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The desert bighorn (Ovis canadensis mexicana) is under Special Protection in México, but populations in Sonora have declined compared to
historical levels and are increasingly isolated despite the high economic and ecological value of species. Consequently, we assessed landscape
permeability for desert bighorn in Sonora, using data from 39 GPS/satellite-collared individuals. We modeled connectivity and least-cost corri-
dors among 95 % aKDE core areas using Circuitscape and Linkage Mapper software from habitat association maps developed using maximum
entropy modelling. We identified a network of 83 potential corridors connecting 43 core areas; corridors ranged from <1 to 165 km in length.
We found two distinct areas in desert bighorn range in Sonora: a southern area characterized by high connectivity with shorter corridors of
lesser resistance to movements, and a northern area characterized by much lower connectivity with longer corridors of greater resistance;
connectivity between these two areas was limited. These results illustrate the isolated distribution of many populations of desert bighorn and
the limited connectivity between populations in northern and southern Sonora. Our connectivity maps provide a background for targetting
management actions aimed at facilitating the movement and expansion of desert bighorn populations in Sonora. Consequently, they can
guide conservation efforts that identify and promote preservation of key patches or corridors; facilitate habitat restorations within and around
corridors; and enhance connectivity and thus viability of populations throughout Sonora.

El borrego cimarréon del desierto (Ovis canadensis mexicana) se encuentra bajo Proteccidon Especial en México, pero las poblaciones en
Sonora han disminuido en comparacién con los niveles histéricos y estdn cada vez mas aisladas a pesar del alto valor econémico y ecolégico
de las especies. En consecuencia, evaluamos la permeabilidad del paisaje para el borrego cimarrén del desierto en Sonora, utilizando datos de
39 individuos con collares GPS/satélite. Modelamos la conectividad y los corredores de menor costo entre las dreas nucleo con 95 % de aKDE
utilizando el software Circuitscape y Linkage Mapper a partir de mapas de asociacion de habitat desarrollados utilizando modelos de maxima
entropia. Identificamos una red de 83 corredores potenciales que conectan 43 areas nucleo; los corredores variaron de <1 a 165 km de longi-
tud. Encontramos dos areas distintas en el rango del borrego cimarrén del desierto en Sonora: un area sur caracterizada por una alta conectivi-
dad con corredores mas cortos de menor resistencia a los movimientos, y un drea norte caracterizada por una conectividad mucho menor con
corredores mas largos de mayor resistencia; la conectividad entre estas dos areas fue limitada. Estos resultados ilustran la distribucion aislada
de muchas poblaciones de borrego cimarrén del desierto y la conectividad limitada entre las poblaciones del norte y sur de Sonora. Nuestros
mapas de conectividad proporcionan una base para orientar las acciones de gestidn destinadas a facilitar el movimiento y la expansién de las
poblaciones de borrego cimarrén del desierto en Sonora. En consecuencia, pueden orientar los esfuerzos de conservacién que identifican y
promueven la preservacién de parches o corredores clave; facilitan la restauracién del habitat dentro y alrededor de los corredores; y mejoran
la conectividad y, por lo tanto, la viabilidad de las poblaciones en todo Sonora.
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Introduction

Bighorn sheep (Ovis canadensis mexicana) historically occu-
pied three main areas of México: 1) Vizcaino Desert and
Mechudo mountains on the Baja California peninsula 2)
from northern Sonora to northern Baja California, and 3)
from northern Chihuahua to northern Coahuila (Ceballos
and Oliva 2005; Medellin et al. 2005; Romero-Figueroa et al.
2024). However, anthropogenic impacts such as unregu-
lated hunting, habitat loss and modification, overgrazing
by livestock, diseases from domestic animals, and loss of
water sources have resulted in the extirpation of some local
populations, while the remaining populations are highly
fragmented and have low population sizes (Sandoval
1985; Smith and Krausman 1988; Ceballos and Oliva 2005;
Romero-Figueroa et al. 2024). Currently, the populations in
Sonora and the Baja California peninsula are considered
stable (Lee 2003; Romero-Figueroa et al. 2024), while other
populations are maintained under semi-captivity in the
states of Chihuahua and Coahuila (Sdnchez 2005; Uranga
and Valdez 2011). However, due to the increased extinc-
tion risks from population fragmentation caused by human
activities, which impacts demographic stability through
deterministic and stochastic effects, bighorn sheep are
under Special Protection in México (NOM-059-SEMAR-
NAT-2010; DOF 2010).

Like other large herbivores, bighorn sheep are more
vulnerable to population collapse and face a higher risk of
extinction than smaller-bodied species (Bowyer et al. 2019).
Local populations of bighorn face many potential threats
to their persistence associated with habitat modifications
(i. e., urbanization, highway development, and agricultural
development) (Monson and Sumner 1980; Smith and Kraus-
man 1988). In particular, land use changes can fragment
previously contiguous habitats, resulting in smaller suitable
patches scattered throughout the landscape (Lindermayer
2019). Fragmentation into smaller habitat patches occu-
pied by small remanent populations increases extirpation
risks because of demographic issues and vulnerability to
stochastic environmental effects, both of which increase
likelihood of local extinction and inbreeding (Bleich et al.
1996; McCullough 1996).

Increasing human impacts and resultant habitat frag-
mentation makes conservation and recovery of desert
bighorn (Ovis canadensis mexicana) in Sonora challenging.
Maintaining habitat connectivity is an important strategy
for mitigating the detrimental effects of fragmentation
on populations (Andél et al. 2010); hence, there is grow-
ing recognition of the need to prioritize management of
habitat patches and corridors at the landscape level in
México, driven particularly by concern for endangered
species (e. g., Ceballos et al. 2021; Gonzalez-Saucedo et al.

environments such as Sonora, where populations lack large
contiguous habitats as in more northern temperate envi-
ronments. Instead, desert bighorn are naturally isolated in
smaller habitat patches associated with isolated mountain
ranges or other rocky habitats (Bleich et al. 1990; Bleich et
al. 1996).

Connectivity among habitat patches is dependent on
landscape attributes that facilitate or impede movement
between patches (Taylor et al. 1993). Higher-quality habi-
tats with suitable landscape connectivity can increase the
likelihood of species persistence and population viability
in response to landscape alterations (Vasudev et al. 2015).
Individuals move more readily through suitable habitats
during dispersal or exploratory movements; in contrast, a
landscape with less suitable habitat decreases the connec-
tivity among patches (Keeley et al. 2017). Identifying core
habitats with high permeability of movements between
these areas (i. e., existence of suitable connectivity corri-
dors) would therefore enhance conservation of bighorn
in México, including identifying areas suitable for popula-
tion expansion and restorations, which is a current focus
of desert bighorn management in Sonora and throughout
México.

Because desert bighorn are highly valued for their eco-
logical (Monson and Sumner 1980) and economic contri-
butions (Lee 2011), comprehensive and adaptive conserva-
tion strategies driven by reliable information that address
the needs and interests of managers and other stakehold-
ers are needed in Mexico (Ortega-Argueta et al. 2016). To
address this need for the fragmented populations of desert
bighorn in Sonora, our goal was to define locally, individu-
ally-based habitat associations of desert bighorn, and use
these to model connectivity of the Sonoran landscape for
desert bighorn. Our specific objectives included: 1) iden-
tify core habitats of extant desert bighorn populations, 2)
Construct a habitat likelihood map for desert bighorn to
evaluate landscape permeability, and 3) Model functional
connectivity and corridors that could facilitate movements
of desert bighorn among populations in Sonora.

Materials and methods

Study area. The region is characterized by the Sonora
Mountains, which comprise four distinct physiographic
provinces: Sierra Madre Occidental, Sierras and Paralelos
Valleys at its center, desert, and coastal areas along the Gulf
of California (Figure 1). The climate is dry and temperate;
precipitation averages 450 mm annually, with most occur-
ring in July (> 86 mm) and the least in May (< 3.2 mm; INEGI
2010). Elevations range from 0 to 2,625 m. General vegeta-
tion includes primarily grassland and rosetophyllous scrub
(INEGI 2017).

2021; Balbuena-Serrano et al. 2022; Torres-Romero et al.
2023). Such concerns similarly apply to large herbivores
that occur in small isolated populations or metapopula-
tions (McCullough 1996). Identifying potential movement
corridors for bighorn may be particularly important in arid

280 THERYA Vol.15(3):279-288

Desert bighorn are primarily found in northwest Sonora,
adjacent to the Gulf of California, including six municipali-
ties: Hermosillo, Pitiquito, Caborca, Puerto Pefasco, Plu-
tarco Elias Calles, and San Luis Rio Colorado. Desert bighorn
occur in mountainous areas characterized by deep valleys



and narrow passageways, including the Sierra of Posada,
Noche Buena, and the Sierra del Viejo (Valverde 1976;
Segundo-Galan 2010).

Habitat association and radio-collared desert bighorn
data. We used a database of satellite telemetry locations
from 30 adult female and nine adult male desert bighorn
obtained from the Program for the conservation, repopula-
tion, and sustainable use of bighorn sheep in the state of
Sonora (hereafter, the Sonora Bighorn Program), collected
April 2019 to October 2022 following capture in March
2019. Desert bighorn were captured throughout extant
desert bighorn habitat in Sonora (Figure 1) by aerial net-
gunning from a Robinson R-44 helicopter (Robinson Heli-
copter Company, Torrance, CA) and fitted with a global
positioning system (GPS)/satellite radio-collar (TELENAX,
El Marques, Querétaro, México) programmed to record one
location per day. Following processing, each desert big-
horn was released at the capture location. Radio-collared
desert bighorn were distributed throughout current desert
bighorn distribution in Sonora.

Telemetry data included 24,164 locations from April
2019 through October 2022. We plotted locations in Arc-
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Map 10.5 (Environmental Systems Research Institute, Inc,
Redlands, CA), using only 3D fixes because these had an
accuracy of <10 m (TELENAX, El Marques, Querétaro, Mex-
ico). Because our short term (i. e., daily) locations were not
spatially independent (i. e., they were autocorrelated), we
calculated 95 % autocorrelated kernel utilization distribu-
tions (aKDEs) from locations to define annual home ranges
using continuous-time movement modeling (Fleming et
al. 2014, 2016) in ctmmweb (https://ctmm.shinyapps.io/
ctmmweb/; Calabrese et al. 2016, 2021). We then used
resultant 95 % aKDEs as core areas or nodes to map connec-
tivity among these patches in Sonora (Rayfield et al. 2011).

We calculated a composite 100 % minimum convex
polygon (MCP) from all locations pooled in ArcMap and
added a five km buffer (which corresponded to the mean
distance we observed desert bighorn moving between
separate rocky ranges in Sonora) to define the overall big-
horn use area (i. e., habitat availability). We used the com-
bined 100 % buffered MCP to characterize the study area in
terms of habitat attributes available to bighorn. We used 10
habitat variables for assessing habitat associations of desert
bighorn, derived from 90 m resolution rasters (Table 1). We
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Figure 1. Mean likelihood of presence for desert bighorn (Ovis canadensis mexicana) in northwest Sonora, México.
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selected habitat variables that have previously been related
to distribution and habitat use of bighorn and other large
herbivores in arid environments in México and the south-
western USA (e. g., Monson and Sumner 1980; Andrew et
al. 1999; Krausman and Shackleton 2000; Alvarez-Cérde-
nas et al. 2001; Guerrero-Cardenas et al. 2003; Bangs et al.
2005; Medellin et al. 2005; Ruiz-Mondragén et al. 2018;
Bender et al. 2022; Bender et al. 2023; Whiting et al. 2023).
We delineated habitat types from land cover mapping by
the National Institute of Statistic and Geographic (https://
www.inegi.org.mx; series VI, 1:250,000, INEGI 2017). We
used three habitat types for analyses based on proportions
within bighorn ranges; sarcocaule shrubland (matorral sar-
cocaule; 79 % of home ranges), microphyll scrub (matorral
desertico microfilo; 19 % of home ranges), and all others
(<2 % of home ranges) pooled. We determined distance
to rivers/lakes, water bodies, roads, and human settlements
using the Euclidean distance metric in ArcGIS (Tédonzong
et al. 2020). We determined slope and aspect from 90 m
resolution digital elevation models (DEMs; INEGI 2020) in
ArcGIS and terrain ruggedness (Riley et al. 1999) in QGIS
(Table 1; QGIS 2015).

We used maximum entropy modeling (MaxEnt 3.4.1;
Phillips et al. 2006) to model likelihood of desert bighorn
presence in Sonora. Maximum entropy is a machine learn-
ing response that starts with known locations and com-
pares habitat correlates at those sites to these same cor-
relates at 10,000 random points throughout the study site.
The maximum entropy algorithm is deterministic and will
converge to the maximum entropy probability distribution
(Phillips et al. 2006). The model results in a non-negative
value assigned to each pixel, with values ranging from 0.0 to
1.0 to indicate the likelihood of a site being used by desert
bighorn. Importantly, maximum entropy modeling relates
presence locations to random locations and not to inferred
absences; because this approach utilizes only known loca-
tions, it eliminates the need for absence data which are
invariably unknown.

We assessed models using receiver operating character-
istic (ROC) plots (Phillips et al. 2006). The ROC is a plot of
sensitivity and 1 - specificity, with sensitivity representing
how well the data correctly predicts presence while speci-
ficity provides a measure of correctly predicted absences
(Fielding and Bell 1997). We then used the area under the
ROC curve (AUC) to assess performance of models (Field-
ing and Bell 1997; Phillips et al. 2006). This approach pro-
vides an index of model accuracy; values range from 0.5
to 1.0, with values of 0.5 indicating no fit greater than that
expected by chance. Standard errors were calculated for
AUC values using 30 % of locations as test data (Phillips et
al. 2006).

We constructed separate models for each individual
desert bighorn for which annual data were available (n =43)
using the habitat variables above. We used the individual
as the replicate to incorporate individual variation into the
final model of desert bighorn habitat likelihood (Baldwin
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Table 1. Classes, variables, and sources used to model habitats for big-
horn sheep in the northeast of Sonora.

Class Variables Source

Topographic Elevation (DEMs) INEGI 2020
Slope INEGI 2020
Aspect INEGI 2020
Terrain Ruggedness Index (TRI) Riley et al. 1999

Human impact Distance to settlements INEGI 2017
Distance to roads INEGI 2017

Land cover Tree cover Hansen etal. 2013

Vegetation types INEGI 2017
Water resources Distance to rivers INEGI 2017
Distance to water bodies INEGI 2017

2009). For model development, we used the complemen-
tary log-log (clog-log) transformation and automatic fea-
tures selection with cross-validation to reduce overfitting
(Elith et al. 2011; Phillips and Dudik 2008). We used 70 % of
locations for model training data and the remaining 30 %
for model testing (Zurell et al. 2020; Phillips et al. 2006). We
first modeled all variables individually to ensure that each
provided useful information on distribution of desert big-
horn (i. e., variables AUC had a lower 95% Cl of >0.50; Swets
1988). We then constructed fully parameterized models
for each desert bighorn because we wanted to produce
the most generalized model of desert bighorn likelihood
possible (rather than identifying individual variables most
associated with desert bighorn presence), analogous to
minimizing bias in an information-theoretic approach (i.
e., drawing the most life-like elephant; Wel 1975; Burnham
and Anderson 1998). Last, we averaged the resultant maps
of likelihood of landscape presence from each individual
desert bighorn to create a mean likelihood coverage in
ArcGIS. We used this mean likelihood map as the habitat
association model (HAM) for modeling corridors (Cushman
et al. 2006).

Resistance surface layer and connectivity analysis. We
calculated a resistance surface layer (R) with values rang-
ing from 1 (least resistance to movements) to 100 (greatest
resistance to movements) based on the inverse of the HAM,
where R=100- (100 x HAM). The resistance layer illustrates
the difficulty of, or resistance to, desert bighorn movement
within any given location in the landscape (Mateo-Sanchez
etal. 2014; Khosravi et al. 2022). We then used Circuitscape
V 4.0 (McRae et al. 2013), which uses circuit theory to model
population connectivity as analogous to an electrical cur-
rent (McRae et al. 2008), to generate a connectivity model
among core areas (i. e., 95 % aKDE ranges). This process
uses a graph-theoretical approach to predict movement
patterns and quantify the effects of landscape features that
impede species movement (Cushman et al. 2013).

We further identified optimal connectivity corridors
using the least-cost paths approach (Adriaensen et al. 2003;
Balbi et al. 2019). Least-cost paths are the routes between
two nodes (i. e., core areas) that minimize accumulated
resistance across all pixels intersecting the routes. To deter-
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mine least-cost paths, we utilized the Linkage Mapper 3.0.0
extension for ArcMap (McRae and Kavanagh 2011), which
calculates all possible routes in the landscape and their
costs, with the lowest cost routes identified using the Cost
Distance algorithm. This algorithm calculates the minimum
accumulated cost distance between two nodes; the result
is a vector layer of lines (routes) that establish the optimal
routes for the establishment of corridors (Adriaensen et al.
2003). We then determined cost-weighted distances (CWD)
between core areas (i. e., individual desert bighorn 95 %
aKDEs) and classed CWD into five categories (low, medium,
high, very high, and highest) for presentation and analysis
of least-cost paths. Last, we used ANOVA (Zar 1999) to test
for differences in likelihood of desert bighorn presence and
length of corridors among classes of corridors.

Results

The OUF-anisotropic continuous time movement model
(ctmm) either provided the best fit (85 % of models) or
was within AUCc < 2 of the best fit model (15 % of mod-
els; size of home ranges did not differ from the lowest AUCc
model in these cases) for all desert bighorn. Consequently,
we used OUF-anisotropic models for all 95 % aKDE home
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ranges. The OUF-anisotropic movement model is the most
general of ctmms, and includes a home range, correlated
locations, correlated velocities, and movements varying by
direction (Fleming et al. 2014, 2016; Calabrese et al. 2021).
Annual home range sizes averaged 19.8 (SE = 4.0) km? for
females and 30.7 (SE = 5.1) km? for males. From individual
movement data, we observed a minimum of 6 dispersal or
seasonal movements of desert bighorn among disjunct
ranges or rocky islands that were separated by a range of 2
to 8 km (mean = 5.0; SE = 1.0).

Individual desert bighorn maximum entropy models
showed extremely high fit (mean =0.991; SE=0.001; range
=0.977 t0 0.998 [SE range 0.010 to 0.050]). The mean habi-
tat association likelihood map revealed a landscape of scat-
tered small high-quality patches in the human-dominated
matrix of Sonora (Figure 1). Resistance to movements char-
acterized two distinct areas of flow within our study area:
an extensive patch dominating the southern area with
relatively high permeability and a smaller patch with lower
permeability in the northern area (Figure 2). Between these
two areas was a large region of low permeability to move-
ments (Figure 2). Similarly, within the northern area was a
large region of very low permeability between the north-
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Figure 2. Estimated permeability of the northwest Sonora landscape to movements by desert bighorn (Ovis canadensis mexicana).
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ernmost and southernmost core areas.

We identified a network of 83 potential corridors span-
ning 4,276 km that interconnected 43 desert bighorn core
areas throughout northeast Sonora (Table 2; Figure 3). The
northern portion of our area was the most isolated, with
only 19 potential links (including four that connected the
northern and southern areas), while the southern area con-
tained 64. Among these, 14 corridors measured < 1 km and
were predominantly located in the southern region. A total
of 20 corridors spanned a distance of < 10 km, and 42 cor-
ridors were < 20 km. A total of eight corridors were > 100
km, and occurred solely in the northern area or between
the northern and southern areas (Figure 3).

Mean likelihood of desert bighorn presence declined
(Fm: 60.6; P < 0.001) as resistance to movements increased
from low resistance (likelihood = 0.44) to moderate (likeli-
hood = 0.25) to high (likelihood = 0.09). Similarly, classes
of potential corridors with lower resistance to movement
were shorter (F, = 33.7; P < 0.001) than higher resistance
classes (Table 2).

Discussion

Our evaluation of landscape resistance to desert bighorn
movements and potential movement corridors identified
two distinct areas within current desert bighorn range in
Sonora: a northern and a southern area, with low and high
connectivity, respectively, and with limited potential con-
nectivity between these areas (Figures 2 and 3). Both of
these areas are considered important regions for desert
bighorn conservation in Sonora, and thus require atten-
tion regarding facilitating the movement of desert big-
horn within and between areas, as well as between the
northern area and bighorn populations in adjacent north-
ern Baja California (e. g., Ruiz-Mondragon et al. 2018). Con-
sequently, our connectivity results can guide conserva-
tion efforts that identify and promote preservation of key
patches or corridors; facilitate habitat restorations within
and around corridors; and thus enhance connectivity and
viability of populations in both areas of Sonora (Shepherd
and Whittington 2006; Castilho et al. 2015; Dutta et al. 2016;

Table 2. Classes of modeled corridors based on resistance to desert big-
horn movements, Sonora, Mexico. Characteristics of each class presented
include likelihood of desert bighorn presence (Likelihood), total length of cor-
ridors, and mean length of corridors. Also presented is the High Class subdi-
vided into 3 subclasses (High, Very High, and Highest).

Resistance Likelihood Length

Class Subclass Mean SE Total Mean SE N
Low 044 A 0.03 66.2 25A 06 26
Moderate 0.25B  0.04 3513 176B 09 20
High 0.09C 002 19244 521C 6.1 37
High 0.09 0.02 527.6 293 09 18
Very High 0.06  0.02 548.4 457 25 12
Highest 0.09 0.03 8534 1219 7.8 7

ABC = Means with different letter differ by Class (P < 0.003).
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Allen etal. 2016).

We found the southern area to be characterized by high
connectivity among core areas and relatively short poten-
tial movement corridors, e. g., 35 % of potential corridors
were <10 km in length, which is considered short and indi-
cates easy movement between areas. Additionally, 67 % of
the corridors were < 25 km (mean = 19 km), which, while
longer, is still within documented movement distances of
bighorn in arid environments (Schwartz et al. 1986). Short
corridors (under 10 km) are typically easier for individuals to
traverse, while longer corridors (over 25 km) may represent
more significant barriers or challenges, even to species like
desert bighorn which readily move among disjunct habitat
patches (Schwartz et al. 1986; Bleich et al. 1990; Bleich et al.
1996).

In the arid Southwestern USA and México, bighorn
sheep regularly move between isolated desert mountain
ranges or clusters of rocky habitats (as also observed in this
study; Schwartz et al. 1986; Bleich et al. 1990; Bleich et al.
1996). However, the extent of these movements is contin-
gent upon factors such as the distance between sites, sex,
and the nature of intervening habitats (Qugh and deVos
19864; Bleich et al. 1996; Allen et al. 2016). Individual big-
horn in arid environments often move >20 km between
ranges (Schwartz et al. 1986). While males are more likely
to show exploratory or longer distance dispersal move-
ments than females (Ough and deVos 1984; Bleich et al.
1996), females will also emigrate to neighboring ranges
(McQuivey 1978; Bleich et al. 1996). Consequently, the high
level of connectivity and numerous core areas in the south-
ern area suggests that this area does not require immedi-
ate active management actions to enhance connectivity.
Rather, emphasis in southern areas should be on actions
that maintain existing conditions, such as careful environ-
mental review of proposed developments, etc., to minimize
or mitigate any potential impacts on movements of desert
bighorn. The higher habitat quality associated with the
shorter low-resistance corridors facilitates movements in
the southern area (Ough and deVos 1984).

In contrast, the northern Sonora area is characterized
by much lower connectivity, with longer distances among
core areas; e. g., only 20 % of potential corridors were < 10
km, 30 % were < 25 km, and potential corridors averaged 41
km in length. Even more challenging for desert bighorn in
Sonora is the large separation characterized by significant
resistance to movements between northern and southern
populations (Figure 2 and 3), where the shortest potential
corridor is 107 km and the four potential corridors connect-
ing northern and southern areas averaged 131 km. While
female bighorn have occasionally been documented to
move >50 km (McQuivey 1978), this level of separation can
provide a significant challenge to desert bighorn exchange
between northern and southern populations (Qugh and
deVos 1984; Bleich et al. 1996), as well as within the northern
area (although the latter may possibly be somewhat miti-
gated by movements to or from Baja California populations).
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Figure 3. Location and quality of potential linkages between desert bighorn (Ovis canadensis mexicana) core areas in northwest Sonora, México. Linkage qual-
ity is determined from the ratio of cost-weighted distance to least-cost paths. Higher values indicate higher cost of movement along the path of least resistance

and lower values indicate lower costs of movements along the least-cost path.

Consequently, the immediate conservation priority for
Sonora should be to enhance connectivity within northern
Sonora and between the northern and southern Sonora
areas. Connections between the northern and southern
areas are compromised by factors such greater separation
between mountainous terrain, agricultural development,
human settlements, primary roads, etc. Hence, the poten-
tial corridors we identified between northern and southern
areas (and within the northern area) highlight ecologi-
cally important areas that should be prioritized for actions
to facilitate desert bighorn movements or habitat quality

between existing core areas. These actions may include
minimizing fences, roads, irrigation canals, and other move-
ment impediments between desert bighorn core areas
(NDOW 2001). Management actions in the northern area
should ideally be in consort with similar actions in northern
Baja California, given the proximity between bighorn sites

in these States.
Roads, depending on their type, size, traffic, and other

features, are a major cause of mortality and impediments

to movement for both small and large mammals in México

(Gonzalez-Gallina and Hidalgo-Mihart 2018; Rubio-Rocha
et al. 2022). Hence, new construction or improvements of
existing roads should consider including wildlife crossings
(i. e., under or over passes) and avoiding continuous guard
rails or fences along right-of-ways within potential corri-
dors (NDOW 2001; Manteca-Rodriguez et al. 2021). Because
much of desert bighorn range in Sonora is used for livestock
grazing, new pasture or right-of-way fencing should follow
standard wildlife-friendly recommendations, such as using
99 cm high, three-strand fences with a smooth bottom wire
> 51 cm from the ground (NDOW 2001). Such actions can
lessen the risk to connectivity between core areas associ-
ated with the most common obstructions to desert big-

horn movements in Sonora.
Last, we used individual-animal-based habitat data from
local desert bighorns to develop inputs to model connec-
tivity among core areas in Sonora. In contrast, most con-
nectivity modelling analyses use expert opinion to identify
suitable habitats and barriers to movement, which is vul-
nerable to several potential biases including lack of local
knowledge regarding species habitat use patterns (Due-
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nas-Lépez et al. 2015). Resource selection or habitat use by
wildlife is an adaptive response of individuals to meet their
life requirements given existing environmental circum-
stances (Manly et al. 1993; Bender 2020; Bender et al. 2022).
Hence, our methodology of using local desert bighorn to
identify habitat attributes associated with their presence
offers a more targeted and likely accurate approach for
identifying potential movement corridors; local desert big-
horn are certainly more aware of what constitutes suitable
conditions for themselves than are human experts. While
individuals may disperse or move through lower-quality
habitats, movements are much more likely through suit-
able areas (Ough and deVos 1984; Allen et al. 2016) and
individuals are much more likely to be successful in move-
ments (i. e., stay alive).

Information on core areas and landscape connectivity
can provide very targeted information for conserving big-
horn sheep in Mexico, where their distribution is primarily
limited to two states (Sonora and the Baja California penin-
sula) and where the overall population status is considered
stable, but the current status of many small isolated popu-
lations is unknown (Lee 2003; Romero-Figueroa et al. 2024).
Connectivity mapping can be used to strategically place
conservation actions such as habitat restorations within or
around corridors (Shepherd and Whittington 2006), as well
to identify suitable sites for habitat restorations (Bleich et
al. 1996). For example, managers should prioritize reestab-
lishing extirpated populations along higher-quality cor-
ridors and in proximity to occupied core areas, enhancing
the probability of dispersing desert bighorn encountering
other populations (Bleich et al. 1996). Minimizing isolation,
facilitating movements, and restoring extirpated popula-
tions is important to ensure the long-term viability of des-
ert bighorn in Mexico. Because of the ecological and eco-
nomic importance of desert bighorn, actions that enhance
the probability of establishment and connectivity of popu-
lations can significantly contribute to the overall welfare of
northern México.
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