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Abstract

Spatial ecology of jaguar (Panthera onca) outside protected areas in the Yucatan Peninsula, Mexico. Jaguars
(Panthera onca) are endangered in several countries and a priority species for conservation action. Despite
extensive research efforts in Mexico most studies have been associated with natural protected areas far from
human habitation. Because protected areas are too few to conserve the jaguar population over the long—term,
a landscape approach that includes both protected and unprotected lands is needed. This is the case in Quin-
tana Roo State where an ecological corridor linking two protected areas (Yum Balam and Sian Ka'an) is at risk
of disappearing due to tourism—driven activities. Between 2013 and 2015, four male jaguars were captured
and monitored using satellite telemetry inside the corridor. The mean home range size (+ SD) was 101.5 km?
(£ 75.9 km?) for the dry season and 172 km? (x 107.29 km?) for the rainy season. The mean core area size
(£ SD) was 17.54 km? (+ 16.21 km?) for the dry season and 29.07 km? (+ 16.19 km?) for the rainy season. No
significant seasonal differences were found for home ranges or for core areas. As expected, we observed that
jaguars preferred forest or young secondary growth over profusely disturbed areas, using whatever vegetation
was available in their home ranges. Although it is not protected, a biological corridor linking Yum Balam and
Sian Ka'an still holds its own jaguar population, a population that has learned to coexist with human presence.
Conservation actions are recommended at landscape level to maintain what remains of tropical mature forest
and to promote the development of long—term secondary growth into close tree canopy.
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Resumen

Ecologia espacial del jaguar (Panthera onca) fuera de las zonas protegidas de la peninsula de Yucatan, Méxi-
co. El jaguar (Panthera onca) se encuentra en peligro de extincion en paises como México y es una especie
prioritaria para las medidas de conservacion. La mayoria de los esfuerzos de investigacion en el pais, aunque
extensos, se han asociado principalmente a zonas naturales protegidas, alejadas de los asentamientos de
poblaciéon humana. Las zonas protegidas existentes son insuficientes para conservar la poblaciéon de jaguares
a largo plazo, por lo que se debe adoptar un enfoque de paisaje que incluya tanto las tierras protegidas como
las no protegidas. Esto es lo que sucede en el estado de Quintana Roo, donde existe un corredor ecoldgico
que une dos zonas protegidas (Yum Balam y Sian Ka'an) que corre el riesgo de desaparecer debido a las
actividades impulsadas por el turismo. Entre 2013 y 2015 se capturaron cuatro jaguares machos a los que
se siguid mediante telemetria satelital dentro del corredor. La superficie media de la zona de actividad (+ DE)
fue de 101,5 km? (= 75,9 km?) durante la temporada seca y de 172 km? (+ 107,29 km?) durante la temporada
de lluvias. La superficie media de la zona central (+ DE) fue de 17,54 km? (+ 16,21 km?) durante la estacion
seca y de 29,07 km? (+ 16,19 km?) durante la temporada de lluvias. No se encontraron diferencias estacionales
significativas con respecto al area de distribucion ni con la zona central. Segun lo previsto, se encontré que
los jaguares prefieren los bosques o las zonas de vegetacion joven secundaria a las zonas muy perturbadas
de la zona de estudio, mientras que utilizan todos los tipos de vegetacion a su alcance dentro de su area
de distribucion. A pesar de no estar protegido, el corredor biolégico que une Yum Balam y Sian Ka'an aun
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alberga una poblacién de jaguares que ha aprendido a convivir con la presencia humana. Se recomienda
adoptar medidas de conservacion a escala de paisaje para mantener las zonas de bosque tropical maduro
que queden y permitir la maxima recuperacion posible de las zonas con vegetacion secundaria para que se
conviertan en bosques densos.
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Introduction

Understanding how large cats move and use a
landscape is important in order to accurately identify
priority habitat areas and connectivity corridors, both
of which play a key role in the effective design and
implementation of conservation strategies (Rodri-
guez-Soto et al., 2011). Because of their body size,
social behavior, prey and habitat requirements, large
felids such as jaguar (Panthera onca) require large
home ranges for their survival and population health,
which in turn means their population densities are low
(Macdonald et al., 2010).

The home range size of jaguars varies from 10
to 690 km?, depending on sex, prey availability, and
habitat fragmentation level (see Gonzalez—Borrajo
et al., 2016; Morato et al., 2018; de la Torre and
Rivero, 2019 for a review). Due to these spatial
requirements, protected areas of suitable size are
too few to guarantee long—term viability of jaguar as
their conservation is hard—pressed to interweave a
landscape that includes both protected and unpro-
tected lands (Sanderson et al., 2002; Rabinowitz and
Zeller, 2010). Currently, jaguar populations across
their distribution range are mostly concentrated in
'‘Jaguar Conservation Units' (JCUs), that is, in areas
that have a stable prey community and are known or
believed to contain a resident population of at least
50 breeding individuals (Sanderson et al., 2002).
The most important area for jaguar conservation in
the northern jaguar range is the Selva Maya, a large
region that includes several JCUs in the Yucatan
Peninsula in Mexico, northern Guatemala and west-
ern Belize. These JCUs are connected by a complex
corridor network (Sanderson et al., 2002; Rabinowitz
and Zeller, 2010; fig. 1). The region is composed of
both protected and unprotected land tracts. Jaguars
inhabit a landscape across gradients that include
heavily perturbed areas, large tracts of almost intact
forests, and areas with intense human disturbance
(Mitchell et al., 2013; Ellis et al., 2017). Research
on spatial ecology of jaguar in the Selva Maya has
mainly been associated with natural protected ar-
eas (de la Torre et al., 2017) or areas where large
human population settlements are rare (Figueroa,
2013; Cruz et al., 2021). In these preserved areas,
such as Calakmul, the jaguar home range varies
from 37-436 km? for females to 49-633 km? for
males (Cruz et al., 2021). Further variation has been
reported in relation to habitat in areas where the
forest is well-preserved and human disturbance is
minimal, such as between Selva Maya and the Maya
Mountains (Figueroa, 2013), Selva Lacandona, and
Selva Maya (de la Torre et al., 2017).

Despite this well-established understanding of
the jaguar home range, the only published data on
jaguar home ranges from the corridor between Yum
Balam and Sian Ka'an is based on the report of a
single male (Gonzalez—Gallina et al., 2017a). This
individual showed a particularly small seasonal home
range (16 km?) that was attributed to the availability
of unintended human subsidies. This male is also
included in the present study.

Human population density alone does not
account for past extirpations of jaguar or for de-
creases in populations. Similarly, human population
increases will not necessarily determine jaguar de-
clines. Jaguar extirpations, however, are potentially
avoidable through the design and implementation
of sustainable management and conservation pro-
grams (Jedrzejewski et al., 2017). Considering that
jaguars will enter some non—protected areas with
high human disturbance, it is essential to know how
they respond to these mixed territories in order to
develop comprehensive and effective conservation
plans that consider further urban expansion into
jaguar populated areas. One relevant area for
jaguar conservation in the Selva Maya lies in the
northeastern part of Quintana Roo state in Mexico,
in an area popularly referred to as 'The Mayan Riv-
iera'. The urban and touristic development presently
being undertaken here is affecting the tropical forest
therein (Ellis et al., 2017). Furthermore, the area
is characterized by a high frequency of hurricanes
followed by forest fires that largely influence the
process of forest cover loss and recovery in the
region (Whigham et al., 2003; Ellis et al., 2017).
Such unprotected regions are well-preserved nat-
ural ecosystems and valuable biological corridors
that link the JCUs (Salom-Pérez et al., 2010; Foster
et al., 2020), as is the case, for example, of the
area between Yum Balam (to the north) and Sian
Ka'an (to the south) (Rabinowitz and Zeller, 2010;
Rodriguez—Soto et al., 2013). A jaguar population
with resident males and females has been report-
ed in this region (Gonzalez—Gallina et al., 2018).
However, the continuous and accelerated expansion
of the urban areas, and the growing road network
crisscrossing the corridor is increasing the number
of jaguars killed on roads (Gonzalez—Gallina and
Hidalgo—Mihart, 2018) and intensifying conflict
between humans and jaguars (Remolina—Suarez,
2014; Carral-Garcia et al., 2021).

Individual jaguars have shown differential use of
space in relation to the degree of human disturban-
ces (Morato et al., 2016). One study showed that
jaguars can survive in areas with a relatively high
degree of human presence (Morato et al., 2016;
Boron et al., 2016; Hidalgo—Mihart et al., 2019).
It has also been observed that seasonality plays
a role in the size of the home range as animals
adapt to changes such as the availability of cover
and of resources (Nufiez and Miller, 2019). In the
present study, our main objectives were to assess
the seasonal home range and core area sizes and
analyze habitat use in a non—protected area with
high human densities between the JCUs of Yum
Balam and Sian Ka'an in the state of Quintana
Roo, Mexico. The aim of this study was based on
our interest to preserve the high ecological value
of the area as much as possible despite the lack
of formal protection. As the area not only contains
jaguars but also plays a role in connecting JCUs
it is necessary to promote management practices
that will allow jaguars to persist in this increasingly
disturbed area.
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Material and methods
Study area

This study took place in the municipality of Solidaridad
in the state of Quintana Roo, México (fig. 1), between
the city of Playa del Carmen and the 180D Highway
(Merida—Cancun; 87°15' W, 20°45' N”) in the vegeta-
tion corridor linking the protected areas of Yum—Balam
(north) and Sian Ka'an (south) JCUs (Rabinowitz
and Zeller, 2010). Average elevations in the area are
between 5 and 10 m a.s.l. The climate is warm and
sub—humid with average annual temperatures between
26°C and 33°C. Mean annual rainfall is 1,300 mm,
mainly occurring from June to November. The dry sea-
son is well-defined (December to May) (INEGI, 2013).
The original vegetation is tropical semi—deciduous
forest with tree height around 12m and a well-defined
understory (Rzedowski, 2006). Although this vegetation
covers about 57 % of the state’s surface (The Nature
Conservancy, 2006), due to the regular presence of
hurricanes and agricultural-related fires, secondary
growth in a patchwork of succession stages now
occurs in most of the area. At the time of the study,
the most extensive land cover was the old second-
ary—growth forests (regenerating for approximately 25
years after the fires that followed Hurricane Gilbert,
1988), characterized by trees of 8—10 m in height and
a luxuriant understory. The second most extensive
type is young secondary—growth forest (15 years
or less of regeneration following recent fires, hurri-
canes, or human interventions), dominated by shrub
and herbaceous strata. Amid these vegetation types
there are small open areas used for slash—and—burn
agriculture. To date, cattle farming is limited to only a
few areas where people have cleared the forest and
established pastures. Human presence in the study
area is associated with the suburbs of the city of Playa
del Carmen (population 149,923) (INEGI, 2010), with
some 10 small towns of 100 to 500 inhabitants) and
several outlying ranches. There are also a few illegal
settlements scattered throughout, each with 5to 10 in-
habitants. The road network in the area is complex with
numerous roads close to the Caribbean coast and the
tourist areas. Inland, a few roads cut through the Sian
Ka'an—Yum Balam corridor. These include the 305D
Highway (Nuevo Xcan—Playa del Carmen), the 180D
Highway, and some secondary paved and dirt roads.

Capture and telemetry

The jaguars were captured using Aldrich type foot—hold
snare traps (Frank et al., 2003) set along trails with
evidence of jaguar presence (e.g. scats, tracks, photos).
Each trap was equipped with a VHF radio transmitter to
monitor the triggering of traps (Halstead et al., 1995).
Traps were set from January to April in 2013 and from
April to May in 2014. They were checked using hand—
held equipment with two antennae every four hours,
except in the hottest months (March to April) when they
were checked every two hours and turned off after the
morning check (9:00) to prevent the animals' exposure
to heat. They were reopened in the afternoon (17:00)

so as to avoid the hottest hours of the day. Once a
jaguar was captured, it was immobilized with a mixture
of ketamine/medetomidine for processing. Age, weight,
and sex were estimated and each animal was fitted
with a Vectronic GPS Plus Pro satellite collar with a
Globalstar system and a drop—off device (Vectronic
Aerospace GmbH, Berlin, Germany). Once the animal
recovered from the anesthetic it was immediately relea-
sed at the place it was captured. The whole process
complied with the guidelines of the American Society
of Mammalogists (Sikes et al., 2011) under collection
permit SGPA/DGVS/9611/12 (15 X 2012) and SGPA/
DGVS/975/14 (6 1l 2014) granted to Mircea Gabiriel
Hidalgo Mihart by the Direccion General de Vida Sil-
vestre—SEMARNAT-México.

The collars were programmed to record and send
a GPS location every 6 hours, and the drop—off me-
chanism was set to release the collar approximately
one year after activation. VHF telemetry was used
to locate the collars after drop—off. Jaguar location
data were classified for each animal seasonally,
considering a dry season (January—May) and a rainy
season (June-December). Jaguar 1 records were
included even though some had been published
previously (Gonzalez—Gallina et al., 2017a). There
were two reasons for this; first, to keep the variance
of seasonality and habitat use of jaguars in the area
in the current scenario and to increase the number of
captured individuals, and second, because the pre-
vious analysis was focused on the home-range and
core area size in relation to a distance to a landfill.

Home range and core areas

We calculated the home range so as to determine
the space used by the jaguar over a given period.
We calculated core areas because they indicate
the most important areas. From this information we
assessed landscapes where resources appeared
to be clustered and hence important to the animal.
These data were more likely to provide relevant
clues on the specific life requirements of the animal
rather than simply delimiting the peripheral areas
(Harris et al., 1990; Powell, 2000). The home range
of individual jaguars was calculated independently for
each season as defined above, using only validated
GPS locations (locations obtained with five or more
satellites and with a dilution of precision of less than
10 meters). We estimated the seasonal home—range
size and boundaries using the adaptive kernel method
(Worton, 1989) at 90% and seasonal core areas at
50 %. Al home range and core areas were calculated
using the Home Range Tools extension for ArcGis
(Rodgers et al., 2007). The smoothing parameter
(h) for each estimate was obtained using the least
squares cross—validation method (Kernohan et al.,
2001). To compare the jaguar home range with that
of other studies (Gula and Theuerkauf, 2013), we
also calculated the seasonal home range size of each
jaguar using the Minimum Convex Polygon (MCP)
estimator, applying the Animal Movement extension
for 100 % of the locations (Hooge et al., 2001; table
1s in supplementary material).
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Fig. 1. Location of the study area in the north—eastern portion of the Yucatan Peninsula in relation to
the Jaguar Conservation Units (JCU) and jaguar corridors of the 'Selva Maya' region. (JCUs and jaguar

corridors according to Rabinowitz and Zeller, 2010).

Fig. 1. Ubicacion de la zona del estudio en el noreste de la peninsula de Yucatan, en relacion con las
Unidades de Conservacion de Jaguar (JCU, por sus siglas en inglés) y los corredores de jaguares de la
region "Selva Maya". (Los corredores y las JCU para el jaguar se recabaron de Rabinowitz y Zeller, 2010).

To quantify the jaguars'degree of seasonal fidelity
to their home range, we calculated the seasonal home
range and core area overlap proposed by Kernohan
et al. (2001). This method involves superimposing
two—dimensional home range maps (HR, and HR,).
The measure of shared space use is the percent area
overlap between the seasonal Kernel 90% home
ranges computed as:

HRN HR;
SFl,; =
HR,

where SFIU is the Seasonal Fidelity index between
animals i and j, resulting from the intersection of both
animals in respect to seasonal home ranges (HR)
relative to animal i seasonal home range.

A similar calculation was performed for seasonal
core areas (CA); the resulting index was labeled CFI
as Core Area Fidelity index:

CANCA,
CFl, =
CA,

1

We analyzed the overlap of the seasonal home
range for each individual because a simultaneous
comparison between several individuals was marginal
between seasons.

Jaguar habitat use

We characterized land use of the study regions from
a mosaic of two ASTER (Advanced Spaceborne
Thermal Emission and Reflection Radiometer) satellite
scenes (pixel size 15x15 m) acquired in 2011. We
performed a supervised classification of the mosaic
image from 200 verification points distributed throug-
hout the study area where the land cover was known
and could be reliably assumed to be the same at the
time the scenes were acquired. We classified the
image based on the reflectance captured and stored
by the ASTER sensor (visible and infrared) using the
MaxLike algorithm in ENVI 4.5 (Exelis Visual Infor-
mation Solutions, Boulder, USA). Four land cover
categories were identified in the study area: tropical
forest (including areas covered by tropical deciduous
forest and old secondary growth forests with over 20
years' regeneration), young secondary growth forest
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Table 1. Number of verified GPS locations (Loc), home range (HR) and core areas (CA) of four male
jaguars that were radio—collared from 2013 to 2015 in a non—protected area in northeastern Quintana
Roo, México. Home range and core area size (km?) were calculated using Kernel adaptive method at
90% and 50 % respectively: J, jaguar number; W/A, weight (kg) and estimated age; T, total locations
(Data from jaguar 1 was previously reported in Gonzalez—Gallina et al., 2017a).

Tabla 1. Numero de ubicaciones GPS verificadas (Loc), tamario del ambito hogarefio (HR) y superficie
de las zonas centrales (CA) de cuatro jaguares macho seguidos con collares satelitales entre 2013
y 2015 en una zona no protegida del noreste de Quintana Roo (México). El area de distribucion y la
superficie de la zona central (km?) se calcularon utilizando el método adaptativo Kernel al 90% y 50 %,
respectivamente: J, Jaguar; W/A, peso (kg) y edad estimada; T, ubicaciones totales. (Los datos del
jJjaguar 1 se habian reportado previamente en Gonzalez—Gallina et al., 2017a).

Dry season Rainy season Dry season Rainy season Dry season

J W/A T

Loc HR CA Loc HR CA Loc HR CA Loc HR CA Loc HR CA
1 50 (adult)

466 1622 25 561 9746 255 508 82.38 2.51 1,535
2 48 (adult)

101 13562 17.88 51 228.61 56.88 152
3 52 (adult)

239 129.98 1822 854 318.04 38.29 304 21814361 95 170.27 35.22 1,492

4 48 (adult)

438 4569 1242 94 26.69 553 438

(under 10 years' regeneration), induced grasslands/
agriculture and urban areas. Despite its influence
on jaguar behavior, we omitted the category 'water
bodies'. It was not possible to identify this category
because the karst landscapes in the Yucatan Pe-
ninsula of Mexico lacks flowing rivers or extensive
water bodies on the surface (Garcia—Gil et al., 2002).
Surface water is either in 'aguadas' (topographic
depressions in sparse tree cover that accumulate
rainfall that usually dries out during the dry season)
or in 'cenotes' (permanent water holes where the
karst breaks, exposing underground water currents).
Only a few are large enough and sufficiently exposed
to be detected from above, and smaller ones are
always hidden by the canopy (Delgado—Martinez et
al., 2018) as is the case with 'sartenejas’, that is, rock
crevices that accumulate water (Delgado—Martinez et
al., 2018). In our case, no reliable GIS layer showed
either 'cenotes’ or 'sartenejas'. We also included a null
category (less than 3% of the study area) for areas
where we were unable to identify any land use due
to cloud cover.

We investigated habitat selection following the
framework developed by Johnson (1980) and Aebis-
cher et al. (1993), under the assumption that animals
make decisions about use at hierarchical stages,
namely selection of home range within a study area
(second—order selection) and selection of patches
within the home range (third—order selection). To

determine second-order selection (hereafter called
study—area selection), we defined habitat use as the
percentage of total area occupied by each habitat type
within the boundaries of the seasonal home range of
each jaguar, obtained with the adaptive kernel method
(ADK) at 90, and habitat availability as the total area
occupied by each habitat type within the boundaries
of the study area. For each season, we defined our
study area as the boundaries of the home range
obtained from all the GPS locations of all jaguars
present during that season, estimated by the MCP
method with 100 % utilization distribution. We used
the MCP at 100 % because it is the smallest convex
polygon that contains all locations (including those
considered to be exploratory movements) and has
been successfully used to determine the extension
of a second order resource selection study (Horne
et al., 2009). For the third—order selection (hereafter
called home-range selection), we defined habitat use
as the number of seasonal GPS locations of each
jaguar in each land use type, and habitat availability
as the percentage of the total area occupied by each
habitat type within the boundaries of the seasonal
ADK 90 % home range polygon of each jaguar (see
table 2s in supplementary material for first, second
and third order selection percentages).

We used compositional analysis (Aebisher et al.,
1993) to examine seasonal habitat selection. We
tested for differences of log—ratio habitat use and
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Fig. 2. Seasonal home range configuration of the jaguars tracked by satellite in the north—eastern region
of the Yucatan Peninsula, Mexico, obtained with the adaptive Kernel method (90 %): A, dry season of
2013; B, rainy season of 2013; C, dry season of 2014; D, rainy season of 2014; E, dry season of 2015;
PR, pavement road; DR, dirt road; UA, urban area; W, water.

Fig. 2. Configuracion del area de distribucion estacional de los jaguares seguidos con collares satelitales
en el noreste de la peninsula de Yucatan (México) obtenida con el método adaptativo Kernel (90%): A,
temporada seca de 2013; B, temporada de lluvias de 2013; C, temporada seca de 2014; D, temporada
de lluvias de 2014; E, temporada seca de 2015; PR, carretera pavimentada; DR, camino de tierra; UA,

area urbana; W, agua.

availability across seasons at each habitat—selection
order with a repeated measure multivariate analysis
of variance (MANOVA). The small sample size pre-
cluded us from only using data of jaguars present in
consecutive seasons. We thus combined data from
jaguars that were present in different study years.

When habitat use was significantly non-random
(P < 0.05), we calculated the mean and standard
deviation for all log—ratio differences and constructed
a matrix, ranking habitat types in their order of use
(Aebischer et al., 1993) using 'adehabitat' HR version
0.3.15 in R (Calenge, 2006). If seasonal differences
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Table 2. Seasonal fidelity index (based on Kernohan et al.'s overlap index, 2001) of four male jaguars
radio collared from year 2013 to 2015 in a non—protected area in northeastern Quintana Roo, México.
Home range and core area size were calculated using Kernel adaptive method at 90% and 50 %
respectively: HR, home range overlap; CA, Core area overlap. (Data from jaguar 1 were previously

reported in Gonzalez—Gallina et al., 2017a).

Tabla 2. Indice de fidelidad estacional (basado en el indice de superposicién de Kernohan et al., 2001)
entre cuatro jaguares macho seguidos con collares satelitales entre 2013 y 2015 en un zona no protegida
del noreste de Quintana Roo (México). La configuracion del area de distribucion y de la zona central se
obtuvieron utilizando el método adaptativo Kernel al 90 % y 50 %, respectivamente: HR, superposicién del
area de distribucion; CA, superposicion de la zona central. (Los datos del jaguar 1 se habian reportado

previamente en Gonzéalez—Gallina et al., 2017a).

Jaguar 1 Jaguar 2 Jaguar 3 Jaguar 4
Season 1 Season 2 HR CA HR CA HR CA HR CA
Dry 2013 Rain 2013 0.99 0.96 0.53 0.00 0.97 0.02
Rainy 2013  Dry 2013 0.13 0.94 0.31 0.00 040 0.01
Dry 2013 Dry 2014 0.89 0.87 0.79 042
Dry 2014 Dry 2013 0.18 0.88 047 0.18
Rainy 2013  Dry 2014 0.44 0.88 0.50 0.03
Dry 2014 Rainy 2013 0.66 0.90 0.73 0.03
Dry 2013 Rainy 2014 049 0.18
Rainy 2014  Dry 2013 0.37 0.10
Rainy 2013 Rainy 2014 0.34 0.38
Rainy 2014 Rainy 2013 049 0.34
Dry 2014 Rainy 2014 0.41 0.02
Rainy 2014  Dry 2014 0.52 0.03
Rainy 2014  Dry 2015 0.81 0.34
Dry 2015 Rainy 2014 0.47 0.77

in habitat selection were not detected by MANOVA,
we pooled all GPS locations for each jaguar to de-
termine a single—ranking matrix of habitat use and
habitat availability.

Results

With a trapping effort of 1267 trap—nights, we captured
four male jaguars (table 1) and later recaptured one
of the four. Three of the animals were captured during
the 2013 trapping season. One new capture and the
recapture occurred during the 2014 trapping season.
We retrieved the location data directly from two GPS
collars that were recovered (jaguar 1 after drop—off
and jaguar 3 after recapture). The data from the other
three radio collars (jaguars 2 and 4, and the second
year of data from jaguar 3) were retrieved from 'cloud
data' stored at the Globalstar repository. We obtained
3617 GPS verified fixes from all the radio collared
jaguars, with a maximum of 1,492 and a minimum
of 152 per individual (table 1). A maximum of three
individuals were monitored simultaneously per season.

Home range and core area size

The mean home range size (+ SD) across the study
period in the dry season for all the jaguars was
101.5 km? ( 75.9 km?) and 172 km? (£ 107.29 km?)
for the rainy season (table 1). We did not find statis-
tically significant differences between seasonal home
range sizes (F, ; = 2.87, P = 0.12).

The mean core area size (+ SD) for the four jaguars
was 17.54 km? (+ 16.21 km?) for the dry season and
29.07 km?2 (+ 16.19 km?) for the rainy season (table 1).
We found no statistically significant differences be-
tween seasonal core area sizes (F, ;= 1.93, P=0.20).

Individual site fidelity indexes for both SFI (for HR)
and CFI (for CA) values varied from 0.99 to 0.01 (table
2). Variation between individuals was wide. We recor-
ded near complete site fidelity for both HR and CA for
jaguar 1 between the dry and rainy seasons of 2013,
and for both dry seasons (2013-2014), and almost
no site fidelity for jaguar 2 in 2013. HR fidelity did not
imply CA fidelity as we can see with jaguar 3 in 2013,
or the other way around jaguar 1 comparing the dry
season in 2013 and the rainy season in 2014 (fig. 2).
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Table 3. Mean habitat—selection ranks (Mean) and relation of use between four habitat types (Relation)
at the study area level for jaguars in a non—protected area in northeastern Quintana Roo, México. Values
for mean rank of habitat selection go from 0 (least—selected habitat type) to 3 (most—selected habitat
type). The relation column indicates how jaguars use habitat type A compared to habitat type B. Each
relation was replaced by its sign; a triple sign represents significant deviation from random at p < 0.05.

Tabla 3. Rango medio de la seleccion de habitat (Mean) y la relacion de uso de cuatro tipos de habitat
(Relation) presentes en la zona del estudio en una zona no protegida en el noreste de Quintana
Roo (México). Los valores del rango medio de seleccion de habitat van de 0 (tipo de habitat menos
seleccionado) a 3 (tipo de habitat mas seleccionado). En la columna de la relacién (Relation) se indica
como los jaguares usan el habitat de tipo A en comparacién con el habitat de tipo B. Cada relacion fue

reemplazada por su signo; un signo triple representa una desviacion significativa del azar a p < 0,05.

Mean Land use A Relation Land use B
3 Tropical forest i3 Young secondary—growth forest
+++ Induced grasslands/Agriculture

+++ Urban areas

2 Young secondary—growth forest - Tropical forest
Salas Induced grasslands/Agriculture

A Urban areas

1 Induced grasslands/Agriculture — Tropical forest
— Young secondary—growth forest

G Urban areas

0 Urban areas —_ Tropical forest
—_— Young secondary—growth forest
- Induced grasslands/Agriculture

Habitat use Discussion

We did not find any significant differences in the re-
peated measures MANOVA of the log—ratios between
seasons, either at the study—area level (Wilks' A =
0.69, F,, = 1.03, P = 0.44) or at the home-range
level (Wilks' A = 0.72, F3,7 =0.92, P =0.48). Because
no seasonal differences were found, we pooled the
seasonal data for all jaguars.

At the study area level (which considers all home
ranges as a whole) we found that the proportional
use of vegetation types was significantly different from
availability (A = 0.003, d.f. =3, P < 0.001). In order of
relative selection at this level, jaguars selected forest
land use, young secondary growth, induced grass-
lands/agriculture and urban areas (table 3). Because
none of the GPS locations of the jaguars were in urban
areas, so as to avoid the biases from missing habitat
types (Aebisher et al., 1993) we eliminated this land
use from the habitat use analysis at the home range
level. In contrast, we found that jaguars within their
home range level used all the habitats in proportion
to their availability (A = 0.87, d.f. = 2, P = 0.76).

Here we report on the home range of male jaguars
and their habitat use in a non—protected area under
increasing human influence from urban expansion
and a growing road network. We recognize that our
results could be biased by the low number of trac-
ked individuals and the lack of information regarding
female jaguars in the region.

Home range and core areas

The mean home range size of the jaguars in our
study was smaller (128 km? dry season and 190 km?
rainy season) than that of previously published home
ranges in the 'Selva Maya' where mean male home
ranges obtained with GPS tracking technology varied
from 264 km?in Belize (Figueroa, 2013), to 296 km?
in Calakmul (Cruz et al., 2021). The wide variation in
the size of jaguar home ranges (Gonzalez—Borrajo et
al., 2016; Morato et al., 2018; de la Torre and Rivero,
2019) can be expected, however, as the geographic
distribution of this species extends from southern
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North America to the rest of the continent, and within
this distribution, jaguars occur in various habitat
types (Sanderson et al., 2002), leading to variation
in their spatial ecology. When we look at individuals,
male home ranges vary from a minimum of 109 km?
(Figueroa, 2013) to a maximum of 1,016 km? (de la
Torre et al., 2017). Our results seem unexpected as
one could think that protected areas hold better habitat
quality than non—protected areas, causing space use
to increase as habitat quality decreases. Home range
size and shape for a male jaguar is mostly influenced
by prey availability (Sunquist and Sunquist, 1989; de
Azevedo and Murray, 2007; McBride and Thomp-
son, 2018), water availability (Delgado—Martinez et
al., 2018) and the presence of females (Cavalcanti
and Gese, 2009; Goodrich et al., 2010). Following
this premise and our results, it seems that the Yum
Balam-Sian Ka’an corridor holds enough resources
to maintain a resident jaguar population with less
than average home range sizes. Resource selection
behavior varied considerably across individuals.
Nevertheless, we noticed that jaguars in heavily fo-
rested areas (shift point = 58.4 %) showed a stronger
tendency to avoid non—forest than individuals in more
open landscapes. Also, a higher human population
and livestock density does not appear to increase the
strength of resource selection (Morato et al., 2018).

Although we did not find differences between the
rainy and dry seasons regarding home ranges and core
areas, we observed that those in the rainy season were
almost twice the size of those in the dry season (HR
101.5 and 172 km?; CA 17.54 and 29.07 km?). Nufiez
and Miller (2019) found differences in more contrasting
seasonal areas in the coast of Jalisco where water
appears to be the limiting factor. A different pattern
is known for jaguars in Calakmul (Cruz et al., 2021)
and Belize (Figueroa, 2013), although the sample
size could also be limit detection of such an effect.
This lack of change may indicate that the resources
for male jaguars in the region do not change greatly
across seasons, for jaguars will respond to shifts in
the availability of prey by shifting the core areas of
seasonal ranges to correspond with these shifts in
prey availability (Figueroa, 2013).

In the Yum Balam JCU (a protected area), jaguars
feed mostly on brocket deer (Mazama temama), co-
llared pecari (Pecari tajacu) and armadillo (Dasypus
novemecintus; Avila—Najera et al., 2018), but in non—
protected habitat there could be important changes
in diet, as jaguars frequently prey on domestic dogs
(Remolina—Suarez, 2014), and Jaguar 1 commonly
visited the Playa del Carmen's landfill, probably
searching for prey therein (Gonzalez—Gallina et al.,
2017a), such as black vultures (Coragyps atratus;
Gonzalez—Gallina et al., 2017b). We can thus assume
that relative seasonal stability in the core area size in
our study region could be attributed to the year—long
availability not only of wild prey (Cavalcanti, 2008),
which could be attracted by easy access to urban
disposal zones, but also to prey items such as do-
mestic dogs (Carral-Garcia et al., 2021). Jaguar 1
home range size is the smallest for a male jaguar
reported to date, and is considered largely attributable

to the availability of human-related prey at the Playa
del Carmen landfill (Gallina et al., 2017a). Far from
being a desirable situation, this reflects increasing
jaguar—human conflict (Carral-Garcia et al., 2021).
This shift in prey items between forested areas and
more urbanized areas is becoming a more common
strategy among jaguars. Further research on the sub-
ject is needed. Prey availability and other resources,
such as water, should be assessed. There is also the
need to determine how widespread human presence
is influencing resource availability.

We found the jaguars in our study showed a high
degree of spatial overlap on the subsequent seasonal
home range and core areas fidelity. The home range
fidelity for at least two seasons in the case of jaguars
2 and 4, and for three seasons in jaguar 1 and four
in jaguar 3, together with individual age, indicate they
were all resident individuals. Long—term occupation of
the same area has been used to distinguish resident
jaguars from and transient jaguars (de Azevedo and
Murray, 2007). As there is evidence of at least a few
potentially reproductive females (Gonzalez—Gallina et
al.,, 2018) we can assume we were documenting a
resident population (Karanth et al., 2006; Macdonald
et al., 2010; Andersen et al., 2012).

We recommend jaguar conservation status of the
area should be reconsidered. It could be incorporated
into the region to the Sian Ka'an JCU or developed
as a new JCU in the ‘Selva Maya’ region. This new
JCU could consider encompassing the whole region
between Cancun (to the north) between Leona Vicario
and Puerto Morelos across the study area between
Playa del Carmen and Tintal, connecting the natural
protected area of Otoch Ma’ax Yetel Kooh, south to
the Coba area. This would connect Yum Balam and
Sian Ka'an JCUs. This whole area retains valuable
jaguar habitat and resident populations, and it is under
only minimal pressure of urban expansion.

Habitat use

According to GPS tracking, we found the jaguars were
mainly located in tropical forests (defined as areas
of tropical deciduous forest and old secondary growth
forests with more than 20 years of regeneration), fo-
llowed by young secondary forests (defined as areas
with less than 10 years' regeneration). They were only
occasionally located in induced grasslands/agriculture
and never in urban areas. At the home range level, they
appeared to use the habitat according to availability.
At the core area level they preferred well developed
tropical forests regardless of availability. Using photo
trapping, Avila-Najera et al. (2019) observed that
jaguars in Yum Balam JCU selected old secondary
growth forests over other vegetation types. In general,
we observed that jaguars in the study region preferred
areas with low disturbance and dense vegetation,
avoiding human modified areas as in other parts of
the Selva Maya (Chavez, 2010; Conde et al., 2010;
Figueroa, 2013; de la Torre et al., 2017)

Our results support previous observations that
jaguars use forested areas in the northeastern portion
of the Yucatan Peninsula, and highlight the importance
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of conservation of these habitats throughout the region
(Figueroa, 2013; de la Torre et al., 2017; Cruz et al.,
2021). We emphasize the conservation value of young
secondary growth forests resulting from forest fires.
Though this vegetation type is structurally composed
of seasonal bushes, thicker undergrowth and sparse
tree cover, it represents the largest patches of natural
vegetation in northern Quintana Roo. Not only is it
the dominant vegetation type but it could become
the jaguar’s preferred habitat if it is allowed 10 to 15
years to fully recover. Furthermore, this young se-
condary growth also harbors jaguar prey items such
as white—tailed deer Odocoileus virginianus, collared
peccary, and ocellated turkeys (Meleagris ocellate)
(Urquiza—Haas et al., 2009).

Contrary to parts of the Selva Maya where the main
threat to forest is the expansion of induced grasslands
for cattle grazing (Chavez, 2010; Figueroa, 2013; de la
Torre et al., 2017), in our study area the main threats
to forest are fires and urban development (Ellis et
al., 2017). Regarding the main conflict between ja-
guars and humans in the area, this is not livestock
predation. Conflict is more likely the result of road kill
(Gonzéalez—Gallina and Hidalgo—Mihart, 2018), reta-
liation after dog predation (Remolina—Suarez, 2014;
Carral-Garcia et al., 2021), or simply an increasing
fear as the urban frontier expands further into the
jaguar territory. This trend is likely to increase unless
strong conservation actions are undertaken, such as
establishing a new protected area in the regions to
further protect the forest.

Researchers working with jaguars in cattle ranches
(Hoogesteijn et al., 1993; Scognamillo et al., 2002; Poli-
sar et al., 2003; Boron et al., 2016) have suggested that
jaguars can live across unprotected human-use areas
and co—exist with agricultural landscapes. The condi-
tions conducive to this coexistence are the presence of
sufficient natural areas and prohibition of hunting both
jaguar and prey (Jedrzejewski et al., 2017). Conserva-
tion actions in the area are needed at both patch and
corridor levels to maintain what remains of the tropical
forest and to allow naturally disturbed patches to properly
regenerate. Unless such action is taken, we risk further
landscape alterations which, combined with other dis-
turbance factors, will drive local extinctions not only of
top predators such as jaguars but also second—growth
tolerant mammal species (Urquiza—Haas et al., 2011;
Ortiz-Lozada et al., 2017).
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Supplementary material

Table 1s. Seasonal home range size (km?) of four male jaguar radio—collared from year 2013 to 2015
in a non—protected area in northeastern Quintana Roo, México. Home range and core area size were
calculated using the minimum convex polygon at 100 %. (Home range size of jaguar 1 was previously
reported in Gonzalez—Gallina et al., 2017a).

Tabla 1s. Superficie del area de distribucion estacional (km?) de cuatro jaguares macho seguidos
con collares satelitales en el noreste de la peninsula de Yucatan entre 2013 y 2015 en una zona no
protegida en el noreste de Quintana Roo (México). El area de distribucion y la superficie del area central
se calcularon utilizando el método del poligono minimo convexo al 100%. (La superficie del area de
distribucion del jaguar 1 se obtuvo de Gonzalez—Gallina et al., 2017a).

2013 2014 2015
Jaguar Dry season Rainy season Dry season Rainy season Dry season
1 262.20 134.08 167.99
2 219.25 161.01
3 153.71 829.13 340.25 192.74
4 184.35 127.77




Gonzalez—Gallina et al.

Table 2s. Percentages of use and availability of habitat of four male jaguars monitored with satellite
collars in the northeastern Yucatan Peninsula from 2013 to 2015 in an unprotected area in northeastern
Quintana Roo, Mexico. The percentages of use and availability are shown according to selection of
home range within a study area (second—order selection, Model IlI) and selection of patches within the
home range (third—order selection, Model Ill): TF, tropical forest; YF, young secondary—growth forest;
Ig/A, induced grassland/agriculture; U, urban.

Tabla 2s. Porcentajes de uso y disponibilidad de habitat de cuatro jaguares macho seguidos con collares
satelitales en el noreste de la peninsula de Yucatan entre 2013 y 2015 en una zona no protegida en
el noreste de Quintana Roo (México). Los porcentajes de uso y disponibilidad se muestran en funcién
de la seleccion del area de distribucion dentro de la zona del estudio (seleccién de habitat de segundo
orden, Modelo Il) y la seleccion de parcelas en el interior del area de distribucion (seleccion de
habitat de tercer orden, Modelo Ill): TF, bosque tropical; YF, bosque secundario joven; Ig/A, pastizales
inducidos/agricultura; U, urbano.

Use Available
Individual Year TF YF Ig/A Y TF YF Ig/A Y
Model Il (selection of home range within a study area)
Dry season
Jaguar 1 2013 9418 572 010 0.01 80.38 17.17 191 0.54
2014 9458  5.31 0.11 0.01
Jaguar 2 2013 8197 1660 143 0.01
Jaguar 3 2013 87.94 12.06 0.01 0.01
2014 85.76 13.72 0.52 0.01
Jaguar 4 2015 39.63 5864 173 0.01
Rainy season 80.87 16.75 1.71 0.67
Jaguar 1 2013 9443 501 056 0.01
Jaguar 2 2013 7791 19.08 278 0.23
Jaguar 3 2013 85.04 1455 0.41 0.01
2014 81.18 1824 049 0.10
Jaguar 4 2015 46.34 51.68 1.98 0.01
Model Il (selection of patches within the home range)
Dry season
Jaguar 1 2013 9418 572 010 0.01 9476 437 0.87 0.01
2014 9458  5.31 0.11 0.01 93.64 6.11 024 0.01
Jaguar 2 2013 8197 1660 143 0.01 84.85 15.15 0.01 0.01
Jaguar 3 2013 87.94 12.06 0.01 0.01 89.54 10.46 0.01 0.01
2014 85.76 13.72 0.52 0.01 83.16 16.50 0.34 0.01
Jaguar 4 2015 39.63 5864 173 0.01 38.30 50.00 11.70 0.01
Rainy season
Jaguar 1 2013 92.03 6.15 182 0.01 9443 501 0.56 0.01
Jaguar 2 2013 86.27 13.73 0.01 0.01 7791 19.08 2.78 0.23
Jaguar 3 2013 89.61 9.33 1.06 0.01 85.04 1455 0.41 0.01
2014 7789 2211 0.01 0.01 81.18 18.24 0.49 0.10

Jaguar 4 2015 4447 5392 1.61 0.01 46.34 5168 1.98 0.01




