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a b s t r a c t

Camera traps have become the main method for estimating jaguar (Panthera onca) densities. Over 74
studies have been carried out throughout the species range following standard design recommendations.
We reviewed the study designs used by these studies and the results obtained. Using simulated data we
evaluated the performance of different statistical methods for estimating density from camera trap data
including the closed-population capture–recapture models Mo and Mh with a buffer of ½ and the full
mean maximum distance moved (MMDM) and spatially explicit capture–recapture (SECR) models under
different study designs and scenarios. We found that for the studies reviewed density estimates were
negatively correlated with camera polygon size and MMDM estimates were positively correlated. The
simulations showed that for camera polygons that were smaller than approximately one home range
density estimates for all methods had a positive bias. For large polygons the Mh MMDM and SECR model
produced the most accurate results and elongated polygons can improve estimates with the SECR model.
When encounter rates and home range sizes varied by sex, estimates had a negative bias for models that
did not include sex as a covariate. Based on the simulations we concluded that the majority of jaguar
camera trap studies did not meet the requirements necessary to produce unbiased density estimates
and likely overestimated true densities. We make clear recommendations for future study designs with
respect to camera layout, number of cameras, study length, and camera placement. Our findings directly
apply to camera trap studies of other large carnivores.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

It has been over 16 years since camera traps (infrared activated
cameras) and capture–recapture models were first used to esti-
mate the density of a large cat (Karanth, 1995). Many studies have
adopted the methodology and design developed by Karanth and
Nichols (1998) for their species and few changes or improvements
have been made to this method. Besides the tiger (Panthera tigris),
the jaguar (Panthera onca) is the species that has been most studied
with camera traps. Maffei et al. (2011) documented 83 different
surveys that have been carried out from Arizona to Argentina with
the goal of documenting the presence and estimating density of the
jaguar. Many of these surveys have based their design on a manual
with recommendations on field design and data analysis for jaguar
surveys (Silver, 2004).

Jaguar density is usually estimated from camera trap data using
closed population capture–recapture models and most studies use
the software package CAPTURE (Otis et al., 1978; Rexstad and
Burnham, 1991; White et al., 1982) to estimate abundance. In most

cases the jackknife implementation of the Mh model which ac-
counts for heterogeneity in the capture probabilities among indi-
viduals is chosen over model M0 which assumes capture
probabilities to be equal for all individuals (Burnham and Overton,
1979). Other implementations of the Mh model such as estimating
functions (Chao et al., 2001) or the maximum likelihood mixture
models (Dorazio and Royle, 2003; Pledger, 2000), which allow for
individual covariates, have rarely been used in camera trap studies.

There are two main assumptions made by these closed popula-
tion capture–recapture models that influence the design of camera
trap studies (1) population closure, and (2) no individual can have
zero capture probability. To ensure population closure, most stud-
ies use a short survey length (between 30 and 90 days) during
which it is assumed the population will experience no birth,
deaths, immigration or emigration. Given that capture probabili-
ties are generally low for jaguars, survey length is a trade-off be-
tween keeping the survey short enough to assume closure and
colleting enough data for a robust abundance estimation (Harmsen
et al., 2011). In order to satisfy the second assumption, that no
individual has zero probability of being photographed, the design
has to ensure that at least one camera station is placed within
the home range of every individual in the study area. In other
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words, there should be no hole between cameras that could fit an
entire home range of an individual. Many studies cite a minimum
home range of 10 km2 for a female jaguar as estimated by Rabino-
witz and Nottingham (1986) based on footprint surveys in Belize
and consequently space cameras at about 2–3 km intervals (e.g.
Kelly, 2003; Silveira et al., 2010; Silver et al., 2004). However, given
that the number of cameras available for a study is usually limited,
this minimum distance between cameras also determines the
maximum area surveyed, something that has typically received lit-
tle attention.

In order to convert abundance into density one needs to esti-
mate the effective trapping area (ETA). This is generally done by
estimating the mean maximum distance moved (MMDM), which
is supposed to be a proxy for home range diameter and is calcu-
lated by taking the average of the maximum distance between cap-
ture locations for all individuals captured at a minimum of two
camera stations and then calculating the ETA by applying a buffer
of width ½ MMDM around the camera polygon (Karanth and Nic-
hols, 1998; Wilson and Anderson, 1985). Three potential problems
arise when using this technique for jaguars which typically have
large home ranges and low capture probabilities: (1) the possible
maximum distance is limited by the maximum distance between
cameras which is insufficient to represent home range size of jag-
uars, (2) with few recaptures the cameras do not capture the actual
maximum distance moved of an individual within the grid, and (3)
the maximum distance moved is underestimated for individuals
whose home range only partly overlaps the camera grid. These
sampling errors can lead to an underestimation of the true MMDM
and subsequently the ETA which in turn results in an overestima-
tion of density. This has been realized when researchers compared
the MMDM obtained from camera traps to the MMDM from telem-
etry data, and lead to the suggestion that the full MMDM might be
a more representative buffer than ½ MMDM (Dillon and Kelly,
2008; Sharma et al., 2010; Soisalo and Cavalcanti, 2006).

Over recent years new spatially explicit capture–recapture mod-
els (SECR) have been developed that use the spatial location of cap-
tures to estimate activity centers, distance parameters (r),
encounter rates at the activity center (k0), and abundance for all
individuals in a pre-defined area, avoiding the choice of a buffer to
estimate the ETA (Efford, 2004; Efford et al., 2009; Royle and Gard-
ner, 2011; Royle and Young, 2008). These models further have the
advantage that they can incorporate both individual-level covari-
ates such as sex or age class as well as station level covariates such
as road vs trail, camera type or habitat (Sollmann et al., 2011),
whereas classical capture–recapture models for closed populations
based on a maximum likelihood estimator only allowed for individ-
ual covariates and the jackknife estimator does not allow for any
covariates. SECR models make some additional assumptions to the
closed population capture–recapture models (1) home ranges are
stable over the time of the survey, (2) activity centers are distributed
randomly (as a Poisson process), (3) home ranges are approximately
circular, and (4) encounter rate (the expected number of encoun-
ters/photographs per sampling interval) declines with increasing
distance from the activity center following a predefined detection
function. These models can be analyzed both within a maximum-
likelihood (Borchers and Efford, 2008; Efford et al., 2009) as well
as a Bayesian framework (Royle and Gardner, 2011; Royle and
Young, 2008). Simulations showed that the SECR models work well
and produce unbiased results for adequate sample sizes (N = 200, r
smaller than grid size) but bias increased with low capture probabil-
ities and when the home range size was getting closer to the size of
the study area (Marques et al., 2011; Royle and Young, 2008). Soll-
mann et al. (2011) were the first to apply these models to a jaguar
camera trap study and they found that including sex as well as cam-
era location (on/off road) as covariates improved estimates over the
classical method using MMDM and models without covariates.

A recent review based on a literature review and the authors
own experience has brought up several potential problems with
camera trap density studies including misidentification of individ-
uals, low capture probabilities, small sample sizes, camera failure,
and small study area size (Foster and Harmsen, 2012). However, to
date there exist no clear recommendations on what minimum sur-
vey effort is needed for jaguar surveys in order to produce accurate
density estimates. Especially the question of the minimum survey
area needed in relation to home range size has never been well ad-
dressed. Maffei and Noss (2008) compared camera trap data to
telemetry data from ocelots and concluded that the survey area
should be three to four times the average home range size, but
there is little theoretical justification for that. Given the wide-
spread use of camera trap data for estimating jaguar densities, it
is important to evaluate the potential bias of current camera trap
studies caused by inadequate study designs and to make clear rec-
ommendations for future studies. We implemented an extensive
series of simulations to quantitatively measure the bias in jaguar
density calculations as a function of camera polygon size and
shape, camera numbers, sampling period and jaguar density. We
simulated spatially explicit capture–recapture data using realistic
parameters for jaguars and camera trap survey designs. Based on
our simulations we make specific recommendations for future
studies, taking into account both statistical as well as logistic
considerations.

2. Materials and methods

2.1. Review of field studies

We compiled a database of published and unpublished jaguar
density surveys recording the number of cameras used, the num-
ber of survey days, the camera spacing, the area of the survey poly-
gon, the number of individuals captured, the number of recaptures,
the estimated MMDM, the estimated abundance, the estimated
trapping area, and the estimated density. We also reviewed avail-
able publications on jaguar home range size.

We used a linear regression to look at the relationship between
the estimated MMDM and the survey polygon area using a log-
transformation for polygon area. We used a second linear regres-
sion to look at the relationship between estimated density and
the survey polygon using a log-transformation for both variables.
For the second regression we excluded one outlier with a density
of 18.3 ind. km�2. All analysis were carried out in R 2.14 (R Devel-
opment Core Team, 2011).

2.2. Simulations

We simulated datasets to evaluate which factors influenced
both the accuracy and precision of the classic MMDM based esti-
mators as well as different SECR models. We chose parameters that
we consider realistic for jaguar populations and camera trap stud-
ies based on our literature review (Table 1). To simulate the data
we used the function sim.capthist() from the secr package (Efford,
2011b) in R 2.14 (R Development Core Team, 2011). This function
simulates spatially explicit capture recapture data based on ran-
domly distributed activity centers, circular home ranges, and an
encounter rate that declines with distance from the activity center
following a half-normal function (g(d) = k0 � exp(�d2/(2r2); with
k0 = base encounter rate at the activity center, r = distance param-
eter related to the home range radius and d = distance between the
activity center and the camera). This is the same model that is used
by the SECR model to estimate density. We truncated the distance
function at 2.45 � r which corresponds approximately to a 95%
home range estimate. Not truncating the data would in some cases
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