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Abstract

The use of camera-trap methods, though important, has pitfalls
and inconsistencies such as factors and interactions that may
influence species photo rates. Jaguar (Panthera onca) camera-trap
studies place cameras at sites where jaguar detections are likely
greater (e.g., sites with previous evidence such tracks, feces, and
other presence signs), but do not account for potential placement
biases. Our study evaluated methodological implications of a
paired camera-trap design at trail and off-trail locations, and
climate seasonality, on photo rates of jaguars, their prey, and
competitors. From June 2016 to June 2017, camera traps were
deployed at 58 different sites in a hexagon grid array of 3 km?
each in the Sector Santa Rosa (SSR) of Area de Conservacién
Guancaste in Costa Rica. Half of the cameras were located at a
trail location that jaguars were likely to use, and the other half at
an off-trail location closest to each hexagon centroid. We
estimated a photographic relative abundance index (RAI; no. of
independent photos/100 trap nights) and used Generalized
Linear Models (GLMs) to assess statistical evidence of trail
location and climate seasonality. With a total effort of 19,408
trap nights, we recorded 12,678 independent photo events of 64
species of amphibians, reptiles, birds, and mammals. For the 3

bird species and 14 mammal species we focused on, most
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species-specific RAls were greater at trail locations (n = 8 species,
including jaguars and pumas [Puma concolor]), some were greater
at off-trail locations (n=2 species, including collared peccaries
[Pecari tajacu]), and there was no discernable location effect for
others (n =7 species, including tapirs [Tapirus bairdii] and white-
tailed deer [Odocoileus virginianus]). For jaguars, sex ratio data
showed a smaller proportion of males at off-trail locations.
Analysis of competitor and prey interaction data indicated
temporal segregation at trail locations. Further jaguar camera-
trap studies should highlight camera placement as important
source of bias that might influence results; hence, conservation-
ists must be aware of this to avoid erroneous decisions.

KEYWORDS

birds, Costa Rica, dry forest, location, mammals, Neotropics, Panthera
onca, random

Camera trapping is a popular, noninvasive method to assess wildlife over long periods of time (Rovero and
Zimmermann 2016) due to low maintenance and the high volume of information collected. Thus, large-scale wildlife
ecological studies have implemented camera trapping using different variations (O'Connor et al. 2017) and
analytical applications (e.g., capture-recapture, occupancy, photo indexes). The extensive use of camera traps has
various pitfalls and inconsistencies (Cusack et al. 2015) that might influence interpretations of how particular
species' distributions and interactions may influence other species' photo rates. Species interaction mechanisms of
avoidance often are assessed by comparing occupied vs. unoccupied site differences (Gause 1932) through camera-
trap metrics (Harmsen et al. 2010, Sollmann et al. 2012, Booker 2016), and biases in site selection might have
important consequences on species photo rates.

For jaguars (Panthera onca) and other wildlife, most habitat studies show a variety of ecological responses
depending on local environmental factors (Carrillo et al. 2009, Morato et al. 2016, Rovero and Zimmermann 2016,
Rabelo et al. 2019). These studies used different assessment techniques (Novack et al. 2005, Morato et al. 2016, De
laTorre et al. 2017, Gutiérrez-Gonzalez and Lopez-Gonzalez 2017), but camera trapping is primarily used for jaguar
and medium-sized sympatric species (O'Connell et al. 2011). Most jaguar camera-trap studies place cameras in sites
where jaguar detection probability is expected to be higher, hence maximizing the number of photos based on
previous signs of jaguar presence (Cusack et al. 2015, O'Connor et al. 2017); however, biased jaguar location
placements (e.g., trails and unpaved roads) might lead to incorrect inferences (O'Connor et al. 2017). While it is
common practice to use the same design to associate other wildlife species with jaguars at the same camera
sampling site (Blake and Mosquera 2014), it may be that prey avoid places frequented by predators (Valeix 2011),
and therefore ignoring interactions on photo rates could lead to spurious results. Several studies have argued for
the use of nonrandom camera trap placement (Cusack et al. 2015, O'Connor et al. 2017), but this can limit the
proportion of environmental variation and cause a sampling bias resulting from differences in the presence or
relative abundance of multiple species at other kinds of sites (Kolowski and Forrester 2017).

Given the potential sources of bias that camera trap placement could impact, photo rate results of target and
associated wildlife may lead to incorrect inferences. We evaluated methodological implications of camera trap placement
using a paired camera trap design at trail and off-trail locations, while considering the effect of climate seasonality on

photo rates of jaguars and associated wildlife. Previous studies have recommended camera placement at trail locations
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(Silver et al. 2004), ignoring whether off-trail locations are also used by jaguar or potential prey and competitors. Thus, we
also evaluated whether interpretation of jaguar-specific ecological study data (sex ratio, competitor relationships, activity
patterns, abundance, and prey interactions) collected with camera traps are influenced by camera placement.

STUDY AREA

Our study was conducted in Sector Santa Rosa (SSR), within the Area de Conservacion Guancaste (ACG) located in
northwest Costa Rica (10°53'01"N 85°46'30"W; Figure 1). The SSR encompasses 387 km? and is dominated by one
of the few remaining tropical dry forests in Central America (Janzen 1988, Boza 1992, Gillespie et al. 2000). Average
annual rainfall of 1,600 mm is highly seasonal (monthly averages from O mm to 1,040 mm) and the wet season usually
spans from May to November with the dry season (with almost no rain and temperatures over 37°C) from December
to April (Figure 2). Additionally, due to the rarity of dry forest ecosystems, a large-scale restoration effort was initiated
in the 1980s involving protected area status, the recovery of abandoned pastures by active fire suppression (Klemens
et al. 2011), protection from human activities, and the recovery of populations of large vertebrates.

METHODS
Data collection

From June 2016 to June 2017, automatic trail cameras (Bushnell®, Trophy Cam models 119436, 119446, 119456;
Overland Park, KS, USA) were deployed at 58 different sites in a hexagonal grid array of 3 km? each at SSR (Figure 1).
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FIGURE 1 Camera trap deployment array at off-trail (n = 29) and trail (n = 29) locations in Sector Santa Rosa,
Area de Conservacion Guancaste, northwestern Costa Rica, during 2016-2017.
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FIGURE 2 Daily rainfall during 2016-2017 in the Sector Santa Rosa, Area de Conservacién Guancaste,
northwestern Costa Rica.

Half of the cameras were located at a trail location that a jaguar was likely to use, and the other half at an off-trail
location closest to each hexagon centroid; on average each off-trail camera location was 0.59 km + 0.25 SD away from
available trails inside the study area within a range of 0.2 km of each hexagon centroid. Additionally, due to the high
climate variation over the last several decades (Campos 2018), seasonality was defined from SSR historic precipitation
records (Figure 2) and included as a covariate in the analyses. We aggregated the weekly accumulated precipitation to
identify whether the week's precipitation sum was greater or lesser in comparison with the average annual weekly
precipitation (4 = 10 mm). Thus, a week with 210 mm was classified as wet, whereas a week with <10 mm was dry.
Each camera was affixed to a tree at a height of approximately 40 cm and set to be active for 24 hours per day in
photo mode with the minimum delay (1 second) between consecutive triggers. We recognize that whether the target
area of a camera is in direct sunlight or shade may affect photo rates, but we have no reason to believe that, in our
forested study area and given the types of trails we monitored, the distribution of cameras relative to target areas was
different between trail and off-trail cameras. Once deployed, cameras were checked on average every month to replace
batteries and change memory cards, if necessary. For each camera deployment, we recorded the location, camera
operation dates (and therefore, number of trap nights), and the number of independent photo events for each species.
As Montalvo et al. (2019) recommended, photos were considered independent if (1) they were taken at least
30 minutes apart (e.g., a series of 3 photos of the same species taken in consecutive seconds = 1 photo event), (2)
consecutive photos of the same species could be identified as different individuals (spots, scars, horns or antlers, sex)
and not part of the same group (e.g., 15 minutes apart, going in opposite directions = 2 photo events), or (3) photos of
the same species separated by photos of a different species (e.g., species 1, followed 2 minutes later by a species 2,

followed 5 minutes later by species 1 = one species with 2 photo events and one species with 1 photo event).

Statistical analyses

To examine and identify potential data issues (e.g., normality, overdispersion, outliers) and fulfill model assumptions,

we followed the data exploration protocol suggested by Zuur et al. (2010). The number of independent photos of
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TABLE 1 Description of 5 a priori candidate models describing the effect of location (Loc: Trail or Off-trail) and
seasonality (Seas: Dry or Wet) on Relative Abundance Index (RAI: no. independent photos per 100 trap nights) in
Sector Santa Rosa, Area de Conservacion Guancaste, northwestern Costa Rica.

Model Description

1) RAI = log (Trap nights) Intercept only

2) RAI = log (Trap nights) + Seas RAl vary by Seas

3) RAI = log (Trap nights) + Loc RAI vary by Loc

4) RAIl = log (Trap nights) + Seas + Loc RAI vary by Seas and Loc in an additive way
5) RAI = log (Trap nights) + Seas * Loc RAI vary differently by Seas and Loc

species at a site were analyzed using generalized linear models (GLM; Zuur et al. 2009) with a log link function
implemented using program R (v. 4.0.0; R Core Team 2020) with the package Ime4 1.1 (Bates et al. 2015). Due to
overdispersion in the counts, we assumed a negative binomial error distribution (Zuur et al. 2009), and to account
for variation in effort, we used the log of the number of trap nights as an offset to standardize the counts. To assess
the effects of location (Loc) and seasonality (Seas; Montalvo et al. 2019) on photographic relative abundance index
(RAI: no. of independent photos/100 trap nights), 5 a priori models were developed for each species. One model
included the intercept, 2 included each singular predictor, one included the additive effect of the 2 predictors, and
one included the first order interactions for the 2 predictors (Table 1). The empirical support of the 5 candidate
models were evaluated using the Akaike Information Criterion (AIC; Burnham and Anderson 2002), and throughout
the model comparison for each species we determined the most plausible models using the highest Akaike weight
(W; range = 0 to 1; Anderson 2007). Based on the W we assessed the evidence from one model over another
(Burnham and Anderson 2002). Because we were particularly interested in those models showing interactions and
the additive effects of Seas and Loc on photo rates, we included in the confidence set of models, based on the
Akaike weight value, those for species where the interaction and the additive effect of Seas and Loc differed by
<10% from the top model (Thompson and Lee 2000). Specifically, for jaguar photo rates at trail and off-trail
locations, we contrasted additional ecological information gathered from camera traps. We assessed sex ratio
differences at off-trail and trail locations with Welch t-tests (Shahbaba 2011). Competitor relationships with pumas
(Puma concolor) and prey interactions (jaguar with white-tailed deer [Odocoileus virginianus] and collared peccary
[Pecari tajacu]) at off-trail and trail locations were contrasted with linear regression analysis using RAI of each
species (Zuur et al. 2007). To quantify activity patterns we used Ridout and Linkie's (2009) approach with the
package Activity 1.3 (Rowcliffe 2019), using Wald test to contrast temporal distribution aggregation differences
for circular data, smoothed with 10,000 bootstrap resamples to calculate confidence intervals (Rovero and

Zimmermann 2016).

RESULTS

We had a total effort of 19,408 trap nights and recorded 12,678 independent photo events of 64 species of
amphibians or reptiles (n = 2), birds (n = 37) and mammals (n = 25). Three bird species and 14 mammal species, all
with >10 independent photo records, were included in our analysis (Table 2) and included jaguars, their competitors
(pumas, coyotes [Canis latrans], ocelots [Leopardus pardalis]), and likely prey species (as documented in the region;
Chinchilla 1997, Novack et al. 2005, Weckel et al. 2006).

Model selection based on W (Table 3) showed the location parameter (Loc) best fit the data for crested guans

(Penelope purpurascens; 0.36), nine-banded armadillos (Dasypus novemcinctus; 0.43), white-faced capuchin
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TABLE 2 Relative Abundance Index (RAI: no. independent photos per 100 trap nights; no. of trap nights in
parentheses) for 3 bird species and 14 mammal species, seasonally during 2016-2017 at trail and off-trail locations
in Sector Santa Rosa, Area de Conservacién Guancaste, northwestern Costa Rica.

Dry season Wet season
Trail Off-trail Trail Off-trail
Species Common name (3,291) (3,056) (7,337) (5,724)
Birds
Crax rubra Great curassow 8.51 272 11.70 6.71
Penelope purpurascens Crested guan 0.71 0.50 0.76 0.25
Crypturellus cinnamomeus Thicket tinamou 0.06 0.10 0.57 0.56
Mammals
Didelphis marsupialis Common opossum 0.43 0.12 0.12 0.05
Dasypus novemcinctus Nine-banded armadillo 0.00 0.13 0.06 0.18
Cebus imitator White-faced capuchin monkey 2.28 0.03 2.28 0.03
Dasyprocta punctata Agouti 3.96 5.45 446 9.06
Canis latrans Coyote 0.20 0.00 0.09 0.02
Procyon lotor Raccoon 0.26 0.07 0.18 0.02
Nasua narica Coati 0.11 0.43 0.23 0.25
Conepatus semistriatus Striped hog-nosed skunk 0.23 0.10 0.11 0.06
Leopardus pardalis Ocelot 0.90 0.47 0.69 0.62
Puma concolor Puma 1.33 0.33 0.96 0.79
Panthera onca Jaguar 2.24 0.37 3.15 0.34
Tapirus bairdii Tapir 1.76 1.63 1.48 1.08
Pecari tajacu Collared peccary 0.51 242 0.41 1.07
Odocoileus virginianus White-tailed deer 25.13 25.28 23.38 25.76

monkeys (Cebus imitator; 0.37), coyotes (0.36), coatis (Nasua narica; 0.31), raccoons (Procyon lotor; 0.42), jaguars
(0.67), and collared peccaries (0.38). Seasonality (Seas) was the most plausible model for thicket tinamous
(Crypturellus cinnamomeus; 0.60), additive effect of Loc and Seas was the top model for great curassows (Crax
rubra; 0.46) and common opossums (Didelphis marsupialis; 0.44), and the interaction of Loc and Seas was the most
plausible for pumas (0.39). The intercept model best fit the data for agoutis (Dasyprocta punctata; 0.46), striped
hog-nosed skunks (Conepatus semistriatus; 0.32), ocelots (0.43), tapirs (Tapirus bairdii; 0.45), and white-tailed
deer (0.54).

Based on our modeling results, average RAls appeared greater at trail locations for jaguars (n=222
independent photo events), pumas, coyotes, common opossums, white-faced capuchin monkeys, raccoons, great
currasows, and crested guans, whereas those for nine-banded armadillos, and collared peccaries seemed greater at
off-trail locations (Table 2). For thicket tinamous, agoutis, coatis, striped hog-nosed skunks, ocelots, tapirs, and
white-tailed deer, photo rates were not influenced by location of cameras.

Overall, the most empirical support for jaguar RAIl effect was Loc (W =0.67). Further sex ratio analysis at off-
trail and trail locations showed a lower proportion of males at off-trail (X =0.25; 16 female records and 4 male

records) than trail locations (X = 0.62; t(14y = -2.27, P=0.039; 123 female records and 79 male records), with no
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TABLE 3 Model importance weights for 3 bird species and 14 mammal species, describing the effect of
seasonality (Seas) and Location (Loc: Trail or Off-trail) on Relative Abundance Indices (RAI) in Sector Santa Rosa,
Area de Conservacién Guancaste, northwestern Costa Rica, 2016-2017. Category with the highest importance
weight for each species in bold.

Model description and AIC weights (W)

Species Common name Intercept  Loc Seas Loc + Seas Loc x Seas

Birds
Crax rubra Great curassow 0.04 0.20 0.04 046 0.26
Penelope purpurascens Crested guan 0.32 036 0.12 0.14 0.06
Crypturellus cinnamomeus  Thicket tinamou 0.02 0.00 0.60 0.28 0.10

Mammals
Didelphis marsupialis Common opossum 0.06 0.18 0.16 044 0.16
Dasypus novemcinctus Nine-banded armadillo 0.08 043 0.04 0.25 0.20
Cebus imitator White-faced capuchin monkey  0.15 037 0.14 0.24 0.10
Dasyprocta punctata Agouti 0.46 024 0.18 0.09 0.03
Canis latrans Coyote 0.01 036 001 035 0.27
Procyon lotor Raccoon 0.23 042 0.09 0.19 0.07
Nasua narica Coati 0.31 031 012 o011 0.15
Conepatus semistriatus Striped hog-nosed skunk 0.32 0.27 020 0.16 0.05
Leopardus pardalis Ocelot 0.43 0.28 0.15 0.09 0.05
Puma concolor Puma 0.10 0.34 004 0.13 0.39
Panthera onca Jaguar 0.00 0.67 0.00 0.24 0.09
Tapirus bairdii Tapir 0.45 0.19 023 0.0 0.03
Pecari tajacu Collared peccary 0.26 038 0.13 0.17 0.06
Odocoileus virginianus White-tailed deer 0.54 0.19 0.19 0.06 0.02

records of females with cubs at any location. There was temporal segregation of male and female jaguars at off-trail
locations (Figure 3A; Wald value = 10.01, P =0.001), but not at trail locations (Figure 3B; Wald value = 0.375,
P=0.541).

Jaguar and puma RAI regression coefficients at off-trail and trail locations showed poor correlation, and
no differences between species (Figure 4; R? = 0.034, P = 0.125); nevertheless, temporal aggregation analysis
indicated avoidance between jaguars and pumas at trail (Figure 5A; Wald value = 6.92, P =0.01), but not off-
trail, locations (Figure 5B; Wald value = 1.828, P=0.17), though temporal patterns at both locations
were the same. For jaguars and white-tailed deer, RAI regression coefficients showed no pattern (Figure 6;
R?=0.04, P = 0.058) between species, but temporal activity suggested at both trail and off-trail sites jaguars
were more nocturnal and white-tailed deer were more diurnal (Figure 7). Statistical evidence of temporal
partition between jaguars and white-tailed deer were not found at off-trail locations (Figure 7A; Walt value =
0.001, P=0.97) but was evident at trail locations (Figure 7B; Wald value = 4.27, P=0.038); though
both locations evinced the same pattern, our data suggested jaguars and white-tailed deer temporally
increase overlap at off-trail locations. Collared peccary and jaguar RAI regression coefficients indicated
no pattern (Figure 8; R, =0.003, P=0.125); nevertheless, temporal activity suggested avoidance patterns
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FIGURE 3 Jaguar male and female activity overlap (gray shaded area) at A) off-trail camera locations (overlap =
28%), and B) trail camera locations (overlap = 87%) in Sector Santa Rosa, Area de Conservacion Guancaste,

northwestern Costa Rica, during 2016-2017.
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FIGURE 4 Jaguar and puma relative abundance index (RAI) correlation at off-trail or trail camera trap locations
in Sector Santa Rosa, Area de Conservacion Guancaste, Costa Rica, during 2016-2017; solid blue line represents
off-trial trend and solid black line trail trend, and the gray shadow represents confidence intervals for both off-trail

and trail trends.

(where peccaries tend to increase diurnal activity during jaguars' lowest activity peak). Statistical evidence of

partition was not found at off-trail locations (Figure 9A; Wald value = 0.375, P = 0.541), and at trail locations

the activity pattern followed the same trend but with statistical significance (Figure 9B; Wald value = 6.41,

P =0.011); both peccaries and white-tailed deer displayed the greatest temporal segregation with jaguar at

trail locations.
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Jaguar and puma activity overlap (gray shaded area) at A) off-trail camera locations (overlap = 37%),

and B) trail camera locations (overlap = 49%), in Sector Santa Rosa, Area de Conservacion Guancaste, northwestern
Costa Rica, during 2016-2017.
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Jaguar and white-tailed deer relative abundance index (RAI) correlation at off-trail or trail camera

trap locations in Sector Santa Rosa, Area de Conservacién Guancaste, Costa Rica, during 2016-2017; solid blue line
represents off-trial trend and solid black line trail trend, and the gray shadow represents confidence intervals for

both off-trail and trail trends.

DISCUSSION

An entirely randomized design is a common requirement for biological field studies (Quinn and Keough 2002), but

few field-based, camera-trap studies fulfill this assumption due to logistical or budgetary constraints (Cusack et al.

2015). Though our study did not completely achieve 100% randomness, our off-trail camera trap placement

attempted to reach the closest random placement to compare photo rates with trail locations. The RAls of 3 bird
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FIGURE 7 Jaguar and white-tailed deer activity overlap (gray shaded area) at A) off-trail camera locations
(overlap = 56%), and B) trail camera locations (overlap = 38%), in Sector Santa Rosa, Area de Conservacion
Guancaste, northwestern Costa Rica, during 2016-2017.
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FIGURE 8 Jaguar and collared peccary relative abundance index (RAI) correlation at off-trail or trail camera trap
locations in Sector Santa Rosa, Area de Conservacion Guancaste, Costa Rica, during 2016-2017; solid blue line
represents off-trial trend and solid black line trail trend, and the gray shadow represents confidence intervals for
both off-trail and trail trends.

species and 14 mammals at trail and off-trail camera locations indicated that placement and seasonality are
important and that camera trap placement strategies might lead to different results regarding species abundances
and interactions. Our observations suggested that trail, in comparison to off-trail, locations provide ease of access

for foraging and movement for generalists and large, ground-dwelling bird species (Stiles et al. 2007).
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FIGURE 9 Jaguar and collared peccary activity overlap (gray shaded area) at A) off-trail camera locations
(overlap = 62%), and B) trail camera locations (overlap = 21%) in Sector Santa Rosa, Area de Conservacion
Guancaste, northwestern Costa Rica, during 2016-2017.

Mammal species that showed a location effect on RAI were mostly generalists and included jaguars (Carrillo
et al. 2000). Trail use preference could be for ease of travel or a foraging strategy (Pianka 1966) to increase
detectability and thus increase resource allocation. Weckel et al. (2006) and Harmsen et al. (2009) reported similar
findings in the tropical rainforest where some species had high photographic rates at human-made trails instead of
other type of pathways, suggesting trail photo rates are biased toward large carnivores such as pumas and jaguars.
Additive effect of location and seasonality on mammal RAI was only registered for the common opossum, a
generalist species with a weak sense of smell (Carrillo et al. 2000), which may use trails due to their openness, which
may allow odors to carry farther, thus allowing them to more easily identify potential resource items during scarcity
periods (Morgan et al. 1995). Pumas were recorded more frequently at trail cameras, but the interaction of location
and seasonality affected places puma use the most frequently. Perhaps factors such as competition with jaguars and
prey availability would affect puma behavior and the places they visit (Gutiérrez-Gonzalez and Lépez-Gonzalez
2017) as we documented that both jaguars and pumas are likely to use the same places but with temporal
segregation.

Ecological studies using camera traps mostly described 5 uses of the method, including sex interactions,
competition, prey-predator relationships, abundance, and temporal interactions (O'Connell et al. 2011, Trolliet et al.
2014, Rovero and Zimmermann 2016). Our results indicated that females temporally and spatially used more off-trail
locations compared to males, a behavior reported in other studies (Sunquist and Sunquist 2002, Silver et al. 2004,
Salom et al. 2007, Astete et al. 2017). We did not identify spatial differences between jaguar and pumas, which are
competitors, related to camera placement but did find temporal segregation where both species frequented the
same places. The spatiotemporal pattern has been previously described in rainforest ecosystems where, due to
prey overlap, both species frequent the same places (Emmons 1987, Foster et al. 2010, Gutiérrez-Gonzalez and
Lopez-Gonzalez 2017), but are temporally segregated with pumas becoming more diurnal during nocturnal activity
peaks of jaguars (Harmsen et al. 2009, Herrera et al. 2018). We found no evidence for differences in jaguar-prey
interactions (white-tailed deer, collared peccary) due to site placement, though we hypothesized that predator-prey
camera trap studies may be biased since places frequented by predators would repel prey due to the high-risk
foraging activity involved (Valeix 2011). However, our hypothesis may be partially supported by the observation that
white-tailed deer and collared peccaries were active the most during the lowest peaks of jaguar activity, and that

collared peccaries were more frequent at off-trail locations less frequented by jaguar.
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RESEARCH IMPLICATIONS

Our study suggests camera location placement and seasonality are methodological variables likely to influence
inferences, depending on target animal species, in the dry forest of northwestern Costa Rica. Detailed jaguar
analyses show that females used the off-trail locations more often than males, and jaguar conspecific and prey
interaction analyses indicated temporal segregation, mostly at trail locations. Further jaguar camera trap ecological
studies could consider camera placement as an important source of bias that might influence inferences about
species distribution, abundance, or multiple-species interactions. We suggest that conservation decision makers
should also carefully consider camera placement design to help avoid making erroneous decisions.
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