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ABSTRACT: Although the ocelot Leopardus pardalis is listed as endangered in the USA and Mex-
ico, research on the characteristics of ocelot populations in northeastern Mexico has been limited.
Effective conservation strategies in this binational region can benefit from additional information
on the distribution and status of these populations. We estimated ocelot abundance and density
using capture-recapture data from remote cameras at 2 locations in Tamaulipas: 1 inland site near
the Sierra Tamaulipas and 1 coastal site along the Laguna Madre. The inland site was sampled in
2013 with 32 camera stations, and estimated densities (mean + SE ocelots per 100 km?) using non-
spatial and spatial modeling approaches were 17.57 + 1.10 and 28.19 + 6.81, respectively. The
coastal site was sampled in 2017 with 16 camera stations, and estimated densities using non-spa-
tial and spatial modeling approaches were 59.03 + 2.32 and 43.24 + 7.24, respectively. These are
the first published ocelot densities for these locations, and these sites represent the closest known
populations to those in Texas, USA. The ocelot populations surveyed appear to be robust, with
estimated abundances similar to or greater than other areas surveyed within the state of Tamauli-
pas. Future work should monitor the long-term status and connectivity of these and other nearby
populations to inform management actions to ensure their continued existence, as well as to
assess whether they could serve as suitable sources for the translocation of individuals into exist-
ing populations in need of genetic rescue in Texas.

KEY WORDS: Leopardus pardalis - Northeastern Mexico - Camera trap - Spatial capture—
recapture - Program MARK - Population density - Translocation

1. INTRODUCTION

The ocelot Leopardus pardalis occurs from North to
South America, including south Texas and Arizona,
USA, and south to Argentina (Paviolo et al. 2015).
Ocelots occur across a broad range of vegetation
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types (Shindle & Tewes 1998, Harveson et al. 2004,
Caso 2013, Garcia-Bastida et al. 2016, Gémez-
Ramirez et al. 2017, Lombardi et al. 2022), and popu-
lation densities reported throughout their range vary
widely from 1 to 94 ocelots per 100 km?, with esti-
mates from 1 to 39 ocelots per 100 km? in Mexico

©GM.S.,, R.CT,0.A.0.G, FIM,, T.dM,, LJ.P, and outside the USA,
The U.S. Government 2023. Open Access under Creative Commons
by Attribution Licence. Use, distribution and reproduction are un-
restricted. Authors and original publication must be credited.

Publisher: Inter-Research - www.int-res.com

L)

Check for
updates



https://crossmark.crossref.org/dialog/?doi=10.3354/esr01271&amp;domain=pdf&amp;date_stamp=2023-10-12

114 Endang Species Res 52: 113-127, 2023

(Ferndndez 2001, Rocha et al. 2016, Monterrubio-
Rico et al. 2018, Greenspan et al. 2020, Lombardi et
al. 2022). Although across its range, the ocelot is con-
sidered by the IUCN to be a species of ‘Least Con-
cern' (Paviolo et al. 2015), it is listed as endangered
in the USA (USFWS 1982) and Mexico (SEMARNAT
2010).

Ocelot research in the binational northeastern-
most portion of its range has primarily been con-
ducted in the USA. In Texas, ocelots have been the
focus of many detailed ecological studies (Harveson
et al. 2004, Haines et al. 2005, 2006b, Laack et al.
2005, Janecka et al. 2007, 2011, Sternberg & Mays
2011, Schmidt et al. 2020, Lehnen et al. 2021), the
findings of which suggest that in this region, ocelots
can be considered fragmentation-intolerant habitat
specialists. Literature on the distribution and charac-
teristics of ocelot populations roughly 200 km south
in the state of Tamaulipas, Mexico, a neighbor state
to Texas, USA, remains scant (Ocanas-Garcia et al.
2018, Lombardi et al. 2022). The ocelot's current
range in Mexico includes the northeastern states of
Nuevo Leén and Tamaulipas (Velazco-Macias &
Peflia-Mondragén 2015, Garcia-Bastida et al. 2016,
Caso & Dominguez 2018). Thus far, the goal of re-
search in this part of the ocelot range has been on
identifying new locations of ocelot populations. Some
studies modeled the potential distribution of ocelots
on a regional or national scale for conservation plan-
ning (Martinez-Calderas et al. 2015, Monroy-Vilchis
et al. 2019). In an evaluation of potential distribution
of 4 tropical felid species, including the ocelot,
Monroy-Vilchis et al. (2019) identified northeastern
Mexico as a region with high habitat suitability for
ocelots. Given the knowledge of the distribution and
habitat suitability, an important next step is to evalu-
ate population characteristics of ocelot populations in
northeastern Mexico, including abundance and den-
sity, to determine status and trends.

To date, ocelot population densities have been
evaluated at 1 Tamaulipan site on the northern edge
of the Sierra Tamaulipas. Carvajal-Villarreal (2016)
estimated ocelot densities per 100 km? to be 9.90 and
21.9, depending on the estimation method. In that
study, ocelots demonstrated a significant preference
for tropical deciduous forest relative to open habitats.
Lombardi et al. (2022) estimated the density to be
11.69 ocelots per 100 km? using spatial capture—
recapture (SCR) techniques from the same study
area within a similar timeframe to Carvajal-Villarreal
(2016). This study found that ocelots preferentially
used tropical deciduous forest patches that afforded
more interior cover, as measured by patch edge

length relative to total patch area. Given the scarcity
of ocelot research in Tamaulipas, more investigation
is needed on the distribution and characteristics of
ocelot populations in this region to better inform sci-
entists and wildlife managers in guiding binational
recovery efforts for this species.

Evaluation of the status of ocelot populations in
northeastern Mexico could have implications for bi-
national conservation efforts. Ocelots in Texas rep-
resent the last breeding populations in the USA,
and habitat loss and fragmentation have led to
increased road mortality and genetic isolation,
threatening local extinction in this region (USFWS
2016). In some areas of south Texas, 93% of the
native habitat has been converted to agriculture,
rangeland, or urban development since the 1930s
(Tremblay et al. 2005). The Rio Grande delta region
in the state of Tamaulipas, Mexico, has seen similar
trends in land conversion and habitat loss (Purdy
1983, Sanchez Col6n et al. 2009). There is a vast
area of mostly unsuitable habitat that separates the
historically connected ocelot populations of this
binational region in Texas and Tamaulipas. In addi-
tion to preservation and restoration of habitat
(Haines et al. 2006b), translocation of individuals
into south Texas from genetically similar but more
robust populations in northern Mexico has been
suggested as a potential recovery strategy for at-
risk populations in the USA (Haines et al. 2006b,
Janecka et al. 2007, 2011), yet to date, suitable
ocelot populations have not been identified.

With the present study, we add information on
characteristics of ocelot populations in northeastern
Mexico with the intention of identifying popula-
tions that could serve as sources for recovery of
the ocelot in this binational region. We estimate
ocelot abundance and density using traditional
(non-spatial) and spatially explicit capture-recap-
ture techniques at 2 ecologically different study
areas, an inland site and a coastal site in north-
eastern Mexico. We use multiple methods to facili-
tate comparisons to other studies of ocelot abun-
dance and density in Mexico that have used a
variety of density estimation methods. Informed by
previous research on tropical felids in northeastern
Mexico (Caso 2013, Martinez-Calderas et al. 2015,
Carvajal-Villarreal 2016, Monroy-Vilchis et al.
2019, Lombardi et al. 2022), we expected that
ocelot density would be higher at the inland site,
which is characterized by relatively intact habitat
around the Sierra of Tamaulipas, relative to the
human-induced fragmented state of the habitat
along the coast.
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2. MATERIALS AND METHODS
2.1. Study area

The study was conducted in the state of Tamaulipas,
Mexico, within the Northern Gulf Coastal Plains
Province, and more specifically in the Tamaulipas
Coastal Plains, and the Plains and Hills Sub-provinces
(Instituto Nacional de Estadistica y Geografia 2005;
Fig. 1). The natural landscape is comprised of rela-
tively flat terrain to rolling hills covered with tropical
forests and xeric scrub (Commission for Environmen-
tal Cooperation 1997, Rzedowski 2006, Challenger &
Soberén 2008), with several mountains nearby, such
as the Sierra Tamaulipas, and coastal lagoons that are
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Fig. 1. Study sites from the present study: inland and coastal study sites
(black polygons) along the coast of the state of Tamaulipas, Mexico; A: loca-
tion of the study by Caso (2013); and B: the area of the studies by Carvajal-
Villarreal (2016) and Lombardi et al. (2022). Land coverages adapted from
Copernicus Sentinel 2 data (2016-18) processed by ESA-CCI Land Cover

Project/UC Louvain/Brockmann Consult

recognized for their significant wildlife conservation
value (Comisién Nacional de Areas Naturales Prote-
gidas [CONANP] 2005).

Two camera surveys were undertaken, including
the survey of an inland site in 2013, and a coastal
site in 2017 (Fig. 2). Both study sites are within the
legally defined 'Area of Influence' of the federally
recognized protected area (SEMARNAT 2005)
known in English as the Laguna Madre and Rio
Grande Delta. This restricted-use area is a 5728 km?
biosphere reserve recognized by UNESCO. Study
sites were chosen based on landowner permission,
reports of ocelot presence, presence of forested
habitat anticipated to be of high quality for ocelots,
staff safety, and reliability of access.

The inland study site was located
22 km east-southeast of Soto la Marina,
Tamaulipas, located in the Sierra San
José de las Rusias, an area character-
ized by deciduous forests at lower ele-
vations, and deciduous and semi-de-
ciduous thorny woodlands (Instituto
Nacional de Estadistica y Geografia
2005, Rzedowski 2006) on rocky hills at
higher elevations, as well as some
small, improved pastures for livestock.
All cameras at the inland site were no
higher than 300 m above mean sea
level.

The coastal study site was located
60 km northeast of the inland site,
along the Laguna Madre near the
San José de los Leones community
of Tamaulipas, Mexico. This site was
located on a peninsula covered with
lowland semi-deciduous forest and
thorn forests and an understory of
shrubs and native grasses, as well as
some small, improved pastures for
livestock fragmenting the forest
patches. All cameras at the coastal
site were no higher than 10 m above
mean sea level.

2.2. Data collection and formatting

65°E Using ArcGIS 9.3 (ESRI), a grid de-
sign of 700 x 700 m blocks was over-
laid on each study site (Medellin et al.
2006), overlapping stands of forest
and thorny woodland habitats due to
their documented preferential use by
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Fig. 2. (A) Inland study site and (B) coastal study site in Tamaulipas, Mexico. Each state space dot represents a pixel in which
ocelot density is estimated. Land coverages adapted from Copernicus Sentinel 2 data (2016-18) processed by ESA-CCI Land
Cover Project/UC Louvain/Brockmann Consult

ocelots Leopardus pardalis (Harveson et al. 2004,
Horne et al. 2009, Caso 2013). Previous density
analyses suggest that 2 to 4 traps per home range are
required for precise, accurate estimates (Otis et al.
1978, Sun et al. 2014). The grid design resulted in
several camera stations within the home range size
reported from telemetry studies of ocelots in these
habitat types, i.e. 8.5 to 9.5 km? for females and 11.6
to 15.1 km? for males (Caso 2013, Carvajal-Villarreal
2016). Cameras in the current study were placed in
the field as close as possible to achieve 1 monitoring
site per block, and preferentially along the edge of
game trails or unimproved roads. Using cotton or
nylon cord, cameras were attached to metal or
wooden stakes, with the cameras being about 30 to
50 cm above the ground. The cameras at the coastal
site were placed inside of security boxes for added
safety from damage or theft.

Cameras were placed at 32 locations at the inland
site and 16 locations at the coastal site. Ultimately, the
camera configuration at the coastal site was clustered,
while cameras were more evenly spaced across the
sampling area at the inland site (Fig. 2). At the inland

site, the mean pairwise distance between all camera-
trap stations was 3061 m (range: 418 to 7713 m). At
the coastal site, the mean pairwise distance between
all camera-trap stations was 6540 m (607 to 15316 m).

We used multiple camera models (Reconyx®, Cud-
deback® [Cuddeback Digital], HCO Scoutguard®
[HCO Outdoor Products], or Bushnell® [Bushnell
Outdoor Products]). Two cameras were placed at
each location, and each camera pair, with cameras no
more than 20 m apart, was set on opposite sides of
the road or trail facing each other to capture both left
and right profile patterns to effectively identify indi-
viduals (Trolle & Kéry 2003, Dillon & Kelly 2007,
Sternberg & Mays 2011). We do not explicitly ac-
count for heterogeneity in camera performance in
our modeling approach, in part because this was not
considered during the design of the study, but we
proceed with the assumption that the use of 2 cam-
eras at each site compensates for this potential
source of heterogeneity.

Cameras were active at the inland site from August
5 to December 8 in 2013, and at the coastal site from
January 3 to October 22 in 2017. Cameras were oper-
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ational 24 h d7! throughout the sampling periods and
checked every 7 to 14 d. Cameras used medium
heat-sensitivity levels. Cameras took 1 to 3 photos
when triggered by an animal, and the interval be-
tween photos was programmed to be 1 to 60 s, de-
pending on settings of the respective camera.

Scent lures were used at the inland site to encour-
age ocelots to pause and inspect scents, thus al-
lowing for higher-quality photos of both sides to be
obtained to improve chances for individual identifi-
cation. However, scent was only used intermittently
both in time and space at the inland site. Scents in-
cluded bobcat urine (Harmon Scents®), Wildcat Lure
No. 2 (S. Stanley Hawbaker & Sons), and Obsession
for Men (Calvin Klein®), and all scents were
believed to be hormone-based, not food-based. Scent
lures were added to a small section (ca. 9 cm by 9 cm)
of carpet nailed to a log, or to a cotton ball inside a
partially buried plastic tube (polyvinyl chloride tube;
7.6 cm long by 1.3 cm diameter). We acknowledge
that adding scent attractant can potentially induce a
‘trap-happy’ behavioral response that can affect den-
sity estimates if this source of heterogeneity is not
modeled (Yang & Chao 2005, Schmidt et al. 2022),
and we discuss how we dealt with this in Section 2.4.

Photos of ocelots were classified by age and sex
(Emmons 1988, Laack 1991, Haines et al. 2005, Lom-
bardi et al. 2022, C. A. Lépez Gonzdlez & M. A.
Sternberg unpubl.). Ocelots were classified as kit-
tens, subadults, or adults based on relative size, and
reproductive characteristics such as a bare scrotum
for adult males, and obvious swollen teats signifying
lactation or lack of bare scrotum for adult females (C.
A. Lépez Gonzélez & M. A. Sternberg unpubl.). The
unique patterns of ocelots were used to identify indi-
viduals (Trolle & Kéry 2003, Sternberg & Mays 2011),
and individual ocelots were given a unique alphanu-
meric code (Sternberg & Swarts 2021) to record indi-
vidual capture histories.

Data were formatted into binomial capture histo-
ries divided into 14 d consecutive sampling periods.
If an individual was photographed at a site in a sam-
pling period, it was recorded as 1, and when it was
not photographed, it was recorded as 0. The data
from the inland and coastal sites consisted of 9 and 21
consecutive sampling periods, respectively. Due to a
lack of obtaining simultaneous right and left profiles
for some ocelots, rather than discard these detec-
tions, we created 2 datasets: a dataset of ocelots pho-
tographed from both profiles and the right side only
(hereinafter, right-side), and another dataset of
ocelots photographed from both profiles and the left
side only (hereinafter, left-side) for both study sites.

2.3. Non-spatial capture-recapture analysis

A non-spatial capture-recapture modeling frame-
work was used to estimate ocelot Leopardus pardalis
abundance and density at each study site. Program
CAPTURE was used to assess the capture histories
for closure at each study site and to provide abun-
dance and density estimates with which to compare
to other studies (Otis et al. 1978, Rexstad & Burnham
1992).

Population size (N) was estimated at both study
sites with the Jolly-Seber model using the POPAN
formulation (Schwarz & Arnason 1996) within Pro-
gram MARK (White & Burnham 1999). POPAN as-
sumes that a studied population is part of a super-
population (N) in which unmarked animals have the
same probability of capture as marked animals in the
studied population (assumption of equal catchabil-
ity), survival rates are homogeneous for marked and
unmarked animals, the sampled area does not
change, and there is no loss of marks during the
study. The super-population size is defined as the
total number of individuals forming part of the sam-
pled population (Crosbie & Manly 1985).

The following parameters were used in POPAN: p;
as the probability of capture of marked and un-
marked individuals on occasion i, [1; as the probability
of survival (phi) of marked and unmarked individuals
from occasion ito i + 1, and b; as the probability of a
new animal entering the population (p ent) between
occasions i and i + 1 from the super-populations into
the study site as a result of immigration and/or birth.
A sin link function was used to estimate survival and
recapture parameters in cases of a singular b; param-
eter. A multinomial logit link function was used for b;
parameters to constrain the sum of these values to
1.00. A log link function was used to ensure conver-
gence of the abundance parameter (Cooch & White
2019). The survival, recapture, and probabilities of
entry parameters were marked as constant (-) or time-
dependent (t) for the different models. Temporal vari-
ation was used for all 3 parameters. The number of
estimable parameters was adjusted as necessary
based on model output (Cooch & White 2019).

Goodness-of-fit (GOF) tests implemented in the
Program Unified CApture-REcapture, also known as
U-CARE (Choquet et al. 2005, 2009), can be used to
assess the fit of a fully time-dependent model to data.
U-CARE was used to identify variance in the survival
or recapture probabilities of cohorts, and to assess
transiency (Pradel et al. 1997) and trap-dependence
(i.e. trap-happiness or trap-shyness; Pradel 1993),
and can be useful in identifying whether particular
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cohorts might be having significant influence on the
overall fit of the data to the fully time-dependent Cor-
mack-Jolly-Seber (CJS) model (Cooch & White 2019).

A variance inflation factor (¢) was used to correct
for overdispersion in abundance model selection and
final parameter estimation. Because U-CARE does
not support GOF tests of POPAN models, a CJS
model was used in Program RELEASE (Burnham et
al. 1987) within MARK to derive values for ¢ for each
model. A second value for ¢ was calculated by divid-
ing the deviance of the general model by the mean
deviance derived from 1000 parametric bootstrap
simulations in MARK (Anderson et al. 1994, Cooch &
White 2019). To be conservative, the highest value of
¢ was used to adjust values for abundance model
comparisons, whether from RELEASE or the second
value as a result from the bootstrapping simulations
(Cooch & White 2019).

Models were ranked using the Akaike information
criterion adjusted for small population sizes (AICc;
Anderson et al. 1994). AICc values were adjusted for
over-dispersion from GOF testing to provide quasi-
likelihood adjusted Akaike information criterion val-
ues (QAICc) (Anderson & Burnham 2002). The model
with the lowest QAICc value was considered to offer
the best balance in bias and precision (White & Burn-
ham 1999, Cooch & White 2019).

Using the Minimum Bounding Geometry tool in
ArcMap 10.8.1 (ESRI), we plotted the minimum con-
vex polygon (MCP) as the boundary of the outer loca-
tions of cameras. We used the traditional ad hoc
buffering approach of calculating mean maximum
distance moved (MMDM) for all ocelots photo-
graphed at 2 or more camera locations as a proxy to
estimate home range radius (Wilson & Anderson
1985, Karanth & Nichols 1998). We buffered the MCP
around each study site's camera array by their
MMDM to obtain the estimated sampling area (ESA)
(Karanth & Nichols 1998, Maffei et al. 2005, Dillon &
Kelly 2007, Pérez-Irineo & Santos-Moreno 2014).
Abundance was estimated within defined ESAs.
Density estimates were derived by dividing the
abundance estimate from the model selected in
MARK by the size of the ESA. Conditional standard
error (SE) and 95 % confidence intervals (CIs) for the
MMDM density estimates were estimated with the
delta method (Nichols & Karanth 2002) using the
deltaMethod() function in the 'car’ package (Fox &
Weisberg 2019) in R version 4.2.2 (R Core Team
2021). We also estimated density using the half-
MMDM and present these results in Section S4 in
the Supplement (www.int-res.com/articles/suppl/
n052p113_supp.pdf).

2.4. Spatial capture-recapture

Ocelot density was estimated at both study sites
using a multi-session SCR approach. SCRis an estab-
lished update to non-spatial capture-recapture
methods that overcomes assumptions of geographic
closure by incorporating spatial heterogeneity in
individual detection probability (Royle et al. 2013).
Spatial relocations of unique individuals at multiple
detector locations are used to estimate latent animal
activity centers, commonly equated with home
ranges or centralized space use of individuals, and
detection probability is modeled as a function of dis-
tance between the detector and animal activity cen-
ter (Royle & Young 2008). The spatial component of
the hierarchical model also allows for an intrinsic
definition of the sampling area, or state space, pro-
viding explicit estimates of density that can be homo-
geneous or vary spatially.

We fit SCR models using maximum likelihood
methods in the package 'oSCR' (Sutherland et al.
2019) using R version 4.2.2 (R Core Team 2021). In
SCR, the key parameters to be estimated include
density, baseline detection probability, and the
spatial scale parameter sigma. Baseline detection
probability and sigma are parameters in the detection
process of the hierarchical model. We used the half-
normal model to define the attenuation of detection
probability as the distance between the trap and the
latent animal activity center increases. As with the
non-spatial capture-recapture analysis, models were
fit separately for the right-side dataset and the left-
side dataset.

To fit the SCR model, density is estimated across a
discretized area known as the state space. To avoid
positively biased estimates, the state space must en-
compass a region around the camera trap array that
contains all activity centers available for detection by
traps. Additionally, the resolution of the state space
should be fine enough that a single home range in-
cludes multiple discrete state space units, i.e. pixels.
Preliminary models were fit by testing a range of
state-space buffers to identify the point at which den-
sity estimates stabilized, and 5 km was selected as an
appropriate state-space buffer for both study sites.
Given previous research on ocelot movement dis-
tances in the region (2.3 km [females] to 2.4 km
[males], Lombardi et al. 2022), state-space pixel res-
olution was set at 0.25 km?, At the coastal site, we
masked pixels that fell in the Laguna Madre. This
yielded a 195.75 km? state space of 783 pixels for the
inland site and a 199 km? state space of 796 pixels for
the coastal site.
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We employed a multi-session modeling approach,
treating the study sites as separate sampling ses-
sions integrated in a single framework in which key
SCR parameters could be shared. We chose to hold
sigma constant across the 2 study sites to overcome
the lack of longer-distance spatial recaptures at the
coastal site. We interpreted the absence of longer-
distance recaptures as an artifact of the clustered
sampling array rather than being reflective of ocelot
movement within the coastal study site. We speci-
fied a model that allowed density and baseline de-
tection probability to vary across study sites. Sex-
specific information was incorporated into our
capture histories (male, female, unknown), and
therefore we fit all models using the sex-structured
likelihood as described in Sutherland et al. (2019)
and included an effect of sex on sigma, as males
tend to have larger home ranges than females (33.2
vs. 21.3 km? [Dillon & Kelly 2008]; 11.6 vs. 9.5 km?,
respectively [Caso 2013]; 11.3 vs. 6.4 km?, respec-
tively [Carvajal-Villarreal 2016]). To test for the
effect of scent on detection, we ran a preliminary
model that included a trap-specific behavioral re-
sponse unique to the inland study site, where scent
was deployed, to account for a change in detection
probability following the first detection of an indi-
vidual at a specific trap, often referred to as a ‘trap-
happy' response. We did not find support for this ef-
fect and proceeded to estimate density with a model
that did not include a trap-specific behavioral
response. We report model results including a trap-
specific behavioral effect in the Supplement, as ref-
erenced in Section 3. Below, we report model coeffi-
cients, estimates of density, abundance, sex ratios,
baseline detection, and sigma with accompanying
95 % ClIs for the inland and the coastal study sites.

3. RESULTS
3.1. Trapping effort and population demographics

Here we provide results for the right-side datasets.
Results from the right-side and left-side datasets
were similar. We present most of the results from
CAPTURE and from the analyses of the left-side
dataset in Sections S1-S5 in the Supplement.

Trapping effort for the inland site covered 3750
trap-nights, yielding a total of 102 ocelot Leopardus
pardalis detections, including 98 for the right-side
dataset. Trapping effort at the coastal site covered
5168 trap-nights, yielding a total of 234 ocelot detec-
tions, including 200 for the right-side dataset.

At the inland site, 21 ocelots were identified (13
photographed using both flanks); the right-side data-
set consisted of 18 ocelots (7 females, 9 males, 2 sex
unknown). At the coastal site, 51 ocelots were identi-
fied (25 photographed using both flanks); the right-
side dataset consisted of 40 ocelots (16 females,
15 males, 9 sex unknown). Several ocelots were con-
sidered possible sub-adults at each site. No ocelots
were classified as kittens, although several females
exhibited visible signs of pregnancy during our
study. Additional summary statistics are provided in
Sections S1 & S2.

3.2. Non-spatial capture-recapture

Capture histories for the inland site met the as-
sumption of closure (right-side: z=0.83, p = 0.80), but
the coastal site did not meet the assumption of clo-
sure (right-side: z=-1.79, p = 0.04) (Section S3).

The evaluation of most models with the POPAN
formulation in MARK for the ocelot populations sug-
gested the most parsimonious model was that consid-
ering ocelot survivorship and recapture probability
as constants and probability of entry as time-
dependent (Section S4, Table S2). The only excep-
tion was the inland site, for which the all-constant
model was selected.

The inland site provided an MMDM for males of
3268 m (range: 1145 to 4093 m) and for females of
2191 m (range: 1634 to 2743 m), while the coastal site
provided an MMDM for males of 1445 m (740 to
2220 m) and for females of 1177 m (740 to 1670 m).
The overall MMDM for ocelots at the inland and
coastal sites were 3005 m (SE: 339) and 1301 m (SE:
149), respectively. The ESAs derived using MMDM
for the inland and coastal study sites were 108.98 and
76.52 km?, respectively. For the coastal site, the por-
tion of the ESA that included a large open-water bay,
and beaches along the Gulf of Mexico was removed
from the calculated area.

Using U-CARE, no significant evidence was found
for trap-dependence (i.e. trap-happiness or trap-shy-
ness) in the inland or coastal datasets (p = 0.34 and
p = 0.62, respectively), but transiency was evident in
the inland and coastal datasets (p = 0.02 and p = 0.04,
respectively). Program RELEASE within MARK pro-
vided estimates of ¢ for the right-side and left-side
datasets for the inland site and the coastal site as 0.93,
0.77, and 0.86, 1.00, respectively, yet parametric
bootstrapping of the datasets provided the more con-
servative values for ¢ (Table 1, Table S2), and there-
fore these were used for model evaluation.
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The ocelot abundance estimate from MARK for
each of the inland and coastal study sites (right-side
datasets) was 19.15 (SE: 1.44; 95% CI: 16.53 to 22.20)
and 45.17 ocelots (SE: 3.14; 95% CI: 39.43 to 51.74),
respectively. Using the MMDM, densities of ocelots at
the inland and coastal sites were 17.57 per 100 km?
(SE: 1.10; 95% CI: 1541 to 19.73) and 59.03 per
100 km? (SE: 2.32; 95% CI: 54.49 to 63.57), respec-
tively. See Section S4 & Table S3 for additional
results, including densities using half-MMDM.

Table 1. Ocelot (Leopardus pardalis) abundance models, quasi-likelihood ad-
justed Akaike's information criterion (QAICc) values, measures of dispersion
(¢), parameters (i.e. constant or time-dependent survival, recapture, probabil-
ity of entry), and deviances used to select abundance estimator for inland and
coastal study sites in Tamaulipas, Mexico. Includes ocelots photographed from
both profiles and right-side only. Models evaluated using POPAN formulation

in Jolly-Seber within Program MARK

3.3. Spatial capture-recapture

Density at the inland site was estimated to be 28.19
ocelots per 100 km? (SE: 6.81; 95% CI: 17.56 to
45.25), with a state—space abundance of 46 individu-
als. Density at the coastal site was estimated to be
43.24 ocelots per 100 km? (SE: 7.24; 95% CI: 31.15 to
60.03), with a state-space abundance of 79 individu-
als. Fig. 3 provides a comparison of the non-spatial
and spatial density estimates. Baseline detection
probability at the inland site was 0.31
(SE: 0.04; 95% CI: 0.24 to 0.41). Base-
line detection probability at the coast-
al site was 0.43 (SE: 0.05; 95% CI: 0.24
to 0.41). Sigma was held constant
across the inland and coastal sites, but
varied by sex, and was estimated to be
0.70 km (SE: 0.04; 95% CI: 0.61 to

. . 0.79) for females and 1.18 km (SE:
Area Model QAICc ¢ Parameters Deviance 0.08; 95% CT: 1.03 to 1.36) for males.
Inland  Phi() p(.) PENT()N()  140.3 1.209 4 50.1 Probability of being male was 0.35
Phi() p(.) PENT(t) N() 1454 7 47.9 (SE: 0.07%; 95% CI: 0.21 to 0.49) at both
Phi(t) p(t) PENT(t) N(.) ~ 176.5 20 141.4 sites, indicating a roughly 1:2 ratio of
Phl?;; f) Et; IIZEZ]:Z:E ; ]]:g ; ﬁgggi 13 ﬁ;ggg males:females. Previous studies across
Coastal Phi()p() PENT() N.) 619.5 1.080 11 333.9 the ocelot range ha‘,’e found male-
Ph1( ) p(t) PENT(.) N{.) 633.3 o4 3154 biased sex ratios (Belize: Satter et al.
Phi(t) p(.) PENT(t) N(.) 636.5 22 324.0 2019), female-biased sex ratios
Phi(.) p(t) PENT(t) N(.) 642.6 30 307.9 (Argentina: Di Bitetti et al. 2006), and
IP;IIIII(( ))P(( ; ggz%t)) ler(()) 1322;3 ?2 142%2 1:1 sex ratios (Texas, USA: Laack et al.
1 . . .
Phil, )ﬁ( ) PENT() N() 20296.1 3 21913.2 2005). The sex ratio we report here for
the surveyed Tamaulipas populations
Coastal Inland
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Fig. 3. Density estimates (with error bars representing 95 % CI) of ocelots Leopardus pardalis across estimation approaches for the
coastal and inland study sites from camera trapping in 2017 and 2013, respectively, in Tamaulipas, Mexico. MMDM: Program
MARK with mean maximum distance moved; SCR: spatial capture-recapture
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is not unexpected for this species. Model coefficients
and transformed estimates for density, detection, and
sigma for the right-sided models are reported in
Table 2. Models were fit separately for the right-side
dataset and the left-side dataset, and results from the
left-side dataset analyses can be found in Section S5,
Tables S4 & S5. As referenced in Section 2.4, to test
for the effect of scent on detection, we ran a prelimi-
nary model that included a trap-specific behavioral
response unique to the inland study site, where scent
was deployed; results are presented in Tables S6 &
S7 and Fig. S1.

4. DISCUSSION

The ocelot Leopardus pardalis is listed as endan-
gered in Mexico (SEMARNAT 2010), though rela-
tively little is published about its status in northeast-
ern Mexico (Caso & Dominguez 2018, Ocanas-Garcia
et al. 2018, Monroy-Vilchis et al. 2019, Lombardi et
al. 2022). The government of Mexico has stated that
the first priorities for ocelot conservation in Mexico
are to locate, protect, and monitor ocelot populations
(SEMARNAT 2018). The areas of the current study
have been highlighted by the Commission for the
Knowledge and Use of Biodiversity (CONABIO) in
Mexico as being a high priority for conservation ef-
forts (Sarukhén et al. 2017). The current study adds to
the body of work on the status and distribution of
ocelot populations in northeastern Mexico, where
relatively few field studies have been conducted.
These are the first published ocelot densities for these
locations, and the coastal study site represents the
closest known ocelot population to those in Texas ca.
200 km to the north.

Our study suggests that ocelot densities in the
foothills of the Sierra Tamaulipas and along the coast
of central Tamaulipas are comparable to or higher

than other densities reported in the state, and the
coastal site in this study represents the highest re-
ported in Mexico (i.e. 43.24 per 100 km? using
SCR, 59.03 per 100 km? using Program MARK and
MMDM). Density estimates were higher at the
coastal study site relative to the inland study site,
though the magnitude of the difference varied by the
estimation method. We expected abundance and
density estimates to be higher at the inland site than
the coastal site, as the former is closer to the Sierra of
Tamaulipas and extensive tracts of suitable ocelot
habitat (Caso 1994, Stasey 2012, Lombardi et al.
2022). In contrast, the coastal site was relatively iso-
lated on a peninsula, surrounded by the Laguna
Madre and a primarily agricultural landscape to the
south and west. We note that a direct comparison be-
tween the 2 sites is difficult, as the inland and coastal
sites occurred in different geographies affecting the
structure of available tropical deciduous forest habi-
tat, the sites were separated by ca. 60 km, and the
sites were evaluated across different seasons and dif-
ferent years. Continued monitoring of these popula-
tions and others nearby will be essential to under-
stand population trends and inform successful
conservation and management of ocelots in this
region (Gomez-Ramirez et al. 2017, Amador-Alcala
et al. 2022, Lombardi et al. 2022), as well as any
future binational translocation efforts. Long-term
monitoring would be needed to ensure that ocelot
populations in Tamaulipas would not be negatively
impacted by translocation.

The higher ocelot density at the coastal site could
also be a result of the heterogeneous landscape of
primary and secondary forests and pasture in the
general area, and the resulting diverse prey commu-
nity (Monterrubio-Rico et al. 2018, Moreno-Sosa et
al. 2022). The habitat of the coastal site was tropical
deciduous forest, similar to habitat used by ocelots in
Texas (Shindle & Tewes 1998). Neither the diet of

Table 2. (a) Model results and (b) transformed model results (i.e., transformed from the link scale to the real scale) with associ-
ated interpretations for the spatial capture-recapture density analysis of the right-sided dataset of ocelots Leopardus pardalis
at inland and coastal sites. HR: home range

(a) Model results (b) Transformed model results

Parameter Estimate SE Interpretation Estimate (95 % CI)
dO.(Intercept) -2.65 0.24 Inland site density (ocelots per 100 km?) 28.19 (17.56-45.25)
d.coastal 0.43 0.29 Coastal site density (ocelots per 100 km?) 43.24 (31.15-60.03)
pO.(Intercept) -0.77 0.20 Inland site baseline detection 0.32 (0.24-0.41)
pO0.coastal 0.47 0.29 Coastal site baseline detection 0.42 (0.33-0.53)
sig.(Intercept) -0.36 0.06 Female HR scaling parameter (km) 0.70 (0.62-0.79)
sig.male 0.53 0.09 Male HR scaling parameter (km) 1.18 (1.02-1.36)
psi.constant -0.63 0.31 Probability of being male 0.35 (0.21-0.49)
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ocelots nor the abundance of ocelot prey was evalu-
ated as part of the current study, but rodents made
up the primary prey for ocelots in Tamaulipan thorn-
scrub in Texas (Booth-Binczik et al. 2013). Early suc-
cessional forests and even brushy pastures can pro-
vide higher species richness and biomass of rodents
than primary forests (Sternberg & Judd 2006). There
were also differences in the occurrence of apex pred-
ators, including mountain lions and jaguars, which
were detected at the inland site but were very few to
absent, respectively, at the coastal site (M. A. Stern-
berg et al. unpubl.). Some studies have suggested lit-
tle to no direct negative effect of these predators on
ocelots (Oliveira et al. 2010, Davis et al. 2011, Mas-
sara et al. 2015, 2018). However, other research has
suggested that a lack of pressure from jaguars has a
positive effect on the abundance of mesocarnivores
such as the ocelot (Moreno et al. 2006, Silva-Magana
& Santos-Moreno 2020); this could be the case in
comparing ocelot densities at the inland and coastal
study sites.

The density estimates at the 2 study sites are high
relative to other ocelot densities reported from Mex-
ico but fall within the range of densities for ocelots
reported across their range (Rocha et al. 2016).

Ocelots have been reported in most states of Mexico
(USFWS 2016), with population densities ranging
from 1 to 38 ocelots per 100 km?, and as high as 59
ocelots per 100 km? with the inclusion of the current
study (Table 3). Density estimates from Texas range
from 9 ocelots per 100 km? (effective sampling area;
Sternberg & Mays 2011) to 30 ocelots per 100 km?
(Half-MMDM,; Haines et al. 2006a). For most studies
in South America, as summarized by Rocha et al.
(2016), densities ranged from 4.0 to 84.8 ocelots per
100 km?, with an average value of 33.2 ocelots per
100 km?. Research evaluating large-scale correlates
of ocelot abundance suggests that ocelot densities
decrease with latitude and increase with rainfall at
the continental scale (Di Bitetti et al. 2008). Primary
productivity, which can be a driver of prey density,
may also play a role. These factors vary across habi-
tats in Mexico, which may affect large-scale patterns
in abundance and density (Table 3). Though our re-
search effort was not designed to evaluate species—
habitat relationships, we showed that ocelot densi-
ties differed across the 2 study sites. Given that the
ocelot is widely distributed, additional research ex-
ploring spatiotemporal factors affecting ocelot popu-
lation densities across its range, including those that

Table 3. Estimated densities of ocelots Leopardus pardalis reported from camera-trap and telemetry studies in Mexico, listed

alphabetically by state and by year of publication. MMDM: mean maximum distance moved; SCR: spatial capture-recapture;

RF: rainforest; CF: cloud forest; TDF: tropical deciduous forest; XS: xeric scrub. Density: if a study presents a range of density
estimates, the largest estimate is provided

State Study area Habitat Density Density Reference
(per 100 km?) estimator
Chiapas Selva Lacandona RF 12.9 SCR De la Torre et al. (2016)
Jalisco Chamela-Cuixmala Reserve TDF 39.0 Telemetry Fernandez (2001)
Michoacan El Naranjal, Playa del Venado TDF 23.7 MMDM Monterrubio-Rico et al. (2018)
Oaxaca Los Chimalapas RF 38.0 MMDM Pérez-Irineo & Santos-Moreno (2014)
Sierra Norte RF, CF 7.8 MMDM Pérez-Irineo et al. (2017)
Quintana Roo Northern area of state TDF 14.0 MMDM Torres-Romero et al. (2017)
El Edén TDF 5.1 SPACECAP Avila-Najera et al. (2015)
El Edén TDF 13.8 MMDM Avila-Néjera et al. (2015)
San Luis Potosi  Sierra Abra-Tanchipa TDF 18.0 SCR Martinez-Hernandez et al. (2015)
Sonora Northern Jaguar Reserve XS 1.3 SCR Gomez-Ramirez et al. (2017)
Northern Jaguar Reserve XS 2.9 MMDM Amador-Alcalé et al. (2022)
Northern Jaguar Reserve XS 3.1 SCR Amador-Alcala et al. (2022)
Tamaulipas Sierra of Tamaulipas TDF 19.2 MMDM Stasey (2012)
Sierra of Tamaulipas TDF 21.9 Telemetry Carvajal-Villarreal (2016)
Sierra of Tamaulipas TDF 11.7¢ SCR Lombardi et al. (2022)
Inland site (2013) TDF 17.6 MMDM Current study
Inland site (2013) TDF 28.2 SCR Current study
Coastal site (2017) TDF 59.0 MMDM Current study
Coastal site (2017) TDF 43.2 SCR Current study
%A combination of the estimate for females and males from the cited study
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field-validate regional and national suitability mod-
els (Martinez-Calderas et al. 2015, Monroy-Vilchis et
al. 2019), would be valuable.

Using multiple methods of density estimation af-
fords comparability of our results with other studies
across the ocelot range. While our intention is not to
compare the performance of non-spatial (e.g. Pro-
gram MARK) with spatial (e.g. SCR) methods, we
note that SCR is currently the recognized standard
for robust density estimation, particularly for wide-
ranging carnivores (Dupont et al. 2021). SCR can
explicitly accommodate the assessment of species—
habitat relationships, including spatial variation in
detection and density, which can be useful for
understanding drivers of variability in ocelot popu-
lation parameters through space and time. Density
estimates could also be corroborated or strength-
ened by data integration, e.g. including assessments
of home range using data from GPS collars (Royle et
al. 2013), and we encourage researchers to employ
spatially explicit methods for ocelot abundance and
density estimation (Satter et al. 2019). At the inland
site, MARK- and SCR-based density estimates were
similar, though SCR estimates incorporated a
broader CI, possibly due to the modeled differences
in male and female home ranges and densities,
which is reflective of ocelot ecology, where males
have larger home ranges than females (Dillon &
Kelly 2008, Caso 2013, Carvajal-Villarreal 2016).
SCR density estimates from the coastal site were
lower and with broader Cls than the MARK-based
density estimates. Estimates from MARK, because
they did not account for individual spatial variation
in detection probability and did not incorporate the
differences of male-female movements, may be
biased or overly precise.

The length of the sampling period at the coastal site
(i.e. 10 mo) may have led to the lack of closure in that
dataset (Foster & Harmsen 2012). Previous efforts to
estimate ocelot density in this region also struggled to
obtain sufficient sample sizes for SCR analyses within
a short time period (4 mo; Lombardi et al. 2022).
Karanth & Nichols (1998) and Silver et al. (2004) con-
ducted studies of jaguars for 2 to 3 mo to reduce the
likelihood of violating the assumption of population
closure. We used the full 10 mo period to ensure there
was sufficient information for the capture-recapture
and SCR analyses, while acknowledging that there
could be some bias incurred with this larger sampling
window. For continued long-term monitoring efforts,
we recommend a more intensive sampling effort
within 3 or 4 mo periods to obtain sufficient data for
analyses.

By using a multi-session framework, we jointly esti-
mated density for the coastal and inland sites, using
information from both study sites to inform the home
range scaling parameter sigma, which may in part ex-
plain the larger differences in density estimates
among methods at the coastal site relative to the in-
land site (Howe et al. 2013, Morin et al. 2018). The
multi-session modeling approach used in our SCR
analysis was useful to overcome a limitation of the
coastal site study design. The distribution of habitat at
the coastal site resulted in a clustered camera array,
and given resulting ocelot movements, clusters were
located too far from each other for sufficient among-
cluster recaptures. This resulted in most spatial recap-
tures (i.e. 1 individual caught at multiple traps) being
close together, which can erroneously yield a small
home range parameter relative to actual ocelot move-
ment, with implications for overestimating density
(Maffei & Noss 2008, Sollmann et al. 2012). Future
sampling efforts in coastal Tamaulipas could prioritize
a design with a more regular distribution and higher
density of cameras that covers the full range of avail-
able habitat gradients relevant to ocelots to provide
for a larger percentage of recaptures in a shorter time
and to better assess density—habitat relationships.

Improved understanding of ocelot populations in
northeastern Mexico could have important implica-
tions for binational conservation efforts. The relatively
high density of ocelot populations in Tamaulipas, and
observations of several possible subadults and preg-
nant ocelots at each study site, speaks to the produc-
tivity of these areas and the potential robustness of
the 2 populations. Although we did not classify any
ocelots as kittens during our survey periods, several
females appeared pregnant or were being tracked
closely by kittens around the time of our study (M. A.
Sternberg et al. unpubl.). Data on population charac-
teristics were of great interest to the federal govern-
ment of Mexico in their review of the binational
translocation plan for ocelots in 2010 (M. A. Sternberg
et al. pers. obs.). It is important to have reports of
these populations evaluated by the respective agen-
cies to identify whether one or both these populations
are suitable sources for translocation of a limited
number of ocelots to reduce the threat of local extinc-
tion in the USA (Haines et al. 2006b, Janecka et al.
2007, 2011). The benefits of conservation translocation
involving ocelots from Mexico and Texas could be
similar to the positive results achieved with the ge-
netic rescue of the Florida panther (Hostetler et al.
2010, Johnson et al. 2010, Penfold et al. 2022) or the
population recovery of the Sonoran pronghorn (US-
FWS 2017, 2021, Hahn & Culver 2021).
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The current study is an example of effective collab-
oration among the government, private sector, and
academic institutions from Mexico and the USA, to
locate and study ocelot populations as part of the
binational recovery effort for ocelots (USFWS 2016,
SEMARNAT 2018). The USFWS and its partners on
this study welcome collaborative opportunities to
continue to monitor, and in this way, assist in manag-
ing populations in northeastern Mexico to build upon
and leverage efforts towards binational recovery for
the ocelot. These population estimates add to knowl-
edge of ocelot distribution and abundance in north-
eastern Mexico. Future work should implement pro-
tocols to continue to monitor the long-term status of
ocelot populations in this biodiverse region (Arriaga
et al. 2000, Ortega-Huerta & Peterson 2004, Saruk-
hén et al. 2017), as well as to make a robust assess-
ment of their suitability as source populations for
conservation translocation into at-risk populations.
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