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Abstract
Understanding the trophic structure of carnivore communities leads to improved species management and conservation,
particularly in highly threatened, yet scarcely studied habitats such as tropical montane forests. Using camera-trap data,
we conducted an occupancy modeling study to reveal the patterns of ocelot (Leopardus pardalis) occupancy in the edge
habitat between two different land tenures and tested the influence of prey occupancy on this mesopredator. The occupancy
probability for ocelots did not present any habitat preferences based on the covariates used for modeling. Conversely, the
landscape variables that best described the occupancy of prey included vegetation structure, land tenure, distance to roads,
and to a lesser degree, anthropogenic factors (human and dogs). Ocelot site occupancy was low (0.23 ± 0.21) and only showed
a strong positive association with the presence of the Central American agouti (Dasyprocta punctata). Ocelots exhibited
a higher coefficient of overlap with prey species that were nocturnal. The Central American agouti exhibited the highest
occupancy (0.83 ± 0.07), while the spotted paca (Cuniculus paca) exhibited the lowest occupancy (0.21 ± 0.09). In our study,
the structural elements of the habitat coupled with prey availability emerged as the most important features in predicting
the occupancy of ocelots, stressing the ecological importance of landscape structure (buffer and transition zones) for the
persistence of the ocelot occurring across a natural–anthropogenic interface.
Keywords Edge habitat · Landscape structure · Temporal segregation · Intraguild interactions
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Biodiversity hotspots comprise only 1.4% of the Earth’s
land surface, with the majority falling in tropical regions
(Myers et al. 2000). Moreover, the extent of primary forest
is shrinking throughout the tropics with dire consequences
for biodiversity (Myers et al. 2000; Gibson et al. 2011). Protected areas (PAs) remain key to protecting biodiversity and
endemism (Butchart et al. 2012; Oliveira et al. 2017), and
reasonable evidence indicates that PAs help to reduce habitat
loss (Andam et al. 2008). However, their effectiveness for
maintaining species’ populations and reducing extinction
risks remain largely untested (Rodrigues et al. 2004; Butchart et al. 2012; Crooks et al. 2017).
Given that protected areas are not closed systems, as
they are affected by land-use change outside of their borders, it is critical to understand how species respond at the
boundaries between protected and transformed areas (Ries
et al. 2017). Edges, formed by the boundaries between different land use types, can influence ecological processes
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through indirect pathways mediated by local conditions
(Paolino et al. 2018). Moreover, it is difficult to predict
the impact of edges on species behavior and interactions
between species (Ries et al. 2017).
Eastern Panama maintains a narrow stretch of tropical
forest that presents a perfect setting to study the impact
of edges on generalist predators. The southern portion
of this stretch is subject to high rates of forest conversion due to urbanization, agriculture, and cattle ranching.
The northern portion benefits from the conservation of
the Indigenous Guna Yala people. This region is inhabited by a well-structured felid guild, which includes the
ocelot (Leopardus pardalis), a medium-sized Neotropical
spotted cat currently distributed throughout the Americas
(Southern Texas–Northern Argentina) (de Oliveira et al.
2010). Today, habitat loss coupled with human conflict are
the biggest threats to its survival (Di Bitetti et al. 2008).
Yet, knowledge of the species’ ecology remains deficient
(Pérez-Irineo et al. 2017), particularly in one of the most
threatened biodiversity hotspots, the tropical montane
cloud forests of Central America.
Evidence indicates that ocelots present a high degree of
plasticity, in terms of habitat use, from dense forest and open
savannas to semi-arid habitats and anthropogenic landscapes
(Di Bitetti et al. 2008; Rocha et al. 2016; Wang et al. 2019).
Their feeding habits are also flexible, varying according to
prey availability, and prey includes small to medium-sized
mammals, birds, lizards, and amphibians (Bianchi et al.
2014). Ocelots are suspected to play an important regulatory
role in intraguild predation dynamics (Donadio and Buskirk
2006; Massara et al. 2016). Hence, ocelots, as generalist
predators, are an ideal study species to advance our understanding of edge-effects and our ability to predict spatial
patterns in prey abundance or food web dynamics (Wimp
et al. 2011; Ries et al. 2017).
Here we present an occupancy analysis of camera-trap
data to investigate the patterns of ocelot occupancy in the
edge habitat between two land tenures and test the influence of prey occupancy on this mesopredator. Using environmental variables, we (1) determined ocelot occupancy at
the interface of a protected area (Narganá-Guna Yala) and
a matrix of privately own lands (Mamoní Valley) with different degrees of protection (i.e., intact and recovered forest
patches, ranching, and agricultural lands), and (2) based on
the general knowledge of resource use, we evaluated whether
the occupancy of potential prey species influenced the probability of ocelot occupancy. We hypothesized that the ocelot's response may be driven by resource availability and the
occupancy of the wild prey assemblage. Since environmental variables are less influential for generalist species (Pandit
et al. 2009) like ocelots, we postulated that environmental
variables would explain the occupancy of prey species more
than the ocelots, as this generalist predator is able to switch
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prey; and that the effect of the human influence on the ocelot
is mediated by the occupancy of its prey.

Materials and methods
Study area
The research was conducted in eastern Panama, at the north
end of the Choco-Darien Ecoregion (Fig. 1). The region is
classified as the Tropical and Subtropical Broadleaf Forests
biome. The study area encompasses portions of three land
tenures; the eastern section of Chagres National Park, the
southern section of the Narganá District of the Indigenous
Guna Yala territory, and the Mamoní Valley watershed,
which, with its mosaic of primary and regenerating secondary forest at several stages of succession, serves as a buffer
area for the protected lands. The area has a high level of
humidity, and a mean annual temperature ranging from 24
to 27 °C. The annual rainfall ranges from 1700 to 4000 mm
(Ibáñez et al. 2002).

Data collection and analyses
Camera‑trap survey design
Between September 2016 and January 2017, as part of a
study on sympatric carnivores–jaguar, puma, and ocelot–a
total of 35 camera stations were set in a systematic grid
(2 km2) covering approximately 200 k m2. Using a hybrid
design, we deployed 26 single and 9 paired camera stations
(Fig. 1). Each camera station was positioned facing active
trails and ridges and secured to a tree at roughly 45 cm above
the ground. Cameras were left to operate 24 h/day and set
to photo and video mode. The survey comprised a total of
2539 camera-trap days.
Study species
In addition to ocelots, the study targeted eight of the most
common ocelot prey species as reported in previous studies (Wang 2002; Moreno and Giacalone 2006; Abreu et al.
2008; de Oliveira et al. 2010): the nine-banded armadillo
(Dasypus novemcinctus), spotted paca (Cuniculus paca),
Central American agouti (Dasyprocta punctata), common
opossum (Didelphis marsupialis), squirrel (Sciurus sp.),
great curassow (Crax rubra), tinamou (Tinamus sp.), and
white-nosed coati (Nasua narica).
Covariates
We considered multiple covariates as potential predictors
of the occupancy of ocelots and prey species (Table 1).
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Fig. 1  Map of the study area which includes the interface of three
land tenures with different levels of protection. It includes the protected areas of Chagres National Park, the Narganá District of the

Indigenous Guna Yala territory, and the partially protected watershed
of the Mamoní Valley. The map also depicts camera-trap stations
arranged in a systematic grid (2 km2) using a hybrid design

These fall into two general groups: (1) landscape configuration covariates, and (2) anthropogenic activity covariates. In addition, due to the differences in the conservation
status of the Narganá-Guna Yala territory and the Mamoní
Valley, we included land tenure as a covariate. We also
considered “season” as a covariate (wet or dry). Further,
several variables related to prey species such as the presence of any of the eight focal prey species, presence of
each focal prey species, species richness, and site occupancy estimates on the best model of each focal species
were employed when modeling the occupancy of ocelots.
The effort, defined as the number of nights a camera was
active within an occasion, and stations with single and
paired cameras were included in all detection probability models, as higher ‘effort’ can lead to higher detection
probability. Covariates were standardized to z-scores (Zar
1999) using the “scale” function in R to allow for a direct
comparison between covariates. All variables were tested
for multicollinearity employing the Pearson’s correlation
test for continuous variables, one-way ANOVA for continuous vs. categorical variables, and the Fisher test for

categorical variables using R Studio 3.4.0 (R Core Team
2016).
Modeling ocelot and prey occupancy
To investigate ocelot habitat and prey associations, we performed single-season site occupancy analyses (MacKenzie
et al. 2002) in R Studio 3.4.0 (R Core Team 2016) using the
unmarked R package (Fiske and Chandler 2011). We used
the R-package camtrapR (Cove et al. 2013; Niedballa et al.
2017) to construct ocelot and focal prey species detection
matrices where ‘1’ indicated a detection and ‘0’ indicated a
non-detection.To ensure independence between events, we
defined a capture event as all photos taken of a given species
at a single camera station within 1-hour. We defined each
sampling site as a camera-trap station and each sampling
occasion as seven consecutive sampling days at an active
camera trap (for stations with two cameras, the cameras were
treated as one station) resulting in 361.3 occasions.
For focal prey species and ocelots, we employed a
two-stage model selection approach. First, all possible
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Table 1  Description of covariates employed in site occupancy modeling of ocelot (Leopardus pardalis) and its potential prey species at the
interface of the Narganá District of the Indigenous Guna Yala territory and Mamoní Valley in eastern Panama
Covariate

Description

Distance to water, road, and village Streams were digitized from a DEM employing Arc Hydro©. The distance from each camera-trap station to
the nearest feature was calculated in QGIS 3.2.1© using the geodesic measure tool from Shape Tools and
NNJoin plugin
Slope
Percentage of slope in each camera-trap station, calculated as a percentage from a contour map in QGIS
3.2.1©
Vegetation mean and variance
Normalized Difference Vegetation Index (NDVI) images at a 300 m resolution (sensor PROBA-V) were
downloaded from Copernicus Global Land Service (https://land.copernicus.eu/global/products/ndvi).
Each image accounted for 10 days of the sample period. NDVI values by each camera-trap station were
extracted, and then mean and variance were calculated using RStudio 3.4.0 (R Core Team, 2016) (Fig. S1
and Table S1)
Land tenure
Includes Mamoní Valley, Narganá District of the Indigenous Guna Yala territory, and Chagres National
Park. On the last one, only two camera-trap stations were set, and because of similarity in tenure
(Protected Areas) with the Narganá-Guna Yala, the two last tenure types were pooled and considered as
Narganá-Guna Yala for the analysis
Presence of humans, dogs, and
Presence (1) or absence (0) of humans and dogs captured alone, humans and dogs captured together in
humans with dogs
camera traps
Season
Number of occasions (1 occasion: 7 days) that camera-trap stations were active during wet or dry season
Presence of prey s pecies*
Presence (1) or absence (0) by any focal prey species captured in each camera-trap station
Total number of prey species recorded at each camera-trap station
Prey species richness*
Presence (1) or absence (0) of potential prey at each camera-trap station. Nine-banded armadillo, spotted
Presence of each prey species*
paca, Central American agouti, common opossum, squirrel, great curassow, tinamou, and white-nosed
coati
*
Occupancy of each prey species
Site occupancy value based on the best model per each species: Nine-banded armadillo, spotted paca, Central American agouti, common opossum, squirrel, great curassow, and tinamou
Distance to water (distanceriver), road (distanceroad), and distance to village (distancevillage); slope; vegetation mean (veg_mean) and vegetation variance (veg_variance); land tenure (Narganá-Guna Yala and Mamoní Valley); presence of human and dogs (pres_human, pres_dogs,
pres_dog.human); season (wet_season and dry_season); presence of prey species (pres_prey); prey species richness (sp_richness); presence of
each prey (pres_arm, pres_paca, pres_agou, pres_opo, pres_squi, pres_crax, pres_tima and pres_coa); occupancy of each prey species (occup_
arm, occup_paca, occup_agou, occup_opo, occup_squi, occup_crax and occup_tima). *Covariates included exclusively in the ocelot occupancy
models

combinations of the variables were organized into candidate
models and then we determined the best model for detection
probability while holding occupancy constant. The same
procedure was followed when modeling occupancy, in this
case, the best detection model was employed as well as the
other occupancy covariates. We used the Akaike Information
Criterion (AIC) (Burnham and Anderson 2004) to compare
the candidate models and to select the best-fit model (MacKenzie et al. 2017). We used 95% confidence intervals and
standard errors to check for variable significance.
Activity patterns and temporal segregation
Following Ridout and Linkie (2009) we determined the daily
activity patterns of each focal prey species and measured
their overlap with the ocelots. First, using the time and date
recorded on the images of all camera traps, we estimated
daily activity patterns of each species using the Kernel density function. Second, with the activity patterns for each
species estimated, we calculated the coefficient of overlap
in pairwise comparisons. This coefficient, which varies
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from 0 (no overlap) to 1 (total overlap) (Linkie and Ridout
2011; Meredith and Ridout 2020), estimates how much two
activity distributions overlap. Following Monterroso et al.
(2014), overlap was interpreted as Δ ≤ 0.50 = “low overlap”,
0.50 < Δ ≤ 0.75 = “moderate overlap”, and Δ > 0.75 = “high
overlap.” We used the Δ1 estimator when the smallest sample of each pairwise comparison was < 75. We calculated
the 95% confidence intervals of each overlap index using a
smoothed bootstrap with 10,000 resamples (Meredith and
Ridout 2020). All analyses were performed in R Studio 3.4.0
(R Core Team 2016) using the overlap R package (Ridout
and Linkie 2009).

Results
A total of 877 events were obtained, the Central American
agouti accounted for 52.4%, while the most elusive species was the white-nosed coati (1.6%). More events were
recorded within the Narganá-Guna Yala territory (55.9%),
although some prey species, such as the nine-banded
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armadillo, spotted paca, and common opossum, were more
frequently recorded in the Mamoní Valley (Fig. 2a).

Among the models that incorporated all possible combinations of the occupancy covariates for the ocelot and its prey,
46 models (out of 149) had ∆AIC < 2 from the top-ranked
models (Tables 2, S5–S12). Among focal prey species,
the Central American agouti exhibited the highest occupancy rates (0.83 ± 0.07), while the ocelot and spotted paca
(0.23 ± 0.21 and 0.21 ± 0.09, respectively) had the lowest

occupancy rates (Table 3, Fig. 2b). For all species, except
the spotted paca and ocelot, upwards of three models fell
within 2 ∆AIC, suggesting similar support for these models.
In some models, one or two covariates were consistently
represented, while few had coefficients whose confidence
intervals did not include 0, indicating that these factors were
important predictors of occupancy (Table 3).
The best occupancy models for the nine-banded armadillo
(AICw = 0.273) incorporated veg_mean, with this variable
being negatively related to occupancy (Table 2, Fig. S2a).
The spotted paca model closely followed in performance
and included distance to roads + veg_var (AICw = 0.467),
which showed a significant positive effect on the probability of habitat use for the spotted paca (Table 2, Fig. 3a, b).
The best Central American agouti model included a positive effect from the slope and wet season (AICw = 0.143)
(Fig. 3c, d). When the number of cameras per station and
effort was used as a detectability covariate, the opossum
model showed a negative relationship with the presence
of dogs-human (AICw = 0.107) (Fig. 4), and the squirrel
model showed a positive relationship with the dry season
(AICw = 0.190) (Table 2, Fig. S2b). The best great curassow occupancy model, using the number of camera traps
per station as a detectability covariate, showed a positive
relationship with the Narganá-Guna Yala land tenure and
the presence of dogs-human (AICw = 0.302) (Fig. 4). For
the tinamou models, the most influential covariates were

Fig. 2  Number of events by land tenure a Mamoní Valley (dark gray),
Narganá-Guna Yala (light gray); and Occupancy and standard error
values b for each prey species and ocelot in Eastern Panama. Cen-

tral American agouti (Agou), nine-banded armadillo (Arm), great
curassow (Cura), ocelot (Oce), common opossum (Opo), spotted paca
(Paca), squirrel (Squi) and tinamou (Tina)

Detection covariates
Of the two covariates considered in the detection models
(effort and number of cameras per station); the number of
cameras per station (paired cameras) contributed strongly
to the variation in the detection probability of squirrels and
great curassows, but had a negative relationship with the
common opossum. However, the detectability of the ninebanded armadillo, spotted paca, Central American agouti,
squirrel, and common opossum increased with effort. The
detectability of tinamous and ocelots was not affected by
either covariate (Tables 2, S2–S4).

Occupancy covariates
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Table 2  Model selection results for the top occupancy models for ocelot (Leopardus pardalis) and prey species at the interface of the Narganá
District of the Indigenous Guna Yala territory and Mamoní Valley in eastern Panama
Species

Model

nPars

AIC

∆AIC

AICw

Nine-banded armadillo
(Dasypus novemcinctus)

p(effort) psi(veg_mean)
p(effort) psi(veg_mean + wet.season)
p(effort) psi(veg_mean + veg_var)
p(effort) psi(distanceroad + veg_var)
p(effort) psi(distanceroad)
p(effort) psi(pres_human + veg_var)
p(effort) psi(slope + wet.season)
p(effort) psi(slope)
p(effort) psi(wet.season + pres_dogs)
p(number_cameras + effort) psi(pres_dogs.human)
p(number_cameras + effort) psi(pres_dogs.human + dry.season)
p(number_cameras + effort) psi(distanceroad)
p(number_cameras + effort) psi(dry.season)
p(number_cameras + effort) psi(dry.season + pres_dogs.human)
p(number_cameras + effort) psi(dry.season + distanceriver)
p(number_cameras) psi(land.tenure + pres_dogs.human)
p(number_cameras) psi(land.tenure)
p(number_cameras) psi(land.tenure + veg_mean + pres_dogs.human)
p(.) psi(veg_mean + distanceroad)
p(.) psi(pres_dogs.human)
p(.) psi(.)
p(.) psi(pres_agou + pres_coa)
p(.) psi(pres_coa + occup_squi)
p(.) psi(pres_coa + occup_agou)

4
5
5
5
4
5
5
4
5
5
6
5
5
6
6
5
4
6
4
3
2
4
4
4

214.305
215.899
215.928
149.009
150.938
151.384
461.086
462.083
462.103
210.989
211.438
211.478
263.967
264.717
264.907
323.549
323.957
325.513
205.783
205.949
206.033
264.980
270.691
270.760

0
1.595
1.623
0
1.929
2.375
0
0.997
1.017
0
0.449
0.489
0
0.750
0.939
0
0.408
1.964
0
0.166
0.251
0
5.711
5.780

0.273
0.123
0.121
0.467
0.178
0.142
0.143
0.087
0.086
0.107
0.086
0.084
0.190
0.131
0.119
0.302
0.247
0.113
0.090
0.083
0.079
0.735
0.042
0.041

Spotted paca
(Cuniculus paca)
Central American agouti
(Dasyprocta punctata)
Common opossum
(Didephis marsupialis)
Squirrel
(Sciurus sp.)
Great curassow
(Crax rubra)
Tinamou
(Tinamus sp.)
Ocelot
(Leopardus pardalis)

Number of parameters (nPars), Akaike Information Criterion (AIC), delta AIC (∆AIC), and AIC weight ( AICw) for each model are shown

Covariates in bold letters are significant (P < 0.05). ∆AIC values < 2 were considered as supported

veg_mean and the distance to road (AICw = 0.090), negative
and positive, respectively (Table 2, Fig. S2c, d).
None of the covariates used for the focal prey species
influenced the ocelot occupancy models (Tables 2 and 3).
However, the additional covariates used, such as the presence and occupancy values of prey species, had relative
influence. Thus, the best habitat use model included the
presence of the Central American agouti and white-nosed
coati (AICw = 0.735), indicating the presence of the Central
American agouti as positive and the presence of the whitenosed coati as negative (Table 2, Fig. 4).

Activity patterns and temporal segregation
Ocelots showed moderate and high overlap with prey species
having nocturnal patterns: high overlap with the common
opossum (Δ1 = 0.78), and moderate overlap with the ninebanded armadillo, and spotted paca (Δ1 = 0.69 and Δ1 = 0.57,
respectively) (Fig. 5). The ocelot showed low overlap
with diurnal species such as the Central American agouti
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(Δ1 = 0.39), great curassow (Δ1 = 0.37), tinamou (Δ1 = 0.37),
white-nosed coati (Δ 1 = 37), squirrel (Δ 1 = 0.36), and
human–dog activity (Δ1 = 0.29) (Fig. 6).

Discussion
Ocelot occupancy
Based on our results and following other studies (NagyReis et al. 2017; García-R et al. 2019), prey presence does
not appear to be a determinant of ocelot habitat use, it was
the heterogeneity of primary and secondary growth forests,
located amid the two different conservation land tenures,
that emerged as a major factor. Ocelots only showed a
strong positive association with the presence of the Central American agouti, one of its main prey in other studies
(Moreno and Giacalone 2006; de Oliveira et al. 2010), which
also showed the highest occupancy (0.83) among the prey
species analyzed (Fig. 2b). Nevertheless, its daily activity
pattern showed one of the lowest overlaps with the mostly
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Table 3  Probability of occupancy (psi) of ocelot (Leopardus pardalis) and its potential prey species detected on camera-trap stations at the interface of the Narganá District of the Indigenous Guna Yala territory and Mamoní Valley in eastern Panama
Species

Events

Psi (SE)

95% CI1
Parameter

Nine-banded armadillo (Dasypus novemcinctus)

46

0.732 (0.194)

Spotted paca (Cuniculus paca)

45

0.207 (0.089)

Central American agouti (Dasyprocta punctata)

460

0.83 (0.074)

Common opossum
(Didelphis marsupialis)

55

0.471 (0.101)

Squirrel (Sciurus sp.)

73

0.511 (0.104)

Great curassow
(Crax rubra)

102

0.303 (0.149)

Tinamou (Tinamus sp.)

34

0.6 (0.205)

White-nosed coati*
(Nasua narica)
Ocelot (Leopardus pardalis)

14

–

48

0.23 (0.21)

psi (Int)
psi(veg_mean)
psi(Int)
psi(distanceroad)
psi(veg_var)
psi(Int)
psi(slope)
psi(wet.season)
psi(Int)
psi(pres_dogs.human)
psi (Int)
psi(dry.season)
psi(Int)
psi(land.tenure)
psi(pres_dogs.human)
psi(Int)
psi(veg_mean)
psi(distanceroad)
–
psi(Int)
psi(pres_agou)
psi(pres_coa)

0.025

0.975

− 0.932
− 8.352
− 2.404
0.279
− 0.139
0.545
− 0.207
− 0.169
− 0.915
− 3.990
− 0.776
0.009
− 2.218
0.224
− 0.557
− 1.271
− 4.777
− 0.899
–

2.946
0.467
− 0.286
2.680
2.133
2.630
2.091
1.802
0.681
0.550
0.863
1.910
0.548
5.275
3.865
2.083
1.192
3.154
–

− 3.528
− 35.833
− 50.279

1.112
51.263
36.797

Number of events, site occupancy value (psi), standard error (SE), parameters and confidence intervals (CI) are shown
95% Confidence Intervals for best model (1). Bold indicates 95% CI did not include 0, indicating that these factors were important predictors for
occupancy in this model. *White-nosed coati events were not enough to perform an occupancy analysis

nocturnal ocelot. Ocelots showed marked nocturnal temporal
overlap with the common opossum, nine-banded armadillo,
and spotted paca, respectively. This contrast (occupancy vs.
daily activity) confirms the opportunistic feeding behavior
of ocelots as previously reported (García-R et al. 2019). De
Oliveira et al. (2010) indicated that the spotted paca and
Central American agouti are important prey items in terms
of biomass and the frequency with which they are consumed.
Ocelot occupancy probability did not present any habitat preferences based on the covariates used in this study,
which included the direct effects of human activity. The
lower occupancy in areas accessible to humans indicated a
sensitivity to anthropic pressure that could be the result of
the pervasive presence of domestic carnivores (dogs), which
results in competition, persecution, mortality, and most
likely pathogen spillover (Massara et al. 2015, 2018; Cruz
et al. 2018). Hunting of popular game species, which are
also key prey items for ocelots, could also have an indirect
effect on its habitat use. This assertion is supported by the
good model fit of the first and third models, which indicate a

negative relationship with dogs and humans compared with
important prey species, specifically opossum and spotted
paca; the first showed greater activity overlap with ocelots.
The results must be interpreted with caution, as unmeasured covariates such as predation risk, co-occurrence with
top predators, and competitive species were not considered
in the models. Thus, the presence of sympatric felid species
might affect the behavior of ocelots, as previously reported
by Nagy-Reis et al. (2017). Our study area is a stronghold
for jaguars and pumas (Craighead 2019) that may prey on
ocelots (Palomares and Caro 1999) which, in turn, may lead
to exploitative competition with smaller cats (i.e., margay
and jaguarundi). Since pumas are cathemeral and jaguars are
mainly nocturnal (Herrera et al. 2018), either species may
overlap with the ocelot’s nocturnal habits. From that perspective, it appears that this intermediate predator may select
habitat based on security from predation rather than resource
availability (Thompson and Gese 2007; see also Craighead
and Yacelga 2020). Hence, it is likely that intraguild interactions ( e.g. interference and exploitative competition) may be
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Fig. 3  Response curves of habitat associations for ocelot prey species: a and b represent spotted paca (Cuniculus paca); c and d represent the Central American agouti (Dasyprocta punctata) for which

occupancy (psi) models were built. Curves were based on the top
models in Tables 2 and 3. Dark gray shows the standard error and the
lighter gray represents the 95% confidence interval (CIs)

the primary determinants of ocelot occupancy and general
community diversity (Schoener 1974; Massara et al. 2015,
2018; Coon et al. 2020), with landscape structure playing a
significant role in these interactions (e.g., species movement
patterns).

armadillos can colonize a wide geographical range within
diverse habitats, such as dry forests and rainforests, or more
open areas such as savannas, which allows them to be resilient to human disturbance and climate change. Additionally,
nine-banded armadillos showed a positive relationship with
the wet season, which is correlated with the productivity
of the study area and is characterized by soils rich in micro
invertebrates. Therefore, the pattern of occupancy observed
in our study suits to the natural history of the species. In contrast, spotted paca occupancy showed a positive relationship
with vegetation variance, suggesting, as highlighted by Ulloa
et al. (1999), that spotted paca occupancy may be related
to changes in rainfall, and therefore, resource availability.
Distance from the road also had a marked effect on the occupancy of spotted paca, with a positive association, indicating
an affinity for the dense understory and high canopy cover as
in previous studies (Gutierrez et al. 2017).
Vegetation mean and distance to road were the main predictors of tinamou occupancy, with negative and positive
effects, respectively. Guerta and Cintra (2014) found that the
frequency of tinamou habitat use is not related to structural
forest components (i.e., the spatial distribution of decayed
trees, canopy openness, leaf-litter depth). In general, and
consistent with our results, tinamous appear to be a forest

Prey species occupancy
Prey species occupancy probability varied substantially
and was low for most species. The prey species evaluated
in this study responded in distinct ways to the landscape,
land tenure, seasons, and anthropogenic impacts. From the
top-ranked models, vegetation indexes (mean and variance)
emerged as the most influential landscape variables in the
occupancy probability of the nine-banded armadillo, spotted
paca, and tinamou. The vegetation index (NDVI; Table S1)
is considered an indicator of growth status, spatial density
distribution, and phenology of plants (Ding et al. 2007).
As expected, the nine-banded armadillo (having one of
the highest probabilities of occupancy in the study area)
showed a negative relationship with vegetation mean and
vegetation variance in the top three models (Table S13, Fig.
S2a). Arteaga et al. (2020) pointed out that nine-banded
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Fig. 4  Response of habitat
associations (categorical values)
for ocelot prey species including
the common opossum (Didelphis marsupialis) and great
curassow (Crax rubra). It also
shows the response of ocelot
(Leopardus pardalis) to Central
American agouti (Dasyprocta
punctata) and coati (Nasua
narica) habitat use. Graphs
are based on the top model in
Tables 2 and 3. The 95% confidence intervals (CIs) are shown

obligate species beyond a fine-scale, found in primary and
secondary growth forests, including forest plantations (Whitworth et al. 2018). Tinamous may prefer an understory with
forest gaps that receive light to allow greater and more constant vegetation growth and higher availability of food items,
such as invertebrates, fruits, seeds, and buds. As expected,
the occupancy of the forest-dwelling tinamou was positively
influenced by distance from roads, which may prevent their
exposure to the detrimental effects of hunting, although they
showed some tolerance for dogs-human presence.

Despite its low predicted occupancy, the great curassow was the only focal prey species whose occupancy was
influenced by land tenure, having a positive association and
occurrence in the Narganá-Guna Yala territory. This could
be related to the dominance of old-growth and naturally
regenerated forests under the Guna Yala tenure. The strong
association with forest habitat has been noted in previous
studies (Pérez-Irineo and Santos-Moreno 2017; Whitworth
et al. 2018). However, its low occupancy suggests a deleterious effect from (anthropogenic) adjacent fragmented land,
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Fig. 5  Overlap of activity patterns among ocelot prey species and ocelot (Leopardus pardalis) in eastern Panama. The figures shown have a
moderate (Δ1 > 51–70) and high overlap (Δ1 > 75)

Fig. 6  Overlap of activity patterns among ocelot prey species, human + dogs, and ocelot (Leopardus pardalis) in eastern Panama. The figures
shown have a low overlap (Δ1 < 50)

and most importantly, confirms this species acts as a bioindicator of habitat quality (Brooks and Fuller 2006).
Alternatively, given that a well-structured felid guild
likely correlates positively with the presence of adequate
prey resources (Ritchie and Johnson 2009), the low occupancy observed for most of the focal prey species might
relate to variables that influence detection probability.
We found that effort and the number of cameras per station affected the detectability of prey species, which was
expected due to the length of the camera-trap survey and
the number of cameras per station (Negroes et al. 2012;
Wang et al. 2019; Yacelga and Craighead unpublished
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data). Another explanation is that the cameras were set to
study apex predators (jaguars and pumas), which–to some
degree–may preclude detecting small prey species such as
the common opossum or tinamou, for example. Although
effort and the number of camera traps influenced most prey
detectability, they did not emerge as factors in detecting
ocelots; species-specific differences in movements likely
affect detection rates at each static camera station.
Overall, the results presented here support previous
findings (de Souza et al. 2018; Paolino et al. 2018) underscoring the ecological importance of buffer and transition

Can prey occupancy act as a surrogate for mesopredator occupancy? A case study of ocelot (Leopardus…

zones for carnivore and prey guild assemblages occurring
across natural–anthropogenic interfaces.

Code availability All analyses were performed in R Studio 3.4.0 (R
Core Team 2016). The R code is available from the corresponding
author upon request.

Declarations

Conclusion
The results concerning the ocelot and its prey guild relationship at the interface of two land tenures are noteworthy. Our results confirm our hypothesis that environmental variables do not predict ocelot occupancy due to its
generalist nature. It appears that the structural elements
of the habitat are more important in determining ocelot
occupancy, and coupled with prey availability, may be
good predictors of ocelot distribution. Ocelot occupancy
appears to be partially influenced by the presence of its
preferred prey, the Central American agouti. Our findings
also highlight the ecological plasticity of the great curassow, tinamou, squirrel, and Central American agouti by
indicating a relative tolerance for humans and domestic
animal presence. Further, the study suggests that changes
in landscape structure may have the capacity to exclude
ocelots and their prey from suitable habitats.
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