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ARTICLE INFO ABSTRACT

Keywords: The loss and fragmentation of habitat has negative effects on populations of large carnivores, but ecological
Top Predators corridors that allow dispersal of individuals among habitat remnants mitigate these effects. Our objectives were
Corridors to identify 1) priority areas for the conservation of three species of large carnivores in northern Mexico, 2) the
gll.slblnbumn corridors that can maintain connectivity between them, and 3) pinch points signifying habitat loss that threatens
Linkage Mapper connectivity. We generated species distribution models using MaxEnt and GLM to obtain a consensus model for
MaxEnt each species. We applied an inverse function to the probability gradient of the consensus models to calculate the

resistance and identify the corridors between priority areas. With Linkage Mapper software, we generated the
corridors, calculated their centrality and that of the priority areas, and identified the areas where the corridors
are narrower (i.e., pinch points). Finally, we identified the main anthropic fragmentation elements in the most
important corridors. We identified 6 priority areas for jaguar, 20 for puma and 21 for black bear, with 5 corridors
for jaguar, 22 for puma and 29 for black bear. The pinch points were produced by agricultural fields, human
settlements, roads, or combinations of these factors. Depending on the element of fragmentation in each corridor,
we propose specific strategies at the pinch points, e.g., applying restoration programs, including wildlife
crossings to mitigate road killed cases, promoting payment programs for environmental services or compensation
in cases of conflict, to increase the support of local inhabitants for conservation.

1. Introduction

Habitat loss and fragmentation are two main threats to biodiversity
(Crooks et al., 2017; Wilson et al., 2016). Isolation of habitat patches
reduces their ecological functionality, limits interchange of individuals,
reduces gene flow and increases the risk of species extinction (Goossens
et al., 2016; Kutschera et al., 2016). To mitigate the effects of frag-
mentation, it is important to preserve connectivity between populations
that have been isolated (Correa-Ayram et al., 2016; Zanin et al., 2016).
For this, it is necessary to identify core habitat areas, ecological corridors
connecting these core areas, and other landscape elements such as
“stepping stones” (Di Minin et al., 2016; Monroy-Vilchis et al., 2019;
Rodriguez-Soto et al., 2013).

There are different challenges to assessing the connectivity between
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patches of habitat, since the distribution of species, the resistance
exerted by the landscape and the dispersal capacity of organisms is
unknown in some cases (Cushman et al., 2013). The implementation of
new methods in landscape ecology has provided solutions to these
challenges (Correa-Ayram et al., 2016; McRae et al., 2008). Connectivity
analysis has used different theories and algorithms such as circuit theory
and graph theory, however, the least-cost route has been applied more
frequently (Correa-Ayram et al., 2016; McRae et al., 2008, 2012).
There are several connectivity studies focused on the order Carnivora
(Correa-Ayram et al., 2016; Dickson et al., 2019). Being top predators,
large mammalian carnivores are considered key species and play an
important role in the regulation of ecological interactions (Atkins et al.,
2019; Di Minin et al., 2016; Ripple et al., 2014). In Mexico, carnivores
are the fourth most diverse order of mammals, however, approximately
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63% are in some category of risk (SEMARNAT, 2010). Three large car-
nivores inhabit northern Mexico: Panthera onca (endangered), Puma
concolor (no risk), and Ursus americanus (endangered, SEMARNAT,
2010). At an international level, only the jaguar is listed as “near
threatened” (Quigley et al., 2017). Northern Mexico is an important
region since it is the only one where these three species coexist. How-
ever, this area is threatened by habitat loss and fragmentation, as well as
hunting, urbanization, and conflicts over agricultural activities (Zarco-
Gonzalez et al., 2013).

There are studies focused on identifying priority areas for jaguar
conservation in Mexico (2011) as well as the ecological corridors that
can keep them connected (Rabinowitz & Zeller, 2010; Rodriguez-Soto
et al., 2013). However, the corridors identified in these two studies have
important differences, mainly in northern Mexico. Also, the study by
Rabinowitz and Zeller (2010) may be biased since it was based on expert
opinion. Connectivity studies of black bear habitat have been developed
mainly in the United States (Gantchoff & Belan, 2017). In Mexico there
are corridors that can maintain connectivity through different regions of
the north of the country, even between two subpopulations that are
isolated (Gonzalez-Saucedo et al., 2021; Lara-Diaz et al., 2021). In the
case of the puma, we only know of one study of habitat connectivity
(Gonzalez-Saucedo et al., 2021). They found that anthropic activities
such as urbanization, road networks and the border wall with the United
States can all limit the movements of this species.

Because of the attention that has recently been focused on the rele-
vance of habitat connectivity for the conservation of wild species, and
the increasing accessibility to tools for connectivity analysis, the number
of studies of connectivity rapidly increased. We identified corridors
while also characterized them, by analyzing factors threatening func-
tionality. These data allow to identify specific threats or pressures,
whether agricultural activities, roads, railways, or human settlements,
and thus to plan actions to specifically mitigate the impacts of these
elements on each corridor, increasing the probability that these actions
will be effective.

Our objectives were: 1) to identify priority areas for the conservation
of three species of large carnivores in northern Mexico; 2) identify the
corridors that can maintain connectivity between them; and 3) identify
pinch points where there could be habitat loss that threatens
connectivity.

2. Methods
2.1. Study area

Eleven biogeographic provinces in northern Mexico were included
(Del Cabo, Baja California, California, Sonorense, Costa del Pacifico,
Sierra Madre Occidental, Altiplano Norte, Altiplano Sur, Sierra Madre
Oriental, Tamaulipeca and Golfo de México). The study area was
approximately 1,346,786.8 krnz, its southern limit was delimited by the
Eje Neovolcanico Transversal province (1997). The predominant vege-
tation types are scrubland, temperate forest, and tropical deciduous
forest. Altitudes vary from O to 3,700 m above sea level. It is a frag-
mented region with cities of up to 8,000 inhabitants per km? and a
highway network of 95,674 km, with an approximate road density of
0.078 km/km? (Appendix A.1).

2.2. Obtaining records

Presence records of the three carnivores were obtained from three
sources: 1) digital databases: National Commission for the Knowledge
and Use of Biodiversity (CONABIO), Global Biodiversity Information
Facility (GBIF) and INaturalist. We considered only records in these
databases with the following characteristics: a) individuals reported in
the wild (i.e., we excluded records of carnivores in captivity), b) records
from museums and scientific collections, and b) citizen science data. For
these, we considered only records with a “research grade”, i.e., that were
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validated by at least three observers, 2) records from scientific literature
if the publication mentioned the record’s coordinates, and 3) records
derived by camera-trapping. Camera traps were placed and georefer-
enced in five protected areas (Ajos-Bavispe, Sierra de Zapalinamé, Par-
que Nacional Cumbres de Monterrey, Maderas del Carmen and Reserva
de la Biosfera “El Cielo”), during different time intervals in each zone
(2009, 2012-2013 and 2014-2016).

A database was generated with date, species, type of record and
coordinates, including only those from the year 2000 to 2018. To avoid
spatial autocorrelation between records, we applied spatial filtering
(Boria et al., 2014). Large carnivores move great distances and have
large home ranges, so it is likely that two spatially close records belong
to the same individual. This could result in overrepresentation in local
sampling areas. Under this assumption, we considered filtering criteria
using only one record within an area equal to the home range reported
for each species. We eliminated the records separated by a distance less
than the radius of the largest home range reported for each species in the
study area: 6 km for jaguar, 5.4 km for puma (Ntnez-Pérez & Miller,
2019) and 3.2 km for black bear (Espinosa-Flores et al., 2012). We used
the Morans I test to determine the autocorrelation between the records,
specifically to verify if the dispersion pattern changed after filtering.
Records retained for each species were randomly divided into two
subsets: 70% to calibrate and 30% to evaluate the models.

2.3. Variables’ processing

To create the models, we included 16 important variables for dis-
tribution of carnivores (Gonzalez-Saucedo et al., 2021). We selected
vegetation types for their relationship with the jaguar presence (2011);
topographic variables, since altitude and slope influence the presence of
black bear and puma (Dickson et al., 2013; Monroy-Vilchis et al., 2016);
and anthropic variables due to their effect on habitat fragmentation and
human-carnivore conflicts (Lara-Diaz et al., 2021; Zarco-Gonzalez et al.,
2013, Appendix B.1). Distance maps were generated for categorical
variables with the Euclidean distance function in ArcGis 10.4.1 (Ap-
pendix B.1). Altitude, slope, and human population density were
downscaled to 500 m. Cattle density was processed to increase its res-
olution, as all variables were processed in raster format at a resolution of
500 m (0.25 km?). To avoid autocorrelation, bias, and over-
representation, we conducted Pearson correlation analysis with all
variables on BioMapper V4.0.6 (Hirzel & Le Lay, 2008). When a pair of
variables presented statistically significant correlation (correlation co-
efficient |r|> 0.70), the least important was eliminated and the most
important variable retained.

2.4. Calibration and evaluation of the models

Two algorithms were used to create the species distribution models:
Maximum Entropy (MaxEnt 3.3.4v) and Generalized Linear Models
(GLMs). Using a set of environmental variables and georeferenced
occurrence localities, the model expresses in each grid cell a predicted
probability of presence for the target species (Phillips et al., 2006). We
used MaxEnt to generate the models modifying some parameters, such
as two levels of regularization: 2 and 4, (Radosavljevic & Anderson,
2014). For the feature classes we used “Hinge features” (Phillips &
Dudik, 2008). However, the models generated with the default param-
eters produced higher Area Under Curve (AUC) values, so we main-
tained the parameters established by default (Phillips et al., 2006).

GLMs were created with the “sdm” package (Naimi & Aratjo, 2016)
in R software. GLMs represent a generalization of the classical linear
regression method. We employed parametric functions to link the
response variable to a combination of explanatory variables. To do this
we specified an output with binomial distribution (Link = logit, Shabani
et al., 2016). To calibrate GLMs and MaxEnt we generated 10,000
random background points throughout the study area.

An individual model was generated for each algorithm, by species.
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Models were evaluated with the area under the curve (AUC-ROC), the
difference between calibration and evaluation AUC (=AUCdiff), and
omission rates (Boria et al., 2014). Two AUC values were calculated
from the two subsets of records: external (AUCey, 30%) and internal
(AUCjyt, 70%, Hanley & McNeil, 1982). The models with AUCey; > 0.7
were used to generate a consensus model using the weighted average
(Marmion et al., 2009). The output of the consensus model provides
values from 0 to 100, which represent the probability of species pres-
ence. Consensus models also were evaluated through AUC using the
module Receiver Operating Characteristic (ROC) on the software IDRISI
Selva.

2.5. Identification of priority areas

Consensus models for each species (Appendix A.2 (step 1)) were
reclassified using the maximum test sum sensitivity plus specificity
(maxSSS). This metric has been shown to be statistically robust to select
cut-off thresholds in SDM (De Barros et al., 2012; Smith et al., 2019).
The result was a binary map of areas with low or high probability
presence (step 2).

We eliminated all polygons that were smaller than the home range
size reported for each species. Although these polygons had suitable
habitat conditions, they were too small to maintain individuals. Those
polygons with larger areas were identified as suitable habitat (step 3).
After suitable habitat patches were identified, we applied two more
criteria to consider them as priority areas for conservation (step 4): a)
areas with records of the species’ presence, b) areas with records to a
distance lesser than the radius of home range. These criteria were based
on the argument that individuals can move outside the patches, but no
greater distance than their normal home range (Paviolo et al., 2016).
The priority areas identified were used as nodes for the creation of the
connectivity models.

2.6. Connectivity models

To generate the connectivity models, a permeability map was
developed for each carnivore species. We applied an inverse function to
the probability of presence. Thus, pixels with values close to 100
represent less permeable areas. This approach assumes that the quality
of the habitat has a direct positive relationship with the ease of move-
ment. That is, the landscape in the areas with a high probability of
presence offers less resistance to the movement of individuals (Paviolo
et al., 2016; Rodriguez-Soto et al., 2013).

To identify connectivity between priority areas, we used the Linkage
Mapper program in ArcGis 10.4.1. Different Linkage Mapper modules
were used to perform the connectivity analyses (McRae & Kavanagh,
2011). These tools integrate least-cost path (LCP) approaches with cir-
cuit theory. Linkage Pathways use maps of priority areas and resistance
surfaces to identify linkages between core areas, calculate cost-weighted
distances and lowest-cost routes to create least-cost corridors. To delimit
the size of the corridors we used a width limit equal to the average
distance travelled by each species multiplied by 100 days. This value
was established to standardize this measure and can be applied to other
animal movement data. The calculated distances were 267.3 km for
jaguar, and 213.7 km for puma (Ntnez-Pérez & Miller, 2019) in tropical
deciduous forest. For black bear, this distance was calculated from
telemetry data collected in the northeast of the country (unpublished
data) and corridor width limit was 195 km.

We calculated the cost weighted distance between two areas (CWD)
and the dispersion difficulty between priority areas. This parameter
considers the relationship between the Euclidean distance and the
length of the least cost route (EuD:LCP). Subsequently, we also calcu-
lated the average resistance per unit along the corridors (CWD:LCP), is
the relationship between the accumulated cost and the length of the
corridor (Dutta et al., 2016).

After identifying corridors (Linkage Pathways), we used the
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Centrality Mapper module to quantify the relative importance of priority
areas and corridors. Using current flow centrality, this measures the
importance of a link in keeping the overall network connected. Cen-
trality Mapper treats each priority area as a “node”, each link has a
unique resistance, and a resistance equal to the cost-weighted distance
of the corresponding lowest cost corridor is assigned (Dutta et al., 2016;
McRae, 2012a).

We used Pinch-point Mapper (McRae, 2012b) to produce current
maps that identify pinch-points, (i.e., constrictions or bottlenecks)
within corridors. Pinch points disproportionately compromise connec-
tivity (Castilho et al., 2015). We defined a threshold from the mean
value in the resistance range in each corridor, so the higher resistance
values were considered as pinch points (Gonzalez-Saucedo et al., 2021).
Corridors with highest centrality values (the highest third) were char-
acterized considering anthropic fragmentation elements, such as the
density of roads, presence of cities, percentage of crops, density of
human population and percentage of pinch points per corridor.

3. Results

We obtained 195 records for jaguar, 270 for puma and 903 for black
bear. Before filtering the records, the dispersion patterns for the 3 spe-
cies were clustered according to Morans I test. After filtering patterns
were random and spatial autocorrelation decreased for puma (0.050)
and black bear (0.105). However, for jaguar (0.109), the dispersion
pattern continued to be clustered, although the autocorrelation value
decreased. After data filtering, 95 records for jaguar, 120 for puma and
420 for black bear were retained. No variables were correlated (p less
than 0.05), so 16 proposed variables were included in the calibration of
the models.

3.1. Species distribution models and priority areas

The species distribution models performed well, with AUCy values
> 0.70 (Appendix B.2). The significance values and distributions of the
errors are in the Appendix C. The cut-off thresholds were 0.131 for
jaguar, 0.374 for puma, and 0.240 for black bear.

Vegetation type and topographic were the two variables most related
to the distribution of puma and jaguar. For black bear, the influence of
distance to urban areas (an anthropic variable) was considered impor-
tant (Table 1). Jaguar showed affinity to tropical deciduous forest, in the
provinces of Costa Del Pacifico and Golfo de México, in areas of lower
altitude. For black bear and puma, the variable with the greatest
contribution was the distance to temperate forest. The distribution
models of both species highlight important areas in the Sierra Madre
Occidental, Sierra Madre Oriental, and the northern region of the Alti-
plano Sur (Fig. 1). Six priority areas were identified for jaguar, 20 for
puma and 21 for black bear, with a total of 108,325 km?, 107,578 km?
and 171,578 kmz, respectively (Fig. 1).

3.2. Connectivity analysis

We identified 56 corridors among the priority areas: 5 for jaguar, 22
for puma and 29 for black bear (Fig. 2). The longest corridor (237 km in
Costa del Pacifico) and shortest (1 km in Golfo de México) were for
jaguar (Table 2). Area 1 for jaguar had only one link, thus it was the most
isolated. For puma, the areas of the province of California (1 and 4) and
Altiplano Norte (5) were not connected with any other; areas 6 and 10
only had one corridor. For black bear, only area 18 was considered
vulnerable, although had an area >25,000 km?, it only had one
connection, so it is an important area, but it is isolated.

For jaguar, the areas in Golfo de México (2, 3 and 6) had greater
centrality than those of Costa del Pacifico (areas 1 and 5). For puma,
high centrality was observed in areas of the central region of Costa del
Pacifico and Sierra Madre Occidental (areas 7, 8, 9, 12, 14, 15 and 18).
The black bear model identified areas with greater centrality in the
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Table 1
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Three variables with the highest percentage of contribution to the species distribution models.

Species Variable Influence Highest probability interval Interval in the study area Contribution percentage
Panthera onca Shrubland Negative >100 km 0-250 km 46.5
Tropical deciduous forests Positive 0-50 km 0-800 km 35.7
Altitude Negative 0-850 masl 0-3,600 masl 7.0
Puma concolor Temperate forest Positive 0-10 km 0-70 km 37.2
Slope Positive 10-70 degrees 0-90 degrees 12.4
Shrubland Negative >200 km 0-250 km 11.6
Ursus americanus Temperate forest Positive 0-50 km 0-70 km 25.6
Tropical deciduous forests Negative 0-500 km 0-800 km 18.9
Urban zones Negative 60-120 km 0-150 km 14.8
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Fig. 1. Species distribution models and priority areas for the conservation of jaguar, puma, and black bear in northern Mexico.

northern region of Sierra Madre Occidental and Sierra Madre Oriental
(6,8,9,11, 12, 16, and 19) (Fig. 3). Areas with low centrality had few
connections, therefore should be considered as vulnerable as being at
more risk of becoming isolated.

Pinch points were found in corridor C connecting areas 1 and 5 for
jaguar in Costa del Pacifico. For puma, 11 corridors had pinch points. We
found 12 pinch points for black bear, the largest number being in the
northeast region (Fig. 4). According to the characterization of the cor-
ridors, corridor B for jaguar and D for black bear presented the highest
percentage of pinch points; however, they did not exceed 20% of the
area of each one (Table 3).

4. Discussion

Maintaining habitat connectivity is one of the main strategies to
reduce the effects of fragmentation on populations with broad ecological
needs such as carnivores (Di Minin et al., 2016). Priority areas for puma
conservation in northern Mexico were identified, in addition updating
the information of the distribution for black bear and jaguar (2011; Lara-
Diaz et al., 2021; Monroy-Vilchis et al., 2016). We identified vulnerable
priority areas due both to the presence of pinch points in the corridors,

and also isolation. The corridors with pinch points are of great impor-
tance to maintain the movement of species (Gonzalez-Saucedo et al.,
2021). Loss of corridors risks connectivity between priority areas.
However, it is possible to propose conservation strategies focused on
specific areas to increase connectivity (Angelieri et al., 2016; Castilho
et al., 2015).

4.1. Priority areas for conservation and most important variables

The priority areas that we identified for jaguar coincide with previ-
ous research. They are found in the Costa del Pacifico and the Golfo de
México, as well as the Sierra Madre Oriental (2011; Rabinowitz & Zeller,
2010). It is important to note that the model identified the northern area
of the Sierra Madre Occidental as a priority, however, the probability of
presence tends to decrease as it approaches the border with the United
States. Only one patch of suitable habitat large enough to be considered
a priority area for jaguar was identified in the northernmost portion of
the range in Mexico. Probably the lack of jaguar records in this area
causes its relevance to be underestimated (Chen & Lei, 2012). Since
stable jaguar populations have been reported there (Gutiérrez-Gonzalez
et al., 2012).
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Table 2
Parameters of the most important corridors for jaguar, puma, and black bear in northern Mexico. The corridors are in descending order according to their centrality
value.
Species Connected Corridor  Euclidean distance Cost-weighted distance Least-cost path EucD: CWD: Current flow centrality
areas (EucD, km) (CWD) (LCP, km) LCP LCP (Amps)
Panthera onca 3-6 A 0.92 120.02 1.33 0.69 90.24 2.00
2-3 B 0.42 76.71 0.89 0.47 86.58 1.86
1-5 C 211.28 18727.72 237.83 0.88 78.75 1.00
Puma concolor 8-9 A 100.86 8283.91 111.34 0.90 74.40 60.00
15-18 B 141.34 10972.14 150.05 0.94 73.13 59.00
7-8 C 138.59 10369.78 151.13 0.91 68.62 52.00
9-12 D 40.65 3118.58 44.62 0.91 69.90 40.43
14-15 E 73.31 5453.97 79.24 0.92 68.83 39.32
Ursus 6-8 A 177.16 17008.25 190.25 0.93 89.40 98.00
americanus 6-12 B 74.34 6069.86 79.76 0.93 76.10 75.27
8-11 C 38.40 3069.23 40.42 0.95 75.94 61.85
16-19 D 15.86 1366.59 16.75 0.94 81.59 50.39
9-12 E 51.02 4646.94 52.07 0.97 89.25 40.69

CWD:EuD: Cost of dispersion between priority areas; CWD:LCP: Resistance per unit cost of length along the corridors.

Areas identified for puma and black bear had a similar distribution
pattern, most of them are in the mountains of the Sierra Madre Oriental
and Occidental (Lara-Diaz et al., 2021). Suitable habitat for puma was
less than that reported by Ceballos et al. (2006). However, Ceballos et al.
(2006) used only bioclimatic variables, which excludes the effect of
vegetation cover and land use change on the habitat suitability, thus
overestimating species distribution. Using the entire set of variables
available from WorldClim affects the performance of the models, due to
the high correlation between them (Bedia et al., 2013).

The black bear model is different from that reported by Monroy-
Vilchis et al. (2016), with the largest number of patches identified in the
Sierra Madre Occidental. In the north of the Sierra Madre Oriental and
the Altiplano Norte the distribution was underestimated. This is one
region with confirmed presence of black bear in the protected areas of
Sierra del Burro, Maderas del Carmen, Cumbres de Monterrey, and
others (Juarez-Casillas & Varas, 2013). The model published by Monroy-
Vilchis et al. (2016) did not include the tropical region of the Golfo de
México. This region is important since the bear presence has been re-
ported in tropical environments such as El Cielo Biosphere Reserve
(tropical rainforest, Carrera-Trevino et al., 2015). On the other hand,
this model did not include the southern recent records in the state of
Hidalgo (Rojas-Martinez & Juarez-Casillas, 2013) and the Sierra Gorda

in Querétaro (Lopez-Gonzalez et al., 2019).

For jaguar, the most important variables were distance to scrubland,
distance to tropical deciduous forest and altitude. Jaguar are distributed
in areas with less human impact since it is more sensitive to disturbances
and habitat loss (Castilho et al., 2015). These results agree with (2011),
since jaguar have not been recorded in areas with arid vegetation in the
Altiplano. Studies carried out at local level show that jaguar use different
vegetation types, including oak forest and tropical deciduous forest, at
altitudes of 40 to 2400 masl, in the state of San Luis Potosi (Villordo-
Galvan et al., 2010), this coincides with our model.

The variable with the highest percentage of contribution to the puma
model was the distance to temperate forest, followed by the slope and
the distance to scrubland. Although there are records of puma in
scrubland areas, they are few compared to records from temperate for-
est. Accordingly, our model identified these areas with a higher proba-
bility of presence. Also, several studies report that puma presence is
associated with areas with steep slopes (Dickson et al., 2013; Zarco-
Gonzalez et al., 2013), apparently because these areas represent refuges
by limiting accessibility to human.

The distance to temperate forest had the highest percentage of
contribution to the black bear model, followed by distance to tropical
deciduous forest and urban areas. These variables differ from those
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proposed by Delfin-Alfonso et al. (2012). They identified slope, altitude,
precipitation, and temperature as the most important variables. Monroy-
Vilchis et al. (2016) identified temperate forests, altitude and tropical
deciduous forest as the variables that best explain the black bear dis-
tribution. Temperate forest is important as refuge and feeding area for
this species (Judrez-Casillas & Varas, 2013). Although black bears are a
generalist species, with high ecological plasticity, capable of living even
in areas modified by human presence (Merkle et al., 2013), our model
identified these areas with a low probability of presence. This is because
the records in conflict situations were not included for generate the
model, since the objective was to identify areas of suitable habitat. The
sites where there is conflict are usually marginal habitat for bears, where
conditions for its presence are not ideal, but rather is due to attraction of
some element, such as sources of anthropic food. Another reason for
excluding records of conflict situations is that at these sites bears are
more vulnerable to retaliatory hunting, roadkill, and other human-

caused mortality (Gonzdlez-Saucedo et al., 2021). Therefore, it is not
appropriate to include information about these sites in a connectivity
model.

4.2. Connectivity analysis

Habitat fragmentation derived from human development threaten
carnivores’ conservation in northern Mexico and prioritizing and pro-
tecting corridors is essential to keep populations stable. Although jag-
uars move great distances, no corridors were found between the
populations of Costa del Pacifico and Golfo de México. Our distribution
models did not identify potential habitat in the Altiplano, so the distance
between the closest patches of habitat in these provinces is approxi-
mately 500 km. The corridors that we identified differ from those pro-
posed by Rabinowitz and Zeller (2010) but resemble those identified by
Rodriguez-Soto et al. (2013), all being along the coasts of the country.
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Table 3
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Characterization of the corridors with the highest centrality that connect the priority areas for the conservation of puma, jaguar, and black bear in northern Mexico.

The table shows the main fragmentation elements in each corridor in bold.

Species Connected Corridor Centrality Corridor area Road’s density Human settlements Percentage of area Percentage with
areas (Amps) (km?) (km/km?) percentage with crops pinch points
Pantheraonca 3-6 A 2.00 19.86 0.19 0.00 0.00 8.86
2-3 B 1.86 26.54 0.43 0.00 92.43 14.81
1-5 C 1.00 3817.60 0.04 0.04 8.09 1.37
Puma concolor 8-9 A 60.00 1322.29 0.07 0.04 4.62 0.52
15-18 B 59.00 1810.77 0.18 5.49 30.76 0.01
7-8 C 52.00 2067.99 0.00 0.00 1.57 1.22
9-12 D 40.43 541.38 0.10 0.00 2.60 0.25
14-15 E 39.32 1242.44 0.16 1.43 31.00 0.00
Ursus 6-8 A 98.00 4266.56 0.05 4.82 25.23 0.00
americanus 6-12 B 75.27 1350.8 0.01 0.11 1.64 0.79
8-11 C 61.85 997.61 0.04 0.00 3.84 0.00
16-19 D 50.39 162.43 0.00 0.00 2.52 12.83
9-12 E 40.69 516.40 0.00 0.00 0.00 2.51

The connection between the two large populations of black bear
(Eastern and Western) occurs through the Altiplano Norte, where the
corridors with the highest centrality values were found (Gonzalez-Sau-
cedo et al., 2021; Lara-Diaz et al., 2021). For puma, the most important
corridors were in Altiplano Sur and Costa del Pacifico (Gonzalez-Sau-
cedo et al., 2021).

Many of the identified corridors are compromised by agricultural
fields, human settlements, roads, or combinations of these factors, which
make it difficult for animals to move. We emphasize roads since they are
considered one of the main causes of carnivore mortality in Mexico
(Gonzalez-Gallina & Hidalgo-Mihart, 2018). Maintaining movement
paths for wildlife in a human-dominated landscape is a difficult task, but
connectivity maps can be an effective tool to inform conservation and
management decisions (Dutta et al., 2016), these include habitat
restoration in or around the corridors (Shepherd & Whittington, 2006),
and construction of wildlife crossings around large highways (Manteca-
Rodriguez et al., 2021).

4.3. Conservation implications

Fragmentation has generated numerous patches of habitat. Identi-
fying corridors between them is a key tool to conserve carnivore pop-
ulations in northern Mexico. Resources for conservation are generally
limited, therefore, it is necessary to prioritize conservation actions in
areas with low connectivity or those areas that are isolated. Conserva-
tion strategies should focus on corridors with pinch points to maintain
functionality (Carroll et al., 2012; McRae et al., 2012).

When pinch points were relatively few (i.e., less than 20% in each
corridor), connectivity may not be as compromised. Identifying these
sites can be the basis for establishing restoration areas. However, these
opportunities are likely to be lost due to creation of transport routes and
urban development, leading to permanent fragmentation, unless
appropriate mitigation measures are incorporated (Yumnam et al.,
2014).

It is urgent to decree conservation policies for priority areas and
corridors, since without continuous political support important areas
could be eliminated, ignored, or authorized for occupied by agriculture
and industry (Brodie et al., 2016). As an example of the applicability of
our results, we identified a jaguar corridor in Golfo de México (Table 3),
with an area of approximately 26 km?. The main cause of fragmentation
are crops, since 92.4% of the corridor presents this type of land use.
However, 14.5% of the area has pinch points, so we can infer that the
models identified potential habitat, indicate a corridor, and focus on a
site to apply agroecological practices and conflict mitigation measures
to maintain or improve permeability and functionality (Angelieri et al.,
2016). Paviolo et al. (2018) demonstrated that maintaining areas with
forest cover near monocrops can allow occupation by puma and jaguar,
although vigilance should be increased to avoid hunting, and other

conflicts with humans (Zarco-Gonzalez et al., 2013).

In corridors where the main fragmentation is caused by urban
development, it is essential to identify the type of human settlement that
is limiting corridor continuity. Maintaining connectivity depends on
infrastructure that has been built. In rural areas with lower human
population density barriers may be more permeable. There it is possible
to implement development schemes that reduce fragmentation (Brodie
et al., 2015). For example, in those areas the promotion of ecotourism
activities (Broadbent et al., 2012), and land use focused on community
conservation (Lavariega et al., 2020) should be implemented. These
should also include economic incentives for ecosystem services and
compensation in conflict cases (Goswami & Vasudev, 2017). In addition,
awareness and citizen participation programs should prove beneficial
(Bonnet-Lebrun et al., 2019). These strategies can be implemented in
corridors C and D for puma and C, D and E for black bear.

Some fragmentation elements like roads and railways may be per-
manent (Yumnam et al.,, 2014). Road development plans have not
considered fragmentation of wild animals’ dispersal areas (Colchero
et al., 2011), nor the layout of corridors. We identified the presence of
road networks in most of the corridors analyzed. In these cases, it will be
essential to include wildlife crossings to mitigate the risks that the roads
imply for animals. The results of this study also represent a tool for
planning future roadway projects, integrating mitigation measures, such
as wildlife underpasses and overpasses to maintain habitat connectivity
(Ceia-Hasse et al., 2017).

The precision of the species distribution models, as any predictive
model, depends on the quality of the input information, in this case of
the environmental layers and the presence records, for this reason it was
important to carry out the filtering of both based on the criteria
described in the methods. Even so, some of the environmental layers are
based on extrapolations or interpolations of the original information.
This imposes some degree of error. The ideal for a connectivity model
would be to include records of animals in transit, but those are difficult
to obtain in sufficient quantity to generate models. In Mexico there are
few studies that apply satellite telemetry in wild carnivores. Some of the
black bear records were obtained by this way, but there is not enough
information to analyze connectivity based on these records.

Unfortunately, the rate of land use change, loss of habitat and patch
isolation that this generates occur at greater speed than the generation of
spatial and ecological information. Therefore, we decided to generating
models with the most accurate data now available, to present an over-
view of the connectivity of the puma, jaguar, and black bear habitat in
Mexico. Doing so highlights existing priority areas and corridors, as well
as elements that may represent a threat. These data can be used to
implement short-term protection and restoration measures. In the me-
dium term, we suggest validating the effectiveness of the corridors we
identified by assessing their use by carnivores through field monitoring.
Corridor characterization and the pressure factors that we identified
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should also be used to implement actions that increase their
effectiveness.

5. Conclusions

We identified 47 priority areas for the conservation of three large
carnivores in northern Mexico, in addition to corridors that could
potentially keep them connected. Pinch points were identified where
habitat could be lost, threatening connectivity between priority areas.
This study can be taken as a frame of reference for the implementation of
conservation actions in the identified areas and corridors.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgements

We thank Consejo Nacional de Ciencia y Tecnologia (CONACyT) of
Mexico for the scholarship granted to first author. We thank Carl
Mitchell for help us review the English version.

Appendix A. Supplementary material

Supplementary data to this article can be found online at https://doi.
0rg/10.1016/j.jnc.2021.126116.

References

Angelieri, C. C. S., Adams-Hosking, C., Ferraz, K. M. P. M.d. B., de Souza, M. P.,
McAlpine, C. A., & Rebelo, H. (2016). Using species distribution models to predict
potential landscape restoration effects on puma conservation. PLoS One, 11(1),
€0145232. https://doi.org/10.1371/journal.pone.0145232

Atkins, J. L., Long, R. A., Pansu, J., Daskin, J. H., Potter, A. B., Stalmans, M. E.,
Tarnita, C. E., & Pringle, M. R. (2019). Cascading impacts of large-carnivore
extirpation in an African ecosystem. Science, 364(6436), 173-177. https://doi.org/
10.1126/science:aau3561

Bedia, J., Herrera, S., & Gutiérrez, J. M. (2013). Dangers of using global bioclimatic
datasets for ecological niche modeling. Limitations for future climate projections.
Global and Planetary Change, 107, 1-12. https://doi.org/10.1016/j.
gloplacha.2013.04.005

Bonnet-Lebrun, A.-S., Karamanlidis, A. A., de Gabriel Hernando, M., Renner, 1., &
Gimenez, O. (2019). Identifying priority conservation areas for a recovering brown
bear population in Greece using citizen science data. Animal Conservation, 23(1),
83-93. https://doi.org/10.1111/acv.v23.110.1111/acv.12522

Boria, R. A., Olson, L. E., Goodman, S. M., & Anderson, R. P. (2014). Spatial filtering to
reduce sampling bias can improve the performance of ecological niche models.
Ecological Modelling, 275, 73-77. https://doi.org/10.1016/j.ecolmodel.2013.12.012

Broadbent, E. N., Zambrano, A. M. A., Dirzo, R., Durham, W. H., Driscoll, L.,
Gallagher, P., Salters, R., Schultz, J., Colmenares, A., & Randolph, S. J. (2012). The
effect of land use change and ecotourism on biodiversity: A case study of Manuel
Antonio, Costa Rica, from 1985 to 2008. Landscape Ecology, 27(5), 731-744. https://
doi.org/10.1007/510980-012-9722-7

Brodie, J. F., Giordano, A. J., Dickson, B., Hebblewhite, M., Bernard, H., Mohd-Azlan, J.,
Anderson, J., & Ambu, L. (2015). Evaluating multispecies landscape connectivity in a
threatened tropical mammal community. Conservation Biology, 29(1), 122-132.
https://doi.org/10.1111/cobi.2015.29.issue-110.1111/cobi.12337

Brodie, J. F., Paxton, M., Nagulendran, K., Balamurugan, G., Clements, G. R.,
Reynolds, G., Jain, A., & Hon, J. (2016). Connecting science, policy, and
implementation for landscape-scale habitat connectivity. Conservation Biology, 30(5),
950-961. https://doi.org/10.1111/cobi.12667

Carrera-Trevino, R., Martinez-Garcia, L., & Lira-Torres, 1. (2015). First record of the
American black bear Ursus americanus eremicus (Carnivora: Ursidae) in the tropical
rainforest of El Cielo Biosphere Reserve, Tamaulipas, Mexico. Therya, 6(3), 653-659.
https://doi.org/10.12933/therya-15-324.

Carroll, C., McRae, B. H., & Brookes, A. (2012). Use of linkage mapping and centrality
analysis across habitat gradients to conserve connectivity of gray wolf populations in
western North America. Conservation Biology, 26(1), 78-87. https://doi.org/
10.1111/j.1523-1739.2011.01753.x

Castilho, C. S., Hackbart, V. C., Pivello, V. R., & dos Santos, R. F. (2015). Evaluating
landscape connectivity for Puma concolor and Panthera onca among Atlantic Forest
protected areas. Environmental Management, 55(6), 1377-1389. https://doi.org/
10.1007/500267-015-0463-7

Ceballos, G., Blanco, S., Gonzalez, C. & Martinez, E. (2006). 'Puma concolor (Puma).
Distribucién potencial.’, escala: 1:1000000. Instituto de Biologia, Universidad

Journal for Nature Conservation 65 (2022) 126116

Nacional Auténoma de México. http://www.conabio.gob.mx/informacion/m
etadata/gis/pum_concgw.xml?_httpcache=yes& xsl=/db/metadata/xsl/fgdc_html.
xsl&_indent=no.

Ceia-Hasse, A., Borda-de-Agua, L., Grilo, C., & Pereira, H. M. (2017). Global exposure of
carnivores to roads. Global Ecology and Biogeography, 26(5), 592-600. https://doi.
org/10.1111/geb.2017.26.issue-510.1111/geb.12564

Chen, X. & Lei, Y. (2012). Effects of sample size on accuracy and stability of species
distribution models: A comparison of GARP and Maxent. In Qian, Z., Cao, L., Su, W.,
Wang, T. & Yang, H. (Eds.), Recent Advances in Computer Science and Information
Engineering. Lecture Notes in Electrical Engineering (pp. 601-609). Berlin: Springer.

CIESIN, Columbia University, (2018). Global High-Resolution Population Denominators.
Project-Funded by The Bill and Melinda Gates Foundation. https://dx.doi.org/10.
5258/SOTON/WP00645.

Colchero, F., Conde, D. A., Manterola, C., Chavez, C., Rivera, A., & Ceballos, G. (2011).
Jaguars on the move: Modeling movement to mitigate fragmentation from road
expansion in the Mayan Forest. Animal Conservation, 14(2), 158-166. https://doi.
org/10.1111/j.1469-1795.2010.00406.x

CONABIO (1997). 'Provincias biogeogrdficas de México’. Escala 1:4000000. Comisién
Nacional para el Conocimiento y Uso de la Biodiversidad, México, D. F. http://www.
conabio.gob.mx.

Correa-Ayram, C. A., Mendoza, M. E., Etter, A., & Salicrup, D. R. P. (2016). Habitat
connectivity in biodiversity conservation: A review of recent studies and
applications. Progress in Physical Geography, 40(1), 7-37. https://doi.org/10.1177/
0309133315598713

Crooks, K. R., Burdett, C. L., Theobald, D. M., King, S. R. B., Di Marco, M., Rondinini, C.,
& Boitani, L. (2017). Quantification of habitat fragmentation reveals extinction risk
in terrestrial mammals. Proceedings of the National Academy of Sciences, 114(29),
7635-7640. https://doi.org/10.1073/pnas.1705769114

Cushman, S. A., McRae, B. H., Adriaensen, F., Beier, P., Shirley, M., & Zeller, K. (2013).
Biological corridors and connectivity. In D. W. Macdonald, & K. J. Willis (Eds.), Key
Topics in Conservation Biology 2 (pp. 384-404). John Wiley & Sons.

De Barros, K. M. P. M., de Siqueira, M. F., Alexandrino, E. R., Da Luz, D. T. A., & Do
Couto, H. T. Z. (2012). Environmental suitability of a highly fragmented and
heterogeneous landscape for forest bird species in south-eastern Brazil.
Enyironmental Conservation, 39(4), 316-324. https://doi.org/10.1017/
$0376892912000094

Delfin-Alfonso, C. A., Lopez-Gonzalez, C. A., & Equihua, M. (2012). Potential distribution
of American black bears in northwest Mexico and implications for their
conservation. Ursus, 23(1), 65-77.

Dickson, B. G., Roemer, G. W., McRae, B. H., Rundall, J. M., & Hayward, M. (2013).
Models of regional habitat quality and connectivity for pumas (Puma concolor) in the
southwestern United States. PloS One, 8(12), e81898. https://doi.org/10.1371/
journal.pone.0081898

Dickson, B. G., Albano, C. M., Anantharaman, R., Beier, P., Fargione, J., Graves, T. A., ...
Theobald, D. M. (2019). Circuit-theory applications to connectivity science and
conservation. Conservation Biology, 33(2), 239-249. https://doi.org/10.1111/
cobi.2019.33.issue-210.1111/cobi.13230

Di Minin, E., Slotow, R., Hunter, L. T., Pouzols, F. M., Toivonen, T., Verburg, P. H.,
Leader-Williams, N., Petracca, L., & Moilanen, A. (2016). Global priorities for
national carnivore conservation under land use change. Scientific Reports, 6(1), 1-9.
https://doi.org/10.1038/srep23814

Dutta, T., Sharma, S., McRae, B. H,, Roy, P. S., & DeFries, R. (2016). Connecting the dots:
Mapping habitat connectivity for tigers in central India. Regional Environmental
Change, 16(1), 53-67. https://doi.org/10.1007/s10113-015-0877-z

Espinosa-Flores, M. E., Lara-Diaz, N. E., & Lopez-Gonzélez, C. A. (2012). Tamano
poblacional del oso negro (Ursus americanus) en dos Islas del Cielo del Noreste de
Sonora, México. Therya, 3(3), 403-415. https://doi.org/10.12933/therya-12-80.

Gantchoff, M. G., & Belan, J. L. (2017). Regional connectivity for recolonizing American
black bears (Ursus americanus) in southcentral USA. Biological Conservation, 214,
66-75. https://doi.org/10.1016/j.biocon.2017.07.023

Gonzalez-Saucedo, Z. Y., Gonzdlez-Bernal, A., & Martinez-Meyer, E. (2021). Identifying
priority areas for landscape connectivity for three large carnivores in northwestern
Mexico and southwestern United States. Landscape Ecology, 36(3), 877-896. https://
doi.org/10.1007/s10980-020-01185-4

Gonzalez-Gallina, A., & Hidalgo-Mihart, M. G. (2018). A Review of Road-killed Felids in
Mexico. Therya, 9(2), 147-159. https://doi.org/10.12933/therya-18-584.

Goossens, B., Sharma, R., Othman, N., Kun-Rodrigues, C., Sakong, R., Ancrenaz, M., ...
Chikhi, L. (2016). Habitat fragmentation and genetic diversity in natural populations
of the Bornean elephant: Implications for conservation. Biological Conservation, 196,
80-92. https://doi.org/10.1016/j.biocon.2016.02.008

Goswami, V. R., & Vasudev, D. (2017). Triage of conservation needs: The juxtaposition of
conflict mitigation and connectivity considerations in heterogeneous, human-
dominated landscapes. Frontiers in Ecology and Evolution, 4, 144. https://doi.org/
10.3389/fev0.2016.00144

Gutiérrez-Gonzalez, C. E., Gémez-Ramirez, M.A., & Lopez-Gonzilez, C. A. (2012).
Estimation of the density of the near threatened jaguar Panthera onca in Sonora,
Mexico, using camera trapping and an open population model. Oryx, 46(3),
431-437. https://doi.org/10.1017/5003060531100041X

Hanley, J. A., & McNeil, B. J. (1982). The meaning and use of the area under a receiver
operating characteristic (ROC) curve. Radiology, 143(1), 29-36. https://doi.org/
10.1148/radiology.143.1.7063747

Judrez-Casillas, L. A., & Varas, C. (2013). Revision bibliografica actualizada del oso
negro en México. Therya, 4(3), 447-466. https://doi.org/10.12933/therya-13-114.

Hirzel, A. H., & Le Lay, G. (2008). Habitat suitability modelling and niche theory. Journal
of Applied Ecology, 45(5), 1372-1381. https://doi.org/10.1111/j.1365-
2664.2008.01524.x


https://doi.org/10.1016/j.jnc.2021.126116
https://doi.org/10.1016/j.jnc.2021.126116
https://doi.org/10.1371/journal.pone.0145232
https://doi.org/10.1126/science:aau3561
https://doi.org/10.1126/science:aau3561
https://doi.org/10.1016/j.gloplacha.2013.04.005
https://doi.org/10.1016/j.gloplacha.2013.04.005
https://doi.org/10.1111/acv.v23.110.1111/acv.12522
https://doi.org/10.1016/j.ecolmodel.2013.12.012
https://doi.org/10.1007/s10980-012-9722-7
https://doi.org/10.1007/s10980-012-9722-7
https://doi.org/10.1111/cobi.2015.29.issue-110.1111/cobi.12337
https://doi.org/10.1111/cobi.12667
https://doi.org/10.12933/therya-15-324
https://doi.org/10.1111/j.1523-1739.2011.01753.x
https://doi.org/10.1111/j.1523-1739.2011.01753.x
https://doi.org/10.1007/s00267-015-0463-7
https://doi.org/10.1007/s00267-015-0463-7
http://www.conabio.gob.mx/informacion/metadata/gis/pum_concgw.xml?_httpcache=yes%26_xsl=/db/metadata/xsl/fgdc_html.xsl%26_indent=no
http://www.conabio.gob.mx/informacion/metadata/gis/pum_concgw.xml?_httpcache=yes%26_xsl=/db/metadata/xsl/fgdc_html.xsl%26_indent=no
http://www.conabio.gob.mx/informacion/metadata/gis/pum_concgw.xml?_httpcache=yes%26_xsl=/db/metadata/xsl/fgdc_html.xsl%26_indent=no
https://doi.org/10.1111/geb.2017.26.issue-510.1111/geb.12564
https://doi.org/10.1111/geb.2017.26.issue-510.1111/geb.12564
https://dx.doi.org/10.5258/SOTON/WP00645
https://dx.doi.org/10.5258/SOTON/WP00645
https://doi.org/10.1111/j.1469-1795.2010.00406.x
https://doi.org/10.1111/j.1469-1795.2010.00406.x
http://www.conabio.gob.mx
http://www.conabio.gob.mx
https://doi.org/10.1177/0309133315598713
https://doi.org/10.1177/0309133315598713
https://doi.org/10.1073/pnas.1705769114
http://refhub.elsevier.com/S1617-1381(21)00163-1/h0100
http://refhub.elsevier.com/S1617-1381(21)00163-1/h0100
http://refhub.elsevier.com/S1617-1381(21)00163-1/h0100
https://doi.org/10.1017/S0376892912000094
https://doi.org/10.1017/S0376892912000094
http://refhub.elsevier.com/S1617-1381(21)00163-1/h0110
http://refhub.elsevier.com/S1617-1381(21)00163-1/h0110
http://refhub.elsevier.com/S1617-1381(21)00163-1/h0110
https://doi.org/10.1371/journal.pone.0081898
https://doi.org/10.1371/journal.pone.0081898
https://doi.org/10.1111/cobi.2019.33.issue-210.1111/cobi.13230
https://doi.org/10.1111/cobi.2019.33.issue-210.1111/cobi.13230
https://doi.org/10.1038/srep23814
https://doi.org/10.1007/s10113-015-0877-z
https://doi.org/10.12933/therya-12-80
https://doi.org/10.1016/j.biocon.2017.07.023
https://doi.org/10.1007/s10980-020-01185-4
https://doi.org/10.1007/s10980-020-01185-4
https://doi.org/10.12933/therya-18-584
https://doi.org/10.1016/j.biocon.2016.02.008
https://doi.org/10.3389/fevo.2016.00144
https://doi.org/10.3389/fevo.2016.00144
https://doi.org/10.1017/S003060531100041X
https://doi.org/10.1148/radiology.143.1.7063747
https://doi.org/10.1148/radiology.143.1.7063747
https://doi.org/10.12933/therya-13-114
https://doi.org/10.1111/j.1365-2664.2008.01524.x
https://doi.org/10.1111/j.1365-2664.2008.01524.x

A. Balbuena-Serrano et al.

Kutschera, V. E., Frosch, C., Janke, A., Skirnisson, K., Bidon, T., Lecomte, N., ... Hailer, F.
(2016). High genetic variability of vagrant polar bears illustrates importance of
population connectivity in fragmented sea ice habitats. Animal Conservation, 19(4),
337-349. https://doi.org/10.1111/acv.12250

Lara-Diaz, N. E., Coronel-Arellano, H., Delfin-Alfonso, C. A., Espinosa-Flores, M. E., Pena-
Mondragon, J. L., & Lopez-Gonzélez, C. A. (2021). Connecting mountains and desert
valleys for black bears in northern Mexico. Landscape Ecology, 36(10), 2811-2830.
https://doi.org/10.1007/510980-021-01293-9

Lavariega, M. C., Rios-Solis, J. A., Flores-Martinez, J. J., Galindo-Aguilar, R. E., Sanchez-
Cordero, V., Juan-Albino, S., & Soriano-Martinez, 1. (2020). Community-Based
Monitoring of Jaguar (Panthera onca) in the Chinantla Region, Mexico. Tropical
Conservation Science, 13, 1-16. https://doi.org/10.1177/1940082920917825

Lépez-Gonzilez, C. A., Camargo-Aguilera, M. G., Saucedo, K. U., & Lara-Diaz, N. E.
(2019). A Wandering Black Bear (Ursus americanus, Pallas 1780) in the Sierra Gorda
Biosphere Reserve, Queretaro. The American Midland Naturalist, 182(2), 252-259.
https://doi.org/10.1674/0003-0031-182.2.252

Manteca-Rodriguez, M., Félix-Burruel, R. E., Aguilar-Morales, C., Bravo, J. C.,
Traphagen, M., & Larios, E. (2021). Wildlife use of drainage structures under 2
sections of Federal Highway 2 in the Sky Island Region of Northeastern Sonora,
Mexico. Air, Soil and Water Research, 14. https://doi.org/10.1177/
117862212098872

Marmion, M., Parviainen, M., Luoto, M., Heikkinen, R. K., & Thuiller, W. (2009).
Evaluation of consensus methods in predictive species distribution modelling.
Diversity and Distributions, 15(1), 59-69. https://doi.org/10.1111/j.1472-
4642.2008.00491.x

McRae, B. H., Dickson, B. G., Keitt, T. H., & Shah, V. B. (2008). Using circuit theory to
model connectivity in ecology, evolution, and conservation. Ecology, 89(10),
2712-2724. https://doi.org/10.1890/07-1861.1

McRae, B. H., & Kavanagh, D. M. (2011). Linkage mapper connectivity analysis software.
Seattle, WA: The Nature Conservancy.

McRae, B. H. (2012a). Centrality Mapper Connectivity Analysis Software. Seattle WA: The
Nature Conservancy. Available from http://www.circuitscape.org/linkagemapper.

McRae, B. H. (2012b). Pinchpoint Mapper Connectivity Analysis Software. Seattle, WA: The
Nature Conservancy. Available from http://www.circuitscape.org/linkagemapper.

McRae, B. H, Hall, S. A., Beier, P., Theobald, D. M., & Merenlender, A. M. (2012). Where
to restore ecological connectivity? Detecting barriers and quantifying restoration
benefits. PloS One, 7(12), €52604. https://doi.org/10.1371/journal.pone.0052604

Merkle, J. A., Robinson, H. S., Krausman, P. R., & Alaback, P. (2013). Food availability
and foraging near human developments by black bears. Journal of Mammalogy, 94
(2), 378-385. https://doi.org/10.1644/12-MAMM-A-002.1

Monroy-Vilchis, O., Castillo-Huitrén, N. M., Zarco-Gonzélez, M. M., & Rodriguez-Soto, C.
(2016). Potential distribution of Ursus americanus in Mexico and its persistence:
Implications for conservation. Journal for Nature Conservation, 29, 62-68. https://
doi.org/10.1016/j.jnc.2015.11.003

Monroy-Vilchis, O., Zarco-Gonzalez, Z., & Zarco-Gonzalez, M. M. (2019). Potential
distribution and areas for conservation of four wild felid species in Mexico:
Conservation planning. Mammalian Biology, 98(1), 128-136. https://doi.org/
10.1016/j.mambio.2019.09.003

Naimi, B., & Aratijo, M. B. (2016). “sdm™: A reproducible and extensible R platform for
species distribution modelling. Ecography, 39(4), 368-375. https://doi.org/10.1111/
ec0g.2016.v39.i410.1111/ecog.01881

Nunez-Pérez, R., & Miller, B. (2019). Movements and Home Range of Jaguars (Panthera
onca) and Mountain Lions (Puma concolor) in a Tropical Dry Forest of Western
Mexico. In R. Reyna-Hurtado, & C. Chapman (Eds.), Movement Ecology of Neotropical
Forest Mammals (pp. 243-262). Springer Nature.

Paviolo, A., De Angelo, C., Ferraz, K. M. P. M. B., Morato, R. G., Martinez Pardo, J.,
Srbek-Araujo, A. C., ... Azevedo, F. (2016). A biodiversity hotspot losing its top
predator: The challenge of jaguar conservation in the Atlantic Forest of South
America. Scientific Reports, 6(1). https://doi.org/10.1038/srep37147

Paviolo, A., Cruz, P., Iezzi, M. E., Martinez Pardo, J., Varela, D., De Angelo, C., ... Di
Bitetti, M. S. (2018). Barriers, corridors or suitable habitat? Effect of monoculture
tree plantations on the habitat use and prey availability for jaguars and pumas in the
Atlantic Forest. Forest Ecology and Management, 430, 576-586. https://doi.org/
10.1016/j.foreco.2018.08.029

Journal for Nature Conservation 65 (2022) 126116

Phillips, S. J., Anderson, R. P. &, Schapire, R. E. (2006). Maximum entropy modeling of
species geographic distributions. Ecological Modelling, 190(3-4), 231-259. https://
doi.org/10.1016/j.ecolmodel.2005.03.026.

Phillips, S. J., & Dudik, M. (2008). Modeling of species distributions with Maxent: New
extensions and a comprehensive evaluation. Ecography, 31(2), 161-175. https://doi.
org/10.1111/j.0906-7590.2008.5203.x

Quigley, H., Foster, R., Petracca, L., Payan, E., Salom, R. & Harmsen, B. (2017). Panthera
onca. The TUCN Red List of Threatened Species. e.T15953A123791436. https://dx.
doi.org/10.2305/TUCN.UK.2017-3.RLTS.T15953A50658693.

Rabinowitz, A., & Zeller, K. A. (2010). A range-wide model of landscape connectivity and
conservation for the jaguar, Panthera onca. Biological Conservation, 143(4), 939-945.
https://doi.org/10.1016/j.biocon.2010.01.002

Radosavljevic, A., & Anderson, R. P. (2014). Making better Maxent models of species
distributions: Complexity, overfitting and evaluation. Journal of Biogeography, 41(4),
629-643. https://doi.org/10.1111/jbi.12227

Ripple, W. J., Estes, J. A., Beschta, R. L., Wilmers, C. C., Ritchie, E. G., Hebblewhite, M.,
... Wirsing, A. J. (2014). Status and ecological effects of the world’s largest
carnivores. Science, 343(6167). https://doi.org/10.1126/science:1241484

Robinson, T. P., Wint, G. R. W., Conchedda, G., Van Boeckel, T. P., Ercoli, V.,
Palamara, E., Cinardi, G., D’Aietti, L., Hay, S. L., Gilbert, M., & Baylis, M. (2014).
Mapping the Global Distribution of Livestock. PloS One., 9(5), e96084. https://doi.
org/10.1371/journal.pone.0096084

Rodriguez-Soto, C., Monroy-Vilchis, O., Maiorano, L., Boitani, L., Faller, J. C., Briones, M.
A., ... & Falcucci, A. (2011). Predicting potential distribution of the jaguar (Panthera
onca) in Mexico: identification of priority areas for conservation. Diversity and
Distributions, 17(2), 350-361. https://doi.org/10.1111/j.1472-4642.2010.00740.x.

Rodriguez-Soto, C., Monroy-Vilchis, O., & Zarco-Gonzalez, M. M. (2013). Corridors for
jaguar (Panthera onca) in Mexico: Conservation strategies. Journal for Nature
Conservation, 21(6), 438-443. https://doi.org/10.1016/j.jnc.2013.07.002

Rojas-Martinez, A. E., & Judrez-Casillas, L. A. (2013). Primer registro de oso negro
americano (Ursus americanus) para el estado de Hidalgo, México. Revista Mexicana de
Biodiversidad, 84(3), 1018-1021. https://doi.org/10.7550/rmb.33247

SEMARNAT (2010). NOM-059-SEMARNAT-2010. Protecciéon ambiental-Especies nativas
de México de flora y fauna silvestres-Categorias de riesgo y especificaciones para su
inclusidén, exclusién o cambio-Lista de especies en riesgo. Diario oficial de la
federacion.

Shabani, F., Kumar, L., & Ahmadi, M. (2016). A comparison of absolute performance of
different correlative and mechanistic species distribution models in an independent
area. Ecology and evolution, 6(16), 5973-5986. https://doi.org/10.1002/
ece3.2016.6.issue-1610.1002/ece3.2332

Shepherd, B., & Whittington, J. (2006). Response of wolves to corridor restoration and
human use management. Ecology and Society, 11(2). https://www.jstor.org/stable/
26265995.

Smith, I. T., Rachlow, J. L., Svancara, L. K., McMahon, L. A., & Knetter, S. J. (2019).
Habitat specialists as conservation umbrellas: Do areas managed for greater sage-
grouse also protect pygmy rabbits? Ecosphere, 10(8), Article e02827. https://doi.
org/10.1002/ecs2.2827

Villordo-Galvan, J. A., Rosas-Rosas, O. C., Clemente-Sanchez, F., Martinez-

Montoya, J. F., Tarango-Arambula, L. A., Mendoza-Martinez, G., ... Bender, L. C.
(2010). The jaguar (Panthera onca) in San Luis Potosi, México. The Southwestern
Naturalist, 55, 394-402. https://www.jstor.org/stable/40801038.

Wilson, M. C., Chen, X. Y., Corlett, R. T., Didham, R. K., Ding, P., Holt, R. D., ... Yu, M.
(2016). Habitat fragmentation and biodiversity conservation: Key findings and
future challenges. Landscape Ecology, 31(2), 219-227. https://doi.org/10.1007/
510980-015-0322-1

Yumnam, B., Jhala, Y. V., Qureshi, Q., Maldonado, J. E., Gopal, R., Saini, S., ...

Roca, A. L. (2014). Prioritizing tiger conservation through landscape genetics and
habitat linkages. PloS One, 9(11), e111207. https://doi.org/10.1371/journal.
pone.0111207

Zanin, M., Adrados, B., Gonzalez, N., Roques, S., Brito, D., Chavez, C., Rubio, Y., &
Palomares, F. (2016). Gene flow and genetic structure of the puma and jaguar in
Mexico. European Journal of Wildlife Research, 62(4), 461-469. https://doi.org/
10.1007/510344-016-1019-8

Zarco-Gonzalez, M. M., Monroy-Vilchis, O., & Alaniz, J. (2013). Spatial model of
livestock predation by jaguar and puma in Mexico: Conservation planning. Biological
Conservation, 159, 80-87. https://doi.org/10.1016/j.biocon.2012.11.007


https://doi.org/10.1111/acv.12250
https://doi.org/10.1007/s10980-021-01293-9
https://doi.org/10.1177/1940082920917825
https://doi.org/10.1674/0003-0031-182.2.252
https://doi.org/10.1177/117862212098872
https://doi.org/10.1177/117862212098872
https://doi.org/10.1111/j.1472-4642.2008.00491.x
https://doi.org/10.1111/j.1472-4642.2008.00491.x
https://doi.org/10.1890/07-1861.1
http://refhub.elsevier.com/S1617-1381(21)00163-1/h0220
http://refhub.elsevier.com/S1617-1381(21)00163-1/h0220
http://refhub.elsevier.com/S1617-1381(21)00163-1/h0225
http://refhub.elsevier.com/S1617-1381(21)00163-1/h0225
http://refhub.elsevier.com/S1617-1381(21)00163-1/h0230
http://refhub.elsevier.com/S1617-1381(21)00163-1/h0230
https://doi.org/10.1371/journal.pone.0052604
https://doi.org/10.1644/12-MAMM-A-002.1
https://doi.org/10.1016/j.jnc.2015.11.003
https://doi.org/10.1016/j.jnc.2015.11.003
https://doi.org/10.1016/j.mambio.2019.09.003
https://doi.org/10.1016/j.mambio.2019.09.003
https://doi.org/10.1111/ecog.2016.v39.i410.1111/ecog.01881
https://doi.org/10.1111/ecog.2016.v39.i410.1111/ecog.01881
http://refhub.elsevier.com/S1617-1381(21)00163-1/h0260
http://refhub.elsevier.com/S1617-1381(21)00163-1/h0260
http://refhub.elsevier.com/S1617-1381(21)00163-1/h0260
http://refhub.elsevier.com/S1617-1381(21)00163-1/h0260
https://doi.org/10.1038/srep37147
https://doi.org/10.1016/j.foreco.2018.08.029
https://doi.org/10.1016/j.foreco.2018.08.029
https://doi.org/10.1016/j.ecolmodel.2005.03.026
https://doi.org/10.1016/j.ecolmodel.2005.03.026
https://doi.org/10.1111/j.0906-7590.2008.5203.x
https://doi.org/10.1111/j.0906-7590.2008.5203.x
https://doi.org/10.1016/j.biocon.2010.01.002
https://doi.org/10.1111/jbi.12227
https://doi.org/10.1126/science:1241484
https://doi.org/10.1371/journal.pone.0096084
https://doi.org/10.1371/journal.pone.0096084
https://doi.org/10.1111/j.1472-4642.2010.00740.x
https://doi.org/10.1016/j.jnc.2013.07.002
https://doi.org/10.7550/rmb.33247
https://doi.org/10.1002/ece3.2016.6.issue-1610.1002/ece3.2332
https://doi.org/10.1002/ece3.2016.6.issue-1610.1002/ece3.2332
https://www.jstor.org/stable/26265995
https://www.jstor.org/stable/26265995
https://doi.org/10.1002/ecs2.2827
https://doi.org/10.1002/ecs2.2827
https://www.jstor.org/stable/40801038
https://doi.org/10.1007/s10980-015-0322-1
https://doi.org/10.1007/s10980-015-0322-1
https://doi.org/10.1371/journal.pone.0111207
https://doi.org/10.1371/journal.pone.0111207
https://doi.org/10.1007/s10344-016-1019-8
https://doi.org/10.1007/s10344-016-1019-8
https://doi.org/10.1016/j.biocon.2012.11.007

	Connectivity of priority areas for the conservation of large carnivores in northern Mexico
	1 Introduction
	2 Methods
	2.1 Study area
	2.2 Obtaining records
	2.3 Variables’ processing
	2.4 Calibration and evaluation of the models
	2.5 Identification of priority areas
	2.6 Connectivity models

	3 Results
	3.1 Species distribution models and priority areas
	3.2 Connectivity analysis

	4 Discussion
	4.1 Priority areas for conservation and most important variables
	4.2 Connectivity analysis
	4.3 Conservation implications

	5 Conclusions
	Declaration of Competing Interest
	Acknowledgements
	Appendix A Supplementary material
	References


