset No

We generated SDMs in R [36] using five different modeling strategies: Generalized Additive
Models (GAMs) with the mgcv package [37], Generalized Linear Models (GLMs), Random Forest (RF),
and Boosted Regression Trees (BRTs) in the biomod2 package [38], and Maximum Entropy (MaxEnt) with
the dismo package version 1.1–4 [39]. We performed a 10-fold cross validation procedure, calculating
the area under the receiver operating characteristic curve (AUC), as our model performance metric.
We computed suitability prediction surfaces (scaled from 0–1) for each model, and assembled them
into one ensemble suitability surface, with individual models weighted by AUC. These final suitability
estimates for each species were reviewed, discussed with, and corroborated by local species-specific
experts. The prediction process was repeated for each species for historic (year 2000) climate estimates
as well as end-of-century projections (2070–2100) under the four future climate scenarios. We then
interpolated habitat suitability between the historic and future time periods at annual intervals for
use in population models and decadal intervals for connectivity models. Further details on habitat
suitability modeling are available in Section 1.1.2 of the Supplementary Materials S1.

Habitat patch and resistance layers were used as the primary inputs for our connectivity modeling,
derived from our habitat suitability estimates. To translate continuous suitability metrics to discrete
habitat patches, we used the Core Mapper functionality in the Gnarly Landscape Utilities toolbox [40].
Species-specific inputs for patch generation are described in detail in Section 1.1.3 of the Supplementary
Materials S1 and Table S2. Recent studies on large mammals and birds have found that habitat use
was not linearly related to resistance, which reflects how landscape features impede or facilitate
animal movement [41]. Specifically, individuals have been found to be more tolerant of a range of
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environmental features when transiting or dispersing than when occupying territories or home ranges
(e.g., [42–44]). To account for this, we used a non-linear transformation to calculate resistance [42], where:

resistance = 100− 99 ∗ ((1− exp(−c ∗ habitat suitability))/(1− exp(−c))). (1)

We set c = 2 for big-eared woodrat, c = 4 for bobcat, c = 4 for California spotted owl, c = 0.25 for
wrentit, and c = 2 for western toad, where for higher c values, resistance values become an increasingly
nonlinear negative exponential function of suitability.

2.2.2. Linkage Modeling

We combined three complementary approaches to model linkages for this analysis: (1) least cost
corridor analysis, (2) Circuitscape current flow for each of our focal species, and (3) a species-agnostic
geodiversity (or land facet) analysis. Our primary analysis employed a least cost corridor analysis
implemented in Linkage Mapper [45]. This method allowed us to identify discrete linkages between
core areas based on the lowest cost of moving through the landscape, represented by our resistance
surface. The core and linkage framework for this approach also served as the inputs for the spatially
explicit metapopulation models. We ran least cost corridor analyses for each species under historic
conditions as well as decadal intervals under the four climate scenarios to assess potential change in
connectivity over time (additional details available in Section 1.2.1 of the Supplementary Materials S1).
We followed our least cost corridor modeling with Circuitscape modeling [46] (www.circuitscape.org)
implemented in Julia 0.7 [47,48] to determine if any linkage zones were underrepresented strictly based
on the modeling approach (additional details available in Section 1.2.2 of the Supplementary Materials S1).

In addition to the focal species linkages, we generated corridors for structural connectivity
using a species-agnostic landscape approach focused on geodiversity [49,50], or land facets [51,52].
This approach is designed to identify linkages that retain a range of features defined by slope angle,
solar insolation, topography, and elevation. This method was specifically developed as an approach to
connectivity assessments under climate change that would be robust to uncertainty in climate data
and issues with scale. To execute the land facet modeling, we used ecologically relevant landform
data [50] as the source for the individual facets. Of the 15 landforms in the original dataset, we selected
three representing cool landforms (cool lower slopes, cool upper slopes, and cool peaks and ridges)
and two to represent grasslands (valley and narrow valley), which we were not able to incorporate
with our focal species modeling. To generate land facet linkages, we used the Land Facet Corridor
Designer [53] and Linkage Mapper [45] toolboxes in ArcGIS (further details can be found in Section
1.2.3 of the Supplementary Materials S1).

2.2.3. Metapopulation Modeling

We incorporated metapopulation modeling into our analyses to quantify the importance
of individual linkages for species’ abundance over time. Metapopulation models included the
warmer-wetter (CNRM-CM5) and hotter, drier (MIROC5) climate predictions under business as
usual emissions (RCP 8.5) as well as a no-change scenario for comparison. For this component,
SDM predictions of habitat suitability defined the carrying capacities of metapopulation patches,
and a demographic model determined the population dynamics within and across the patches.
We implemented metapopulation modeling in the software package RAMAS GIS®5.0 (described in [54])
and tested the importance of each linkage by comparing the final abundance of the metapopulation
with each corridor activated individually and compared that to models where no corridors were
active. We used the change in final abundance to calculate the percent increase in the metapopulation
when the corridor was added, which we called ‘improvement by addition’. To focus on biologically
important changes in landscape connectivity, we determined a minimum threshold above which we
did not expect changes in final population size were due to model variability. For corridors above
this threshold, we calculated a relative importance metric by rescaling the increase in final abundance

www.circuitscape.org
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calculated under our improvement by addition tests for each corridor. These rescaled values ranged
from 0 to 1 based on the minimum threshold and the maximum percent increase observed across
all scenarios. Additional details and parameters for the metapopulation modeling are described in
Section 1.3 of the Supplementary Materials S1 and Table S3.

2.3. Prioritizing a Multispecies Linkage Network

Given the scale and scope of the project, prioritization was critical to achieve a realistic and
implementable multispecies linkage network. To effectively prioritize linkages according to the
numerous outputs produced in our modeling framework across climate scenarios and species,
we developed a framework that utilized key attributes of the landscape to identify important core
and linkage areas for each species, which were then included in the multispecies linkage network.
To quantitatively prioritize patches within our established networks we used the Environmental
Evaluation Management System (EEMS 2.02; [55]), a hierarchical decision-making toolbox in ArcGIS
(ESRI, Redlands, CA, USA) based on fuzzy logic. This prioritization was a two-step process that
involved first assessing the values of cores and linkage segments for each species, then ranking
segments among species to be carried forward into the final network.

Prioritization with fuzzy logic requires that each metric be rescaled into fuzzy space using the
EEMS tool. This involves reinterpreting metrics on a scale from being ‘completely untrue’, wherein
they are assigned a value of −1, to being ‘completely true’, receiving a value of 1. For our purposes,
we considered metrics on scales of low-to-high conservation value. For example, low landscape
resistance would be assigned a fuzzy value of 1 (high priority value), and the highest resistances
a value of −1 (low priority value) whereas linkages and cores with the highest proportion of area
conserved would receive fuzzy values of 1, and low proportions would receive fuzzy values of −1.

2.3.1. Within-Species Prioritization

Our first step in prioritization was based on four main categories (Figure 3A): conservation
feasibility, connectivity/landscape value, climate consensus value, and metapopulation persistence,
which incorporated species-specific dispersal limitations. We assessed priority with these categories by
hierarchically combining closely related metrics. Our first two prioritization categories addressed the
value of linkages based on current conditions whereas the second two considered future conditions.
Further details on the prioritization approach and metrics described below can be found in Section
2.1 of the Supplementary Materials S2, Figure S1, Tables S4 and S5, which describe each metric,
how each value was “fuzzified”, and how metrics were combined to create the final priority linkage
for each species.

Conservation feasibility combined metrics to account for factors that would facilitate or present
challenges for conserving linkages within the network, including the number of parcels per unit area
(unpublished data, California Department of Fish and Wildlife), average parcel size, and percent of area
already conserved [56]. The parcel metrics were included to serve as a proxy for the cost of conserving
a given area based on the assumption that a larger number of small parcels would likely cost more
than fewer large parcels.

Connectivity and landscape value, which was based on historic conditions (in the year 2000),
encompassed measures of betweenness (i.e., the number of patches that use the node as a hub) and
centrality, (i.e., the number of bordering patches) calculated in the igraph package [57], habitat quality
metrics including the ratio of patch edge to overall area, impervious surface cover to delineate urban
areas (National Land Cover Database 2011; [33]), resistance, and whether a linkage overlapped with
areas previously identified as important under the South Coast Missing Linkages (SCML; [58]) or
California Essential Habitats Connectivity (CEHC; [59]) projects.

The next prioritization category considered the potential future value of each linkage under climate
change. We used Climate consensus value to identify where there was a greater weight of evidence and
thus, higher confidence, that a linkage would be important in the future. We calculated consensus in
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two ways: (1) based on connectivity to climate analogs (i.e., similarity in a location’s climate relative
to another location in the future), and (2) accounting for the number of time steps in our decadal
modeling a linkage persisted within each of the four climate scenarios. Our assessment of climate
analogs evaluated climatic water deficit [60] which accounts for temperature and precipitation under
two climate scenarios (MIROC5 and CNRM-CM5 under the RCP 8.5 emissions scenario). We assessed
linkage connections based on the climatic envelopes of historic and future conditions using the Linkage
Priority Mapper tool [61]. The importance of each linkage for connecting climate analogs was calculated
as the climate envelope difference between current and future conditions. The climatic difference was
combined with closeness, permeability, and core area values and normalized on a scale of 0 to 1 where
closeness was defined as the normalized distance between the two cores a given linkage connects,
permeability was the inverse of resistance, and core area value was parameterized using the climate
signature of the climatic water deficit layer. To account for the value of linkages over our decadal time
steps and across scenarios, we evaluated consensus assuming the greater number of times a linkage
was present, the more likely it is important for connecting present and future habitat patches. Thus,
linkages could be present between one to ten time periods under each of the four future scenarios for
each of the five focal species.

Finally, Metapopulation persistence was based on a prioritization determined through the Linkage
Priority Mapper [61] using the relative importance value described above. As with the climate analog
prioritization, we calculated the metapopulation persistence value for each linkage by combining the
relative importance value with closeness, permeability, and core area values where core area value was
based on the habitat suitability value. We assigned the relative importance twice the weight of the
other factors considered. This priority value was calculated under no change, as well as under two
future scenarios (MIROC5 and CNRM-CM5 under RCP 8.5).

2.3.2. Multispecies Prioritization

Once linkages were prioritized for each species, those with highest values were selected for
inclusion in the multispecies network. To assemble this network, we created a union of the cores and
linkages for all species from the historic framework and developed another EEMS model to then select
the portions of the union that should move forward into the final network. This model first employed
a union function to combine the maximum priority value of a segment for any given species with the
average value across all five species (Figure 3B). We also created a count variable to identify linkage
segments that served multiple species. This addition allowed us to include important linkages through
more urban areas that are constrained but may play an important role in connecting isolated urban
habitat patches. We assembled the multispecies network from a union of all species’ cores and linkages
using an ‘or’ function to calculate a final multispecies priority value based on segments that either had
a high combined maximum and average value or served three or more species. Once we calculated
the final multispecies priority value, we examined the output and determined that a threshold of 0.35
(on the fuzzy scale of −1 to 1) would allow us to delineate complete linkages while still being restrictive
enough to be feasibly implemented.

We selected all segments from the multispecies union that were above this threshold to form the
basis of the multispecies network. Once we established this basis using the highest priority segments
from the least cost corridor models, we reviewed the output from our individual species Circuitscape
models under historic conditions to account for potential differences in linkage delineation resulting
from different methodological approaches. After normalizing the outputs for all species, we calculated
average and maximum multispecies flow, selecting the top 20% of average flow and top 30% of
maximum flow. We combined these flow surfaces and found there were gaps in our multispecies
union, and so expanded linkages in these areas accordingly. We then reviewed our species-agnostic
geodiversity land facet linkages and found that the facets providing connectivity along cool lower
slopes, upper slopes, and peaks and ridges were well-represented by our focal species linkages.
However, given the absence of a grassland-associate from our suite of focal species, only a portion of the
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valley and narrow valley linkages were covered by our focal species linkages. As such, we added these
complementary linkage segments to the regional network. Finally, to reinforce connections through
more intensely developed areas within the urban matrix, we examined and compared the geography
of existing urban conservation planning efforts in the region that are focused on remnant corridors,
primarily along rivers or through riparian areas (e.g., Emerald Necklace Vision Plan, Santa Ana River
Parkway). We incorporated these areas into our final linkage network, labeling them as river or riparian
linkages to distinguish them from linkages identified by our modeling efforts.

3. Results

3.1. Habitat Suitability, Linkage, and Metapopulation Modeling

Based on our assessments of performance using cross-validation, the models for all five focal
species performed relatively well at predicting suitability of occupied habitat. The bootstrapped
accuracy averaged across models and ten subsamples of data was 0.95 for owls, 0.80 for wrentit, 0.85 for
woodrat, 0.83 for western toad, and 0.80 for bobcat, all based on a scale of 0 to 1.

After we generated historic least cost corridor surfaces for each species, we truncated results
on a species-specific basis to establish linkages that were wide enough to accommodate movement
but restricted to an area that could feasibly be conserved. Across the region, the combined core
and restricted linkage network under historic conditions resulted in identification of: 22,230 km2

for big-eared woodrat, 16,840 km2 for bobcat, 14,483 km2 for California spotted owl, 11,544 km2 for
western toad, and 16,568 km2 for wrentit. The union of each of these segments comprised 41,738 km2

across the region.
Under all climate scenarios for wrentit and big-eared woodrat, we found that dispersal-limitation

for both species restricted the number and length of corridors that were important to the metapopulation.
Furthermore, we observed that considerable habitat consolidation in the north limited the benefit of
connectivity. Connectivity appeared to be most important in the future where habitat fragmentation
was projected in the southern portion of our study area. For bobcat and western toad, we found that
fragmentation for both species in the future reduced the overall risk to the population under any
scenario because patches became separated and as such, were less likely to simultaneously experience
events that would affect subpopulations (e.g., patch-scale fires). For these two species, corridors
connecting patches of habitat that were projected to fragment under climate change were particularly
beneficial. As a long-distance disperser, bobcats relied on long corridors, and overall, benefitted more
from connectivity than the other focal species. The results for spotted owls demonstrated the most
substantial climate change impacts. With most of their habitat at high elevations, spotted owls were
projected to lose a substantial amount of habitat under all scenarios; therefore, there was not enough
habitat remaining to support sustainable populations to the end of the century. Summary maps of
the population modeling results for each species under each scenario are available in Supplementary
Materials S3, Figures S2–S6.

3.2. Prioritizing a Multispecies Linkage Network

After applying the threshold cutoff to the prioritized multispecies union (Figure 4A) and adding
in components of the Circuitscape (Figure 4B) and geodiversity land facet linkages (Figure 4C), the final
linkage network totaled 30,052 km2. The combination of Circuitscape outputs from the top 30% of the
maximum flow value and top 20% of the average flow value resulted in identification 4672 km2 of
linkage area. Of this total area, we added 1382 km2 to the final network after removing portions of
that overlapped with the least cost corridor network and segments that identified flow through areas
with very high levels of impervious surface. From the geodiversity land facet linkages, we evaluated
an additional 6661 km2 of linkages in valleys and 6900 km2 in narrow valleys, 1847 km2 of which
contributed to our final network after accounting for overlap with our species linkages and removing
areas that were highly urbanized. Finally, the addition of riparian linkages identified in prior urban
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connectivity planning efforts contributed another 272 km2 to the final linkage network, connecting
several otherwise isolated patches or linkages to nearby conserved lands.Land 2020, 9, x FOR PEER REVIEW 12 of 18 

 

Figure 4. Maps depicting the outputs of the three linkage modeling approaches used to assemble the 

final linkage network. (A) Shows the selected threshold for the prioritized least cost corridor models; 

(B) Depicts Circuitscape outputs reflecting the combined top 20% of the average normalized percent 

flow and top 30% of the maximum percent flow for all species; (C) Identifies the selected geodiversity 

land facet linkages through valleys and narrow valleys. 

 

Figure 4. Maps depicting the outputs of the three linkage modeling approaches used to assemble the
final linkage network. (A) Shows the selected threshold for the prioritized least cost corridor models;
(B) Depicts Circuitscape outputs reflecting the combined top 20% of the average normalized percent
flow and top 30% of the maximum percent flow for all species; (C) Identifies the selected geodiversity
land facet linkages through valleys and narrow valleys.

The final network (Figure 5) identified linkage segments and their source (species and land facet
models or river/riparian linkages described in the methods above). In addition, we identified the
portions of our focal species linkages that were already conserved in large blocks (>20 km2) and
labeled those as ‘conserved’. Over 55% of this final multispecies linkage network is already either fully
conserved [56] or protected under conservation easements [62]. After accounting for military-owned
and tribal lands, which may confer some protection from development, just under 40% or 12,140 km2 of
the linkage network remained on private, unconserved lands that could be considered for acquisition
for linkage implementation.
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Figure 5. Final multispecies linkage map with different linkage types identified by the source for each
type. Focal species linkages were derived from species-based modeling. Map depicts the full linkage
network including large blocks of conserved lands important for climate connectivity and linkage
segments yet to be conserved. River/riparian linkages follow major drainages to provide urban linkages.
Finally, the geodiversity land facet linkages represent valleys and narrow valleys corridors that were
added to complement the species-based linkages.

4. Discussion

Connectivity is essential to climate-smart landscape conservation strategies [4] and can strengthen
ecosystem resilience to additional stressors such as habitat fragmentation [6], and disturbance [7,8].
However, planning for and implementing strategies to protect and enhance landscape connectivity
under climate and land-use change requires innovative approaches that address the uncertainty in
potential future conditions, demographic constraints to species persistence, and the factors that affect
the feasibility of conservation actions to preserve connectivity [20]. Here, we present an approach
that utilizes available biological data to design a comprehensive multispecies connectivity plan that
accounts for the dynamic nature of connectivity. This approach can readily be adapted to different
regions, scenarios, species, and habitats to facilitate planning at different scales and advance proactive,
data-informed planning and management that fosters climate resilience for native species and habitats.

Our comprehensive methodological approach is unique both in its use of species occurrence and
demographic data to develop robust biological prioritizations for connectivity planning, and in the
merging of this biological data with management considerations to set achievable implementation
goals for climate adaptation and enhanced connectivity. By integrating multiple approaches to
modeling habitat suitability and connectivity, we created an ensemble of models that were robust
beyond the results of any single modeling technique, building on the strengths of a variety of methods.
The focal species approach—representing a range of movement behaviors, habitat associations,
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and taxonomic groups—ensured we could identify linkages that would support connectivity for the
most species, thereby preserving biodiversity [15–17]. Our stepwise combination of least cost corridor
modeling, circuit-theory based flow models, as well as species-agnostic geodiversity assessment of
structural connectivity is a strategy that has been demonstrated to perform well for climate adaptive
connectivity [18,19]. We observed overlap and consensus among these model results, reinforcing the
importance of those areas that appeared across methods. We also identified unique areas important for
connectivity not captured by our primary approach, least cost corridor modeling. Using the results
of our complementary connectivity modeling methods, we added nearly 4900 km2 to our linkages,
representing ~17% of the total area in the final linkage network. When combined with our assessment
of the biological value of these linkages and considerations for habitat quality and feasibility of
implementation, we were able to further refine our evaluation and prioritization of individual linkages
to assemble a multispecies network using transparent and quantitative metrics.

To facilitate decision making under the uncertainty and dynamics of climate change, we considered
climate in multiple ways and employed a scenario-based approach (sensu [63]) to examine the potential
for change and consensus across approaches and climate projections. The strength of our modeling
approach stems from the linkage models and feasibility assessment, which were developed for historic
and existing conditions in the region and then prioritized based, in part, on the potential value of each
linkage under scenarios of future climate change. Our selection of climatic projections was intended to
capture the range of variability and change that is likely to be observed in southern California in the
future [64], and consideration for each of these scenarios was propagated through every phase of our
analysis. We addressed uncertainty in future conditions by relying on consensus among our different
outputs in addition to considering the value of linkages in multiple climatic contexts (i.e., time steps
and climate analogs) [5].

Undoubtedly, land-use patterns and pressure are also expected to change over the time period
considered in our models. Because conservation efforts have greater potential to alter projected
patterns of land-use change than climate change, we excluded temporal variation in land-use from our
dynamic connectivity models. While we did not include this final step in the analysis presented here,
we recognize that consideration of potential land-use changes will be an essential part of translating
connectivity plans into conservation action so areas at highest risk of development can be prioritized
for conservation. By integrating this information at the implementation phase, decision makers can
evaluate a variety of projections of land-use change modeled under differing scenarios and revisit this
analysis as projections change in response to ongoing development and conservation actions.

Our approach to prioritization of landscape connectivity integrated conservation and connectivity
values, while also recognizing barriers and the importance of evaluating the potential longevity
of conservation investments. By identifying spatially explicit linkages that are likely to continue
to support landscape connectivity under projected future change, results from our analysis can be
integrated into regional conservation and management plans that are transparent [13] and address
uncertainty, using quantitative metrics that directly relate to implementation considerations, ecological
value, and potential role in facilitating climate adaptation [13].

The prioritization tool we used to assemble the multispecies linkage network, the EEMS
modeling toolbox, can also be employed to develop a strategy or priorities for reserve design,
conservation acquisitions, or even developing management strategies to protect and enhance
connectivity on conserved lands [55]. The flexibility in this framework allows for decision-making
to by driven by regional or organizational needs and priorities while highlighting the conservation
benefits and opportunities that can arise from proactive planning for long-term conservation goals.
This flexibility can also serve to connect local, jurisdictional land-use planning with regional, landscape
planning, a critical synergy to ensure meaningful efforts are implemented to preserve connectivity in
dynamic landscapes.
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5. Conclusions

We demonstrated a framework to assess functional connectivity under shifting conditions and
evaluate and prioritize linkages that provide adaptive capacity for wildlife populations threatened by
climate and land-use change. Although translating the connectivity assessment we developed into
action will require coordination and communication with stakeholders working in land management
and land-use and development planning [13], the strong scientific foundation we present can serve as
the necessary foundation to support strategic, climate-wise planning. Our approach can be directly
and widely applied to connectivity planning and implementation, particularly when considering
connectivity as a key component of reserve design. In addition, the linkage network we developed
can be used as an input for further prioritization, guided and designed by end-users. Specifically,
prioritization of implementation actions should include future projections of land-use to ensure
implementation efforts account for the threat of land-use change. By linking quantitative metrics
to our corridors and prioritizing areas for conservation based on that information, our approach is
transparent, and as such, can support conservation decision-making, despite the uncertainties of the
cascading ecological impacts of climate change.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-445X/9/10/341/
s1, S1: Detailed methods for ensemble distribution models, linkage modeling, and metapopulation models,
S2: Prioritization for multispecies linkage assembly, S3: Maps of metapopulation modeling results for each scenario
by species.
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