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Seventy-two models of large
mammal connectivity across
Panama: insights into a critical
biogeographic linkage zone
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Kingdom, 2Kaminando Habitat Connectivity Initiative, Oakland, CA, United States, *Department of
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Aim: The goal of this study was to evaluate consistency among multiple
connectivity models for jaguar and puma across Panama to evaluate the
plausible current patterns of habitat connectivity for these and potentially
other species in this critical biogeographic linkage zone.

Approach: We compared 72 different models of landscape connectivity for both
large felids using both empirically based and expert opinion derived resistance
layers. We conducted resistant kernel modeling with different dispersal abilities
to reflect uncertainty in the movement potential of the two species. We applied
three transformations to the resulting connectivity surfaces to account for
uncertainty about the shape of the dispersal kernel function. We then
evaluated the similarities and differences among these connectivity models,
identifying several factors that drive their differences. We quantified the factors
that drive differences in connectivity predictions using surface correlation,
Mantel testing, and agglomerative hierarchical clustering.

Results: We found that the main differences among predicted connectivity
surfaces were related to species and resistance modeling approach, with
relatively little consistent difference related to dispersal ability and nonlinear
kernel transformation. Based on the ensemble connectivity prediction across the
72 models, we identified two major core areas, corresponding to the eastern and
western portions of the central mountain range, significant attenuation of
connectivity in lowland and developed areas of Panama, a major breakage in
connectivity in the Canal Zone spanning the width of the country, and weak but
potentially critical movement routes connecting the two core areas across the
Canal Zone.

Implications: This paper contributes to both a theoretical and practical
understanding of the functional connectivity of large felids, confirming the
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strong effect of differences in source points and resistance surfaces on
connectivity predictions and identifying and mapping key core areas, barriers,
and potential corridors for carnivore movement across the critical Pan-American
linkage of the Isthmus of Panama.
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1 Introduction

In the Western Hemisphere, Beringia, and the Isthmus of
Panama drove significant biogeographical changes during the
Tertiary Period. The Isthmus has also played a key role in global
biogeography and phylogeography. Over the last 20 million years,
its periodic emergence initiated the Great American Biotic
Interchange between North and South America (Woodburne,
2010) and considerably impacted marine phylogeography (O’'Dea
et al., 2016).

Panama now plays a similar role in maintaining population
connectivity between species in Central, South, and North America.
However, rapid human development, including land use change,
urbanization, agricultural development, and notably the Panama
Canal, along with the lakes and reservoirs created for its operation,
have greatly impeded potential connectivity through the narrow
passageway of the Isthmus between North and South America
(Myers and Tucker, 1987; Carr et al., 2006). This linkage’s
attenuation, and potential breakage, are of great conservation
relevance in this era of increasing interest in broad-scale
ecological networks connected by corridors and connectivity
routes to maintain dynamic viable populations (Rabinowitz and
Zeller, 2010; Olsoy et al., 2016).

All large terrestrial carnivores currently extant in South
America colonized the continent from North America through
trans-isthmian dispersal and represent the biogeographic link
between North and South America. The jaguar (Panthera onca)
and puma (Puma concolor) are two such species that dispersed
through Central America and subsequently colonized South
America (Woodburne, 2010). Today, these Neotropical felids are
experiencing population declines and severe range contractions
owing to an increased loss and fragmentation of habitat, prey
depletion, and human conflict (De La Torre et al, 2018;
Jedrzejewski et al., 2018; Guerisoli et al, 2021). As wide-ranging
apex predators—sharing similar habitats and behavioral traits—they
require extensive interconnected landscapes with abundant prey to
maintain viable populations to persist and adapt to changing
environmental conditions (Scognamillo et al., 2003; Harmsen
et al,, 2009; Craighead and Yacelga, 2021; Montalvo et al., 2023).
In Panama, Craighead et al. (2022) identified seasonal jaguar and
puma habitat selection at multiple scales, highlighting the structural
connectivity among the habitats that shape the country’s landscape.
While jaguars preferred primary forest and showed a negative
association with human disturbance, pumas were relatively
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resilient to forest disturbances and ventured into secondary forest
and human-altered habitats. Throughout the range of these two
species, the jaguar appears to be more vulnerable to habitat loss (De
La Torre et al, 2018; Jedrzejewski et al., 2018; Villalva and
Palomares, 2022).

In Panama, at a national scale, there are few species
connectivity assessments based on empirical habitat suitability
predictions (Meyer et al. 2015; Meyer et al., 2020a; Meyer et al.,
2020b). However, species connectivity predictions for Panama are
imperative given its biogeographic context as a trans-hemisphere
linkage, connecting Central America with the Tumbes-Choco-
Magdalena and Andean-Amazonian biogeographic zones,
providing an ecological connection between Nearctic and
Neotropical regions. The Tumbes-Choco-Magdalena region
extends from easternmost Panama to the Pacific coast of
Colombia, and Ecuador. It is a biodiversity hotspot harboring
high endemicity (Myers et al., 2000). Thus, the Isthmus of
Panama serves as a critical biogeographic node facilitating
dispersal and gene flow between the Americas. It is a key linkage,
enabling crucial evolutionary processes between distinct
biogeographic zones that shaped New World diversification.

Owing to the threat of further landscape conversion and habitat
loss, and the urgent need to inform land use policy, this paper aims
to predict, compare, and combine 72 different models of landscape
connectivity for jaguars and pumas across Panama to evaluate the
plausible current range of habitat connectivity for the species in this
critical biogeographic linkage zone. There are many different
approaches to modelling connectivity, as a function of landscape
resistance, dispersal ability, and the distribution of source points.
Frequently used approaches include resistant kernel modeling
(Compton et al., 2007), factorial least cost path modeling
(Cushman et al, 2009), circuit theory current flow (McRae and
Beier, 2007), graph metrics of network connectivity (Saura and
Torne, 2009), and least cost corridors (Singleton et al., 2002). In
addition, several recent papers have used agent-based simulation
modeling to evaluate the relative performance, and difference in
predictions, produced by these different methods (e.g., Unnithan
Kumar et al., 2022; Lumia et al., in press'). These papers have found,
consistent with past empirical results (e.g., Cushman et al., 2014;

1 Lumia, G, and Cushman, S. A. Using simulation modeling to demonstrate
the performance of synoptic-resistant kernels and graph theory metrics for

connectivity analysis. (In Press) J Environ Manage.
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Zeller et al., 2018), that under most realistic conditions and for most
questions, the resistant kernel approach for connectivity modeling
produces the most accurate and informative spatial predictions of
functional animal connectivity. We used the resistant kernel
algorithm in this study based on these results.

Our approach develops resistance surfaces for jaguars and
pumas based on published empirical species distribution models
transformed into resistance surfaces and expert-based land use
resistance for the two species. This approach allows additional
evaluation of the important question of how different predictions
are between expert-opinion and habitat-suitability-based landscape
resistance models, which has been an ongoing issue of high interest
in landscape ecology and conservation biology (e.g., Mateo-Sanchez
et al., 2015a; Mateo-Sanchez et al., 2015b; Sartor et al., 2022).
Additionally, we evaluated three different dispersal abilities to
reflect uncertainty in the movement potential of the two species,
which is also essential both theoretically and pragmatically, given
the often-large effect of dispersal ability on predictions of
connectivity (e.g., Cushman et al, 2013a; Ash et al, 2020).
Further, there is extensive interest in how the functional response
shape of dispersal kernels affects the predictions of connectivity
modeling. However, few studies have formally compared
predictions made with different dispersal kernel shapes. We
sought to explore this by applying three transformations to the
resulting connectivity surfaces to account for uncertainty about the
shape of the dispersal kernel function modeling convex linear and
concave dispersal relationship.

Notably, this is one of the first connectivity studies to use a large
factorial combination of parameters in an ensemble modeling
approach to evaluate the consistency of connectivity predictions
across a large parameter space and produce an ensemble
combination of predictions to mitigate uncertainty in the
parameterization of the specific component models, and benefit
from the central tendency among models across the parameter
space. Ensemble modeling has been widely used for species
distribution modeling and climate forecasting (Aratjo and New,
2007; Stott and Forest, 2007), but to our knowledge this is the first
multi-species, multi-model ensemble analysis of connectivity based
on underlying empirical data related to species distribution and
habitat suitability.

The core research question focused on quantifying spatial
variation among connectivity models based on species, dispersal
ability, dispersal kernel shape, and resistance surface modeling
approach to identify areas consistently predicted as core areas,
corridors, and barriers across Panama. We proposed several
hypotheses, including (1) models developed for the same species
will be more similar than models developed for different species,
although differing in other parameters, (2) models developed with
the same dispersal ability will be more similar than those developed
from different dispersal abilities, (3) models developed with the
same kernel shape transformation will be more similar than those
developed with different shape transformation, (4) models
developed from habitat suitability will be more similar to each
other than to models developed from expert opinion.

A further objective was to combine our predicted connectivity
maps to optimize the selection of areas for conservation-restoration.
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The variation and congruence of multiple connectivity predictions
and seeking consensus across models to guide conservation is a
topic of great recent interest in connectivity science (e.g., Cushman
et al,, 2013a; Schoen et al.,, 2022). Therefore, we sought to explore
the feasibility and utility of developing multi-model connectivity
ensembles by proposing that areas with a high mean conductivity
value and low variation of predicted connectivity value are
consensus areas of high connectivity importance. Conversely,
areas with low mean connectivity value and low variation are
areas of consensus as movement barriers or unsuitability for large
carnivore movement. Areas with high variation among models are
areas of uncertainty in which modeling parameters substantially
impact connectivity predictions. Further research is warranted to
refine the functional relationship between large carnivore
movement and landscape features, particularly in these areas of
high uncertainty among model predictions, where model outcomes
can have significant impacts on development and land-use policy
with consequences for biodiversity and its conservation.

2 Methods

The analysis involved six components. First, we developed a
suite of resistance surfaces for jaguars and pumas based on a
transformation of empirically derived habitat suitability models
(Mateo-Sanchez et al., 2015a; Mateo-Sanchez et al., 2015b) and
expert opinion-based resistance models (Macdonald et al., 1981).
Second, we generated source points for analysis probabilistically in
proportion to the relative suitability of each resistance model. Third,
we computed three functional response surface transformations of
the resistance surfaces. Fourth, we ran resistant kernel modeling on
each resistance surface, source points, and surface transformation
combination across three dispersal threshold distances. Fifth, we
compared the differences in connectivity predictions across the
models and identified the factors that most affect spatial patterns of
connectivity predictions. Sixth, we combined connectivity
predictions and computed their variation to identify areas that a
consensus of models identified as essential core areas, linkages, and
movement barriers. Below we provide a detailed methodology for
each step of the analysis.

2.1 Resistance models

We developed eight base resistance models for this analysis
(Table 1). These include three for each species based on published
seasonal habitat selection in Panama (Craighead et al, 2022).
Specifically, Craighead et al. (2022) used multi-scale optimization in
machine learning (random forest) to predict habitat selection for wet
and dry seasons and annually for jaguars and pumas based on camera
trap data. This analysis found that the habitat use of these species was
strongly affected by landscape composition and greatly varied by
season. The analysis produced six predicted probability surfaces
(three for each species). Following the recommendations of Mateo-
Sanchez et al. (2015a, 2015b), we used a negative exponential
transformation of habitat suitability to predict resistance, given that
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TABLE 1 Description of the eight base resistance models consisting of a
combination of species and resistance modeling approach.

Base Species Resistance
Model Approach
Number
1 JA Jaguar Habitat — annual
2 JD Jaguar Habitat —

dry season
3 JE Jaguar Expert opinion
4 W Jaguar Habitat —

wet season
5 PA Puma Habitat - annual
6 PD Puma Habitat —

dry season
7 PE Puma Expert opinion
8 PW Puma Habitat —

wet season

resistance to movement is often related to habitat suitability in a
nonlinear way, in which moderate and highly suitable habitats have a
low resistance to movement, while resistance increases sharply for the
least suitable habitat conditions (See Sartor et al., 2022). We used the
exponential transformation proposed by Wan et al. (2018):

R =1000( - lexp suitability)

which transforms suitability into resistance using a negative
exponential function and rescales it from 1 to 100. As the habitat
suitability layers predict occurrence and not the effects of linear
barriers on movement per se, we burned on the expected resistance
effects of roads and water bodies (e.g., Zeller et al,, 2021, Table 2).

We developed two additional resistance models based on the
authors” knowledge of the Panamanian landscape and the ecology
of the two focal species — an approach capitalizing on field
experience first fruitfully applied by Macdonald et al. (1981). We
based this on reclassifying a current landcover map into resistance
values (Table 3) and burning on expected effects of roads and
waterbodies as movement barriers (Table 2).

TABLE 2 Resistance values assigned to different road and water
body classes.

Road and Water Class

Assigned Resistance Value

Urban Road 75
Vereda Road 75
Carreterra Road 100
Camino Road 30
Sendero Road 20
Lake 150
Primary River 150
Secondary River 100
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We obtained the 2022 land cover map of Panama (Cobertura
Boscosa) developed by the Ministry of Environment and elaborated
with Sentinel 2-A satellite images at local scales of 1:25 000
(Table 3). We attained detailed hydrographic and roads network
data from shapefiles downloaded from the Instituto Geografico
Nacional Tommy Guardia (2022) website.

We added the resistant effects of several categories of water
features and roads to these eight base resistance models to
incorporate the critical effects these features can have on
landscape connectivity (Table 2). There is considerable
uncertainty in the relative resistance and total resistance to
movement related to different kinds of roads and water features.
Therefore, we chose a single combination of resistance values. We
did not explore how variation in these values affects the predictions
given the focus of the study in comparing species (jaguar and puma)
dispersal ability (200k, 400k, 600k), connectivity surface
transformation (sqrt, linear, sq), and modeling approach (habitat
vs expert). Given that the combination of these factors produced 75
different connectivity predictions in themselves, we felt it was
infeasible to greatly expand the analysis by evaluating multiple
levels of potential road and water resistance, given the factorial
combinations of parameters become very large and the
computational time required for spatially synoptic resistant kernel
analysis is relatively high.

2.2 Source points

The density and distribution of source points can significantly
impact the predictions of connectivity analysis, often to a greater
extent than the influence of variation in resistance surfaces
themselves (Cushman et al., 2013a; Ash et al., 2020). To simulate
source points realistically and consistently for connectivity analysis,
we used the probabilistic spatial sampling approach (e.g., Cushman
et al., 2017; Chiaverini et al., 2022; Unnithan Kumar et al., 2021),
which samples locations probabilistically with the chance of being
selected as a source point equal to the value of the habitat suitability
probability raster. For expert-opinion resistance models, which do
not have a corresponding probability raster, an analogous raster was
produced by inverting and rescaling the expert-opinion resistance
layer between 0 and 1. We then applied the probabilistic sampling
of source points to this transformed layer. For all eight sets of
candidate source points thus produced (six based on habitat
suitability and two based on expert opinion), we randomly
selected 1,000 points for inclusion in the connectivity modeling to
provide a consistent and comparable number between analyses and
a tractable number for computation.

2.3 Resistant kernel modeling

We utilized the resistant kernel algorithm to model landscape
connectivity (Compton et al, 2007). The resistant kernel model
simulates organism movement from a selection of source points
across a resistance landscape. The cumulative resistant kernel
surface - the sum of the individual dispersal kernels from each
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TABLE 3 Reclassification of the landcover map to resistance values for the jaguar and puma expert opinion resistance models.

Original Landcover Spanish Landcover English Jaguar Puma
Class No. Resistance Resistance
1 Bosque latifoliado mixto maduro Mature mixed broadleaf forest 1 1
2 Bosque latifoliado mixto secundario Secondary mixed broadleaf forest 10 5
3 Bosque de mangle Mangrove forest 15 20
4 Bosque de orey Orey forest 12 15
5 Bosque de cativo Cativo forest 12 15
6 Bosque de rafia Raffia forest 12 15
7 Bosque plantado de coniferas Coniferous planted forest 40 40
8 Bosque plantado de latifoliadas Planted broadleaf forest 35 30
9 Rastrojo y vegetacion arbustiva Stubble and shrubby vegetation 30 20
10 Vegetacion herbacea Herbaceous vegetation 60 50
11 Vegetacion baja inundable Low flooded vegetation 30 40
12 Afloramiento rocoso y tierra desnuda Rocky outcrop and bare land 60 50
13 Playa y arenal natural Beach and natural sand 50 50
14 Cafe Coffee 70 50
15 Citrico Citrus 70 50
16 Palma aceitera Oil palm 70 50
17 Platano/banano Banana/banana 70 50
18 Otro cultivo permanente Other permanent crops 70 50
19 Arroz Rice 70 60
20 Cana de aztcar Sugar cane 70 60
21 Horticultura mixta Mixed horticulture 70 60
22 Maiz Corn 70 60
23 Pina Pineapple 70 60
24 Otro cultivo anual Other annual crops 70 60
25 Area heterogénea de Heterogeneous area of 60 40
produccion agropecuaria agricultural production
26 Pasto Pasto/grass 60 50
27 Superficie de agua Water surface 100 100
28 Area poblada Populated area 100 100
29 Infraestructura Infrastructure (roads) 100 100
30 Explotacion minera Mining 100 100
31 Estanque para acuicultura Aquaculture pond 100 100

source point - reflects the expected value of the incidence function
of movement density across the landscape, in each pixel, as a
function of the density and distribution of source points, the
resistance surface, as well as the dispersal ability used for the
analysis (e.g., Cushman et al., 2013a; Cushman et al., 2016). This
approach has several advantages, including that it produces spatially
synoptic predictions of movement rate and pattern in all locations
of the landscape (Cushman et al., 2013a; Cushman et al., 2014), is
relatively computationally efficient, and, in particular, because
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recent simulation studies (e.g., Unnithan Kumar and Cushman
2022; Lumia et al.,, in press) have found that resistant kernel
analyses produce predicted connectivity surfaces that more
accurately reflect the actual movement patterns of organisms
across a broad range of movement parameters than several other
widely used connectivity modeling algorithms.

We utilized the UNICOR (Landguth et al., 2012) software to
implement resistant kernel modeling. We implemented resistant
kernel modeling in UNICOR by selecting the parameter “all_paths”

frontiersin.org


https://doi.org/10.3389/fevo.2023.1250255
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org

Cushman et al.

for “Edge Type”. We ran resistant kernels with a linear shape
parameter which produces conical kernel densities surrounding
each source point. We implemented three different dispersal
distance thresholds, given the often-dominant importance of
dispersal ability in influencing patterns of functional connectivity
across landscapes (e.g., Cushman et al., 2010; Cushman et al., 2013a;
Ash et al, 2020), as well as the uncertainty of the functional
dispersal abilities of jaguars and pumas. To explore the sensitivity
of the results to varying dispersal ability, we evaluated three
different kernel radii, corresponding to 200,000, 400,000, and
600,000 cost units. The units reflect maximum dispersal abilities
of 200, 400, and 600 km in ideal habitats (resistance value of 1) and
distances of 2, 4, and 6 km through highly inhospitable conditions
(high resistance values of 100).

Additionally, there is a need for a more formal evaluation of
how the shape of the resistant kernel function affects predictions of
functional connectivity. Recent simulations (e.g., Unnithan Kumar
et al., 2022) found that the simulated incidence function produced
by an agent-based simulation model (Unnithan Kumar et al., 2022)
produced kernel densities that were highly nonlinear with high
kurtosis corresponding to a power function. To explore the
sensitivity of the predictions to different power function
transformations of the functional kernel density surfaces, we
applied three transformations to the cumulative resistant kernel
surfaces produced from each combination of the other parameters
(species-model x dispersal ability). These include the square, square
root, and first power (no transformation). We then rescaled the
output between the minimum and maximum of the untransformed
connectivity surface for each of these transformations to produce
models with comparable ranges differing only in functional shape.
The combination of these parameters (species-model, with eight
levels; dispersal ability, with three levels; surface transformation,
with three levels) produced 72 connectivity surfaces (Table 4).

2.4 Comparison of predictions

One of the important areas of uncertainty in connectivity science
is the comparability and relative performance of connectivity
predictions from different algorithms and parameterizations. We
implemented a series of four analyses to compare the variation in
predictions across our 72 models and describe the factors that had the
most substantial influence on them. First, we computed the pixel-wise
correlation matrix among the 72-connectivity rasters. This matrix
produces the Pearson correlation coefficient between each pair of
connectivity models based on the values at each pixel in the
raster map.

Second, we used this correlation as the basis for three additional
analyses. First, we used polythetic agglomerative hierarchical
clustering (McGarigal et al., 2000) in R, using the hclust function
with Ward.D2 fusion method. We then evaluated the cluster
solution to see the major structure of grouping among the 72
models and any substructure within those groups. Second, we used
non-metric multidimensional scaling ordination (McGarigal et al.,
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TABLE 4 Description of the 72 connectivity surfaces produced by the
combination of species, model type, dispersal ability and
surface transformation.

Prediction = Model Model Description

No. Name

1 ja_ja200.1 Jaguar annual habitat, 200k dispersal, square
root transform

2 ja_ja200.2 Jaguar annual habitat, 200k dispersal,
linear transform

3 ja_ja200.3 Jaguar annual habitat, 200k dispersal,
square transform

4 ja_ja400.1 Jaguar annual habitat, 400k dispersal, square
root transform

5 ja_ja400.2 Jaguar annual habitat, 400k dispersal,
linear transform

6 ja_ja400.3 Jaguar annual habitat, 400k dispersal,
square transform

7 ja_ja600.1 Jaguar annual habitat, 600k dispersal, square
root transform

8 ja_ja600.2 Jaguar annual habitat, 600k dispersal,
linear transform

9 ja_ja600.3 Jaguar annual habitat, 600k dispersal,
square transform

10 jd_jd200.1 Jaguar dry season habitat, 200k dispersal,
square root transform

11 jd_jd200.2 Jaguar dry season habitat, 200k dispersal,
linear transform

12 jd_jd200.3 Jaguar dry season habitat, 200k dispersal,
square transform

13 jd_jd400.1 Jaguar dry season habitat, 400k dispersal,
square root transform

14 jd_jd400.2 Jaguar dry season habitat, 400k dispersal,
linear transform

15 jd_jd400.3 Jaguar dry season habitat, 400k dispersal,
square transform

16 jd_jd600.1 Jaguar dry season habitat, 600k dispersal,
square root transform

17 jd_jd600.2 Jaguar dry season habitat, 600k dispersal,
linear transform

18 jd_jd600.3 Jaguar dry season habitat, 600k dispersal,
square transform

19 j1_j1200.1 Jaguar expert, 200k dispersal, square
root transform

20 jl_jl200.2 Jaguar expert, 200k dispersal,
linear transform

21 jl_jl200.3 Jaguar expert, 200k dispersal,
square transform

22 j1.j1400.1 Jaguar expert, 400k dispersal, square
root transform

23 j1_j1400.2 Jaguar expert, 400k dispersal,
linear transform

(Continued)
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TABLE 4 Continued

Model
Name

Prediction
No.

Model Description

TABLE 4 Continued

Prediction
[\[o}

Model
Name

10.3389/fevo.2023.1250255

Model Description

24 j1_j1400.3 Jaguar expert, 400k dispersal, 48 pd_pd200.3 Puma dry season habitat, 200k dispersal,
square transform square transform

25 jl_jl600.1 Jaguar expert, 600k dispersal, square 49 pd_pd400.1 Puma dry season habitat, 400k dispersal,
root transform square root transform

26 j1_j1600.2 Jaguar expert, 600k dispersal, 50 pd_pd400.2 Puma dry season habitat, 400k dispersal,
linear transform linear transform

27 jl_jl600.3 Jaguar expert, 600k dispersal, 51 pd_pd400.3 Puma dry season habitat, 400k dispersal,
square transform square transform

28 jw_jw200.1 Jaguar wet seasonhabitat, 200k dispersal, 52 pd_pd600.1 Puma dry season habitat, 600k dispersal,
square root transform square root transform

29 jw_jw200.2 Jaguar wet seasonhabitat, 200k dispersal, 53 pd_pd600.2 Puma dry season habitat, 600k dispersal,
linear transform linear transform

30 jw_jw200.3 Jaguar wet seasonhabitat, 200k dispersal, 54 pd_pd600.3 Puma dry season habitat, 600k dispersal,
square transform square transform

31 jw_jw400.1 Jaguar wet seasonhabitat, 400k dispersal, 55 pl_pl200.1 Puma expert, 200k dispersal, square
square root transform root transform

32 jw_jw400.2 Jaguar wet seasonhabitat, 400k dispersal, 56 pl_pl200.2 Puma expert, 200k dispersal,
linear transform linear transform

33 jw_jw400.3 Jaguar wet seasonhabitat, 400k dispersal, 57 pl_pl200.3 Puma expert, 200k dispersal,
square transform square transform

34 jw_jw600.1 Jaguar wet seasonhabitat, 600k dispersal, 58 pl_pl400.1 Puma expert, 400k dispersal, square
square root transform root transform

35 jw_jw600.2 Jaguar wet seasonhabitat, 600k dispersal, 59 pl_pl400.2 Puma expert, 400k dispersal,
linear transform linear transform

36 jw_jw600.3 Jaguar wet seasonhabitat, 600k dispersal, 60 pl_pl400.3 Puma expert, 400k dispersal,
square transform square transform

37 pa_pa200.1 Puma annual habitat, 200k dispersal, square 61 pl_pl600.1 Puma expert, 600k dispersal, square
root transform root transform

38 pa_pa200.2 Puma annual habitat, 200k dispersal, 62 pl_pl600.2 Puma expert, 600k dispersal,
linear transform linear transform

39 pa_pa200.3 Puma annual habitat, 200k dispersal, 63 pl_pl600.3 Puma expert, 600k dispersal,
square transform square transform

40 pa_pa400.1 Puma annual habitat, 400k dispersal, square 64 pw_pw200.1 Jaguar wet seasonhabitat, 200k dispersal,
root transform square root transform

41 pa_pa400.2 Puma annual habitat, 400k dispersal, 65 pw_pw200.2 Jaguar wet seasonhabitat, 200k dispersal,
linear transform linear transform

42 pa_pa400.3 Puma annual habitat, 400k dispersal, 66 pw_pw200.3 Jaguar wet seasonhabitat, 200k dispersal,
square transform square transform

43 pa_pa600.1 Puma annual habitat, 600k dispersal, square 67 pw_pw400.1 Jaguar wet seasonhabitat, 400k dispersal,
root transform square root transform

44 pa_pa600.2 Puma annual habitat, 600k dispersal, 68 pw_pw400.2  Jaguar wet seasonhabitat, 400k dispersal,
linear transform linear transform

45 pa_pa600.3 Puma annual habitat, 600k dispersal, 69 pw_pw400.3 Jaguar wet seasonhabitat, 400k dispersal,
square transform square transform

46 pd_pd200.1 Puma dry season habitat, 200k dispersal, 70 pw_pw600.1 Jaguar wet seasonhabitat, 600k dispersal,
square root transform square root transform

47 pd_pd200.2 Puma dry season habitat, 200k dispersal, 71 pw_pw600.2  Jaguar wet seasonhabitat, 600k dispersal,
linear transform linear transform

(Continued) 72 pw_pw600.3  Jaguar wet seasonhabitat, 600k dispersal,
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2000), implemented in the vegan package in R to explore the pattern
of relationship among the 72 connectivity models in an ordination
framework as a comparison to the hierarchical framework provided
by the clustering (as recommended by McGarigal et al., 2000). We
then plotted the species-model groups on this ordination diagram
to visualize the significant patterns of difference among
connectivity models.

Third, we explored the four a priori hypotheses described in the
Introduction using Mantel testing with model matrices (Legendre
and Legendre, 1998). Mantel testing is a distance-based correlation
well suited to testing hypotheses of multivariate differences. In this
context, we tested whether the difference among predictions (as
measured by the correlation among connectivity rasters) is
significantly related to if the models are from (1) the same
species, (2) the same modeling approach (habitat vs. expert
opinion), (3) same dispersal ability, (4) same surface
transformation, and the combination of these factors. To
accomplish this, we converted each of the hypotheses into a
model matrix that presents the levels of the factors in the
hypothesis as 0 (reflecting match in parameters) or 1 (reflecting
mismatch). The Mantel test between the correlation matrix and the
model matrix is analogous to a multivariate test of differences in
distance between the factors described in the hypothesis (e.g.,
Legendre and Legendre, 1998; Lumia et al., in press). We
conducted Mantel tests in the Ecodist package in r.

2.5 Consensus of predictions and
spatial prioritization

We evaluated the consensus and variation in connectivity
predictions by computing the mean and coefficient of variation
rasters from the stack of 72 predicted connectivity rasters. The
mean raster shows the expected value of connectivity across the
complete ensemble of 72 connectivity predictions. In contrast,

10.3389/fevo.2023.1250255

the coefficient of variation shows the relative variation among the
connectivity predictions across Panama. We evaluated the pattern
of the coefficient of variation to assess the congruence of predictions
and areas where agreement is highest and lowest across the 72
connectivity predictions.

We then identified core areas, barriers, and potential corridors
for jaguar and puma movement across Panama based on the mean
and coefficient of variation surfaces (e.g., Cushman et al,, 2018;
Kaszta et al., 2020). We identified important core areas as unbroken
extents of continuously high kernel value. We identified barriers as
areas of continuous low kernel value between identified core areas.
Finally, potential corridors were identified based on relatively high
kernel value in the regions between identified core areas that could
provide functional routes for dispersing jaguars and pumas across
potential barriers to connectivity.

3 Results

3.1 Relationships among 72 alternative
resistance models

The main structure of the correlation matrix, as revealed by the
hierarchical agglomerative clustering, is grouped based primarily on
species, season, and expert-vs-empirical modeling approach
(Figure 1). The first cluster combines landcover (expert opinion)
based models from both species (jaguar and puma) clustered across
all dispersal levels and transformations. The second cluster
comprises all puma wet season empirical models across all scales
and transformations. The third cluster is all jaguar annual empirical
models. The fourth consists of all jaguar wet season empirical
models, while the fifth is all jaguar dry season empirical models.
Finally, the sixth combines the puma dry season and puma annual
models. The variation in connectivity models was quite similar
across clusters, suggesting high homoscedasticity in magnitude of
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variation among clusters. Overall, the clustering shows a dominant
effect of a combination of species and model type (landcover-based
expert vs. seasonal empirical models) in affecting connectivity
predictions, with a much lower influence of dispersal ability or
kernel surface transformation. This suggests that the largest driver
of differences in connectivity predictions in this analysis is linked to
which species and which modeling approach (empirical habitat vs
expert opinion) is used for the prediction.

There is also some additional substructure among clusters
related to dispersal ability and surface transformation. Cluster 1
shows a strong intermixing of jaguar and puma expert opinion
landcover models, as well as intermixing of the transformation
functions of the connectivity surface. This cluster shows that the
expert opinion model for jaguar and puma resistance are similar in
terms of their predicted connectivity and that convex, linear, and
concave transformations of the connectivity surfaces for the jaguar
and puma landcover-based expert-opinion resistance models do not
have strong effects differentiating their resistant kernel predictions.
There is a more robust substructure within Cluster 1 based on
dispersal distance, with the 200k dispersal predictions clustered
together and the 400k and 600k dispersal distance predictions
intermixed. This substructure suggests a threshold effect as a
function of dispersal distance where predictions of 200k dispersal
distance differ substantially from those of either 400k or 600k.

Cluster 2 shows a more robust substructure based on dispersal
distance and surface transformation, again with the 200k results
clustering together, and the 600k and 400k results largely clustering
together in sub-association with levels of surface transformation. Again,
this shows a substantial effect of dispersal distance, with 200k different
than 400k and 600k, and an effect of surface transformation in
discriminating connectivity predictions of the puma wet season
model. Cluster 3 shows a strong substructure in which dispersal
ability is discriminated in three distinct subclusters (200k, 400k, and
600k for the jaguar annual resistance model predictions), with little
differentiation based on surface transformation. Cluster 4 is similar to
Cluster 2, with predictions based on the jaguar wet season resistance
model differentiated mainly by dispersal distance, with the 200k

10.3389/fevo.2023.1250255

predictions clustered separately from the 400k and 600k predictions
and little clear pattern concerning surface transformation. Cluster 5 is
like Cluster 4 in that the connectivity predictions for the jaguar dry
season model are discriminated based on dispersal ability, with 200k
predictions clustered distinctly from those at 400k and 600k. Finally,
Cluster 6 groups predictions of connectivity based on the puma dry
and puma annual models, with again the main substructure related to
dispersal threshold, with predictions from the 200k dispersal distance
clustered together for both the annual and dry season puma models
and no other clear structure discriminating predictions based on
surface transformation.

The Mantel tests confirmed this pattern through distance-based
analysis of model matrices (Figure 2). Figure 2 presents the Mantel
testing of a priori hypotheses, ordered from highest to lowest
Mantel correlation. The combination of species and model type
(season and habitat vs. landcover) had a Mantel correlation of
approximately -0.5, more than twice the magnitude of the
subsequent strongest correlation (for the species group). Nearly
all Mantel tests were significant, with main effects species, scale, and
transform significantly related to similarity in connectivity
predictions, with species having more than twice as large a
prominent effect as the others. The results confirm that species
and model type, in combination, are the dominant factors in
differences among connectivity predictions.

A multidimensional scaling plot confirms the same overall
relationship. Figure 3 shows the first two dimensions of the
NMDS, and Figure S1 provides a video of the first three
dimensions, showing strong separation among the eight main
species-model type categories. The groups most distinct in the
first two dimensions of the NMDS are group 4 (jaguar wet
season), which is substantially displaced from the other
predictions to the bottom of axis two, and model 1 (Jaguar
annual), which is displaced to the left of axis 1. Group 8 (puma
wet season) is also relatively displaced from the other groups to the
top of axis two. The remaining species-season predictions overlap in
the NMDS space defined by the first two axes but show more
separation in the three-axis space shown in Figure SI.
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Mantel test on model matrices. Statistically significant tests are shown in blue and non-significant in red.
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FIGURE 3

NMDS plot of the 72 connectivity surfaces, labeled by Species x Model-Type group. 1 — Jaguar, Annual Habitat, 2) Jaguar, Dry Season Habitat, 3)
Jaguar, Landcover Expert, 4) Jaguar, Wet Season Habitat, 5) Puma, Annual Habitat, 6) Puma, Dry Season Habitat, 7) Puma, Landcover Expert, 8)

Puma, Wet Season Habitat.

3.2 Prioritization based on mean and
variation of the 72 predicted
connectivity surfaces

Figure 4 shows the mean predicted connectivity surface across
Panama. The surface shows two main core areas corresponding to
the central mountain range which runs the length of the country
near the Caribbean coast, with one core area to the west extending
to the Costa Rican border, and another stronger core area to the east
extending to the Colombian border. A quantitative assessment of
the strength of these core areas shows that the eastern core is much
stronger than the western, based both on area (173,497 km?> vs
55,801 km?) and sum of kernel values (indicating total predicted
movement density (166,360 vs 43,307). The mean connectivity
surface also shows that most of the southern part of Panama and
a major breakage transverse to the axis of the country in the region
of the Canal Zone is predicted to have very low functional
connectivity. Importantly, the Canal Zone and approximately 100
km to the west of it is predicted to have low connectivity and may
represent a functional barrier to the movement of jaguars and
pumas, and thus the area where Pan-American connectivity of these
species is severed. Figure S2 shows a 3-dimensional rotating plot of
the predicted connectivity across the ensemble connectivity model
for the entire nation and Figure S3 shows a similar plot for the
Canal Zone proper.
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The coefficient of variation surface of variation across the 72
connectivity surfaces shows a generally low variation (as a
proportion of the mean) in the two areas predicted to be
connectivity cores (Figure 5). However, the highest predicted
variation is in the Canal Zone, suggesting that this critical area of
a potential movement barrier is also an area where the models have
a relatively low agreement. The predictions suggest that focused
research on the movement of jaguars and pumas through the Canal
Zone with telemetry or landscape genetics is warranted to evaluate
functional connectivity through this critical area.

Given the potentially severed Pan-American connectivity for
large carnivores in the Canal Zone, we investigated potential
corridor linkages across this region (Figure 6). Specifically, by
overlaying the ensemble-resistant kernel surface on base maps
showing settlements, roads, and other infrastructure, we identified
several critical potential breakages in connectivity and three potential
routes of highly attenuated but potential connectivity across the
Canal Zone. Specifically, connectivity appears broken by the canal,
Chagres River, Lake Gatun, and associated development along the
major highways that parallel the canal on its eastern flank.

A quantitative thresholding of predicted kernel density enabled
us to evaluate the location and strength of potential corridor routes
across the Canal Zone. This identified three potential connectivity
routes. First, heading from east to west, (1) a crossing of the Chagres
River (~500 m water crossing) from Isla Darien to the forested
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Plot of the ensemble mean value across the 72 resistant kernel connectivity surfaces for the full extent of Panama (A) and the Canal Zone (B). In this
figure connectivity value is shown in a gradient from blue (low) to red (high) with a linear min to max stretch. The predicted core areas are shown in
red outlined polygons and the predicted corridor linkage (at 10" percentile of the cumulative kernel surface) is shown in black outline.

peninsula on the southern shore and then crossing ~150 km of
heavily disturbed agricultural land to connect with the western core
area west of Los Aguas. This is a relatively wide potential corridor
(5-10 km) that is connected at a threshold of the 10™ percentile
(e.g., 90% of the land area of Panama has greater movement density
than this corridor in the ensemble model). This shows that the
strongest potential linkage across the Canal Zone is quite tenuous
and weak, with a low density of predicted movement, and is located
along the southern shore of Lake Gatun.

The second potential corridor identified (2) crosses the canal
near the city of Gatun (~0.6 km water crossing) north of
Farmazona, hugging the northern shore of Lake Gatun (along San
Lorenzo Protected Area) to connect the western core area near Las
Minas. This potential corridor is severely limited by the disturbance
in the locks area of the canal and the nearby city of Gatun, and more
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so if the proposed Quebrada Ancha y Maria Chiquita highway is
constructed, which passes a western portion of Chagres National
Park (Centro de Incidencia Ambiental - Panama (CIAM), 2022). It
is connected at the 5 percentile (meaning it is half as strong as the
first potential corridor, which was connected at the 10™ percentile).

A third (3) potential steppingstone corridor crosses Lake Gatun
via Barro Colorado Island (~1 km water crossing) near Isla Buena
Vista, and from the island to the mainland near Isla Maiz (~0.25 km
water crossing), thence connecting to the central western core area
west of Los Aguas through a ~150 km route with heavily developed
agricultural land. This corridor has very low predicted movement
density (connected at the 1** percentile, meaning 99% of the land
area of Panama has higher predicted movement density). The two
southern routes are exposed to long traverses through highly
impacted agricultural landscapes, which the ensemble model
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Coefficient of variation among the 72 resistant kernel connectivity predictions included in the ensemble connectivity model across the full extent of
Panama (A) and the Canal Zone (B). In this figure the coefficient of variation is shown in a gradient from blue (low) to red (high) with a linear min to
max stretch. The predicted core areas are shown in red outlined polygons and the predicted corridor linkage (at 10" percentile of the cumulative

kernel surface) is shown in black outline.

predicts have low connectivity potential. All three routes have
relatively long water crossings, some with multiple crossings
(northern and central).

4 Discussion

This paper illuminates several issues of both theoretical and
applied conservation interest. From a theoretical perspective, this is
one of the first studies to apply a multi-species, multi-model,
ensemble framework to predict connectivity at a national level
and compare the factors that drive differences in the predictions.
Specifically, we evaluated 72 different connectivity models,
consisting of a factorial of species, model type (seasonal habitat,
annual habitat, landcover expert), dispersal ability, and nonlinearity

Frontiers in Ecology and Evolution

of the connectivity function. This combination provides a novel
analysis to assess the relative influence of these factors on
connectivity predictions. It also produces a consensus prediction
from the ensemble of all predictions to account for uncertainty and
variability in predictions.

Our results indicate that there are significant differences in
predicted connectivity related to the combination of species (jaguar
vs. puma) and model type (seasonal empirically based habitat vs.
expert-opinion-based resistance surface) and a lesser but substantial
effect of dispersal ability (with 200,000 cost unit predictions
consistently different than those from 400,000 and 600,000 cost
unit dispersal ability, which generally cluster together). The results
show a large effect of species differences, resistance model type, and
their interactions. The clustering, Mantel tests, and NMDS analysis
all demonstrate the strong patterns of differences in connectivity
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FIGURE 6

Identification of three potential linkage corridors across the Canal Zone shown using contours indicating different threshold dependent connectivity
patterns (black — connected at the 10" percentile; orange — connected at the 5% percentile; white — connected at the 1% percentile

from maximum).

predictions between species-model type predictions, with all
connectivity models (across dispersal abilities and surface
transformations) clustered together for each species-model type
group. This clustering shows that predictions of connectivity are
sensitive to differences in source points and resistance surfaces (as
seen by Cushman et al., 2013a; Unnithan Kumar et al., 2022; Lumia
etal,, in press), in this case as a function of differences in species and
approach used to estimate the resistance surface and source
point distribution.

In contrast, the low variability (as measured by the coefficient of
variation) in predictions across the 72 connectivity models overall
shows that despite these differences, the interpretation of
connectivity across two large carnivore species is highly
consistent, with a strong consensus in predictions of core areas,
barriers, and potential linkage zones or corridors between the core
areas. It is encouraging that even across two different focal species,
various dispersal abilities, different approaches to estimating
landscape resistance and source point distribution, and
nonlinearity of the connectivity kernel, the predictions were
highly concordant across the 72 models. This strong congruence
in results provides high confidence in the general predictions of the
location and strength of core areas, corridors, and barriers and
provides a convincing applied conservation message. This strong
consensus is the justification for using the ensemble model,
calculated as the mean across the 72-connectivity predictions, as
the basis of our connectivity prioritization.

Specifically, our results show that the mountainous region of
Cordillera San Blas, which runs from east of the Canal Zone to the
Colombian border through the Guna Yala Indigenous territory and
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the Darien region, is the most robust core area for both species with
by far the highest predicted movement density and continuity of
predicted movements. Second, we identified an analogous but
weaker core area west of the Canal Zone following the Cordillera
Central Mountain range from El Valle to the Talamanca Mountains
in Costa Rica. This also had high predicted movement rates
throughout and strong internal connectivity. Third, we found that
the lowlands along the Pacific coast along the southern half of
Panama (including the Azuero Peninsula-Cerro Hoya National
Park) were all predicted to provide very low connectivity, no core
areas, and limited linkage potential given extensive human
development and land conversion in this region. Fourth, our
results indicate that the Canal Zone and Lake Gatun are
potentially substantial barriers to large carnivore movement
across Panama, and by extension, through the Pan-American
region, given the limiting corridor represented by the
Panamanian Isthmus. Given that jaguars and pumas are likely
more mobile, with larger dispersal ability, and potentially greater
water-crossing ability than most other species, these predictions are
likely conservative for a wide range of species for which the canal
and associated developments are likely complete barriers.
Therefore, connectivity for other focal species, such as Baird’s
tapir (Tapirus bairdii) and margay (Leopardus wiedii), for
example, is likely correlated in pattern but more restricted due to
lower dispersal abilities.

There are several implications of these results. Following recent
work by Macdonald et al. (submitted) and the habitat area
hypothesis (Fahrig, 2013), we emphasize the significant
importance of maintaining the two identified major core areas for
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large carnivore habitat and connectivity. Population dynamics
(Macdonald et al., in pressz), genetic diversity (Macdonald et al.,
in press), and genetic differentiation (Cushman et al., 2013c¢) are
more strongly influenced by the quality and extensiveness of habitat
than its pattern and connectivity. For instance, Macdonald et al. (in
press) found that simulations of population size for clouded leopard
(Neofelis nebulosa) across Borneo were dominated by the extent of
habitat protected, with effects of establishing corridors among
patches approximately an order of magnitude smaller than those
of habitat area. Macdonald et al. (in press) also found similar
dominance of habitat area in predictions of clouded leopard
genetic diversity across the same 28 conservation design scenarios
in Borneo. Cushman et al. (2014) simulated 72 different
combinations of habitat area and configuration using neutral
landscape models. They found that habitat area and configuration
affected the strength of predicted genetic differentiation. However,
the extensiveness of habitat, as measured by several landscape
metrics, had a disproportionately high effect on predicted genetic
differentiation. Therefore, the conservation significance of this
study includes the presence of two large carnivore core areas that,
respectively, span the eastern and western halves of Panama along
the two mountain ranges; and that wide-ranging carnivore
conservation initiatives should prioritize these areas to maintain
extensive and well-connected populations across the length of the
country. These core areas are also the anchors and support for any
potential connectivity across the Canal Zone. Therefore,
maintaining the core areas is likely the most crucial consideration
to retain any connectivity across the barrier region represented by
the Canal Zone.

The analysis identified three potential linkages of uncertain and
likely limited functionality across the Panama Canal watershed and
Canal Zone. Probably, none of these provides extensive functional
linkage for the two wide-ranging carnivores. As such, the Canal
Zone and Lake Gatun are man-made dispersal barriers that
potentially limit wildlife movement across Panama and the Pan-
American region. Two potential corridors skirt Lake Gatun’s edges,
one to the north and one to the south of the lake. Both cross the
canal and several major highways (i.e., Trans-Isthmian Highway)
and must traverse areas of high human development and urban
sprawl. The potential corridor to the south of the lake has more than
twice the functional potential as the one to the north, and more than
10 times the steppingstone corridor across Barro Colorado Island.
This corridor runs through a region of less intensive human
development and more space, while that in the north is through a
bottleneck between the Caribbean Sea, the locks zone, adjacent
urban areas, and the lake. The third potential corridor crosses the
lake through the steppingstone island of Barro Colorado (BCI),
from Chagres National Park to the west, where numerous villages,
land conversion, and hunting pressure are evident. Following to the
west is Parque Nacional Soberania (~22,000 ha), which sits astride
the canal and is characterized by secondary-growth forest in various

2 Macdonald, E. A, Cushman, S. A., and MacDonald, D. W. Do corridors
mitigate the effects of habitat loss: A simulation experiment. (In Press)

Ecol. Modeling.
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stages of regeneration and patches of old-grow forest. Our analysis
indicates that this third corridor is very weak and tenuous, with a
strength less than 1/5™ that of the northern corridor and less than 1/
10™ that of the southern potential corridor. BCI consists of 15.6 km?
of semideciduous lowland moist tropical forest in Gatun Lake. It
exhibits rich mammal fauna due to its protected status since 1960,
but jaguars and pumas are not permanent residents (Swinkels
et al., 2023).

4.1 Scope and limitations

This study has revealed jaguar and puma core areas and linkages
within the Isthmus of Panama, where the canal plays a significant
ecological role in disrupting species’ dispersal in the Americas.
Coupling the novel ensemble connectivity modeling framework used
here with jaguar and puma habitat selection models (Craighead et al,,
2022) informs the magnitude of impact on species dispersal. However,
as Cushman et al. (2013b) pointed out, the validation of predicted
connectivity models with movement-derived data could predict specific
movement decisions made by individual animals more effectively to aid
in the protection of potential corridors for conservation. Several studies
have found that movement data are often superior as predictors of
actual animal movement as compared with habitat suitability or
occupancy models (e.g., Cushman et al, 2014; Zeller et al,, 2018) and
that predictions are highly sensitive to movement state (Zeller et al,
2014) and demographic characteristics of the moving animals (Elliot
et al,, 2014). The 72 models we investigated included a broad range of
human impacts, but we acknowledge that future research should
evaluate a broader range of resistance hypotheses and, most
importantly, validate and optimize them in relation to empirical
movement and genetic data. This is particularly true in the locations
of the predicted potential corridors through the Canal Zone, which are
areas of high relative variability among the 72 models, indicating
uncertainty in connectivity strength through these areas. We strongly
advocate for future research to study the differences in functional
movement abilities through the Canal Zone of male, female, and
dispersing juvenile (e.g., Elliot et al, 2014) jaguars and pumas. A
constraint on our study was the shortage of GPS telemetry on jaguars
and pumas near the canal (ie., from the eastern core area); acquiring
such data to characterize accurately the movements of both species
should be a priority. Validating our findings will be of great
conservation value for the two felid species, and for other terrestrial
species with similar ecological characteristics. It will also be valuable to
explore other reliable approaches for establishing linkages to the two
core areas, such as landscape genetics (Cushman et al., 2006;
Wasserman et al., 2010; Mateo-Sanchez et al., 2015a; Mateo-Sanchez
et al, 2015b; Atzeni et al, 2023). We encourage future research to
determine whether the Canal Zone is permeable to jaguar and puma
gene flow and what resistance patterns are estimated based on genetic
data in comparison to habitat use and telemetry (e.g., Shirk et al,, 2010;
Wasserman et al., 2010; Mateo-Sanchez et al., 2015a; Mateo-Sanchez et
al., 2015b; Sartor et al.,, 2022).

It is important to point out that this ecoregion might be
particularly vulnerable to the increased climate variability now
anticipated as a consequence of climate change. Hence, the

frontiersin.org


https://doi.org/10.3389/fevo.2023.1250255
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org

Cushman et al.

knowledge provided here has implications for conservation practice
and policy and should prompt biodiversity conservation actions by
government institutions to, first, implement specific management
strategies (i.e., restoration, protection, or combination of both) of
the 2,500 km”> Panama Canal watershed; second, maintain the
extent, strength, and integrity of the core areas highlighted in this
paper; and third, optimize the linkages between the core areas
indicated in our models.

5 Conclusion

Our analysis maps and assesses the functional connectivity (i.e.,
core areas, barriers, and potential corridors) for large, wide-ranging
carnivores using a unique ensemble approach across a combination
of models combining two species, two resistance modeling
approaches, several dispersal abilities, and nonlinear
transformations of dispersal kernel shape. It confirms the Panama
Canal as a major potential barrier for wildlife movement which is
highly relevant for management and conservation. These findings,
coupled with previous evidence on jaguar and puma habitat use at
multiple scales (Craighead et al., 2022), can potentially provide
assessments of functional connectivity for these and other wide-
ranging species (i.e., the endangered Baird’s tapir) in the region.
Situated in one of the most biodiverse and complex sections of the
Mesoamerican Biological Corridor, the Panama Canal Zone
arguably represents the most important example of a
conservation challenge. Furthermore, the key linkage that Panama
provides between the Tumbes-Choc6-Magdalena and Andean-
Amazonian Bioregions and Central America makes it a critical
linkage for the maintenance of connectivity between the Nearctic
and Neotropics. As Panama is a key node in this connectivity, it is
important to consider the broader context when planning
conservation interventions. Our analysis identified two large and
intact core areas of high connectivity along the central mountain
range, but which were broken by a major movement barrier
spanning the width of Panama in the Canal Zone. Limited
connectivity along the south shore of Lake Gatun may still exist,
but is uncertain, tenuous, and must be verified by targeted
movement and genetics studies for multiple species.
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