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Abstract Camera trapping has become a popular technique to monitor carnivore populations due to its usefulness in estimating abundance. Nevertheless, there are
a number of problems associated with study design
which are motivating researchers to search for a compromise that ensures improvement of precision while
being cost-eﬀective. We have used data from a capture–
recapture study in a forested area in central Brazil to
evaluate the eﬀectiveness of using one versus two cameras per trapping station for determining jaguar (Panthera onca) density and capture rates of several other
mammals. The capture rate for the jaguar and other
species recorded with only one camera was lower than
that with two cameras. The number of jaguars identiﬁed
using photos from one camera ranged between six and
seven animals, but reached ten individuals when twocamera sets were used where pictures of both ﬂanks
could be positively individualized. These diﬀerences,
combined with diﬀerent estimates of eﬀective sampled
area size, resulted in jaguar densities estimates ranging
from 2.18 to 5.40 and 3.99 individuals/100 km2 when
one and two cameras were used per station, respectively
(using the half-MMDM and Heterogeneity model).
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Based on our results, we recommend the use of two
cameras per station for jaguar density monitoring to
ensure reasonable levels of reliability and accuracy of
estimates despite a small sample size.
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Introduction
The use of camera trapping to study diﬀerent aspects of
animal ecology has become popular in recent years as an
eﬃcient tool to obtain data on rare and cryptic species
(Kelly 2008; Rowcliﬀe and Carbone 2008). Camera trapping is currently a recurrent tool in both conservation
biology and ecology, being commonly applied in species
surveys, abundance estimations, nest depredation studies,
and/or estimates of vital rates (Karanth 1995; Hernandez
et al. 1997; Silveira et al. 2003; Trolle 2003; Trolle and Kéry
2005; Johnson et al. 2006; Karanth et al. 2006; Linkie et al.
2006; Dillon and Kelly 2007; Rowcliﬀe and Carbone 2008;
Tobler et al. 2008; Negrões et al. 2011).
One of the most common uses of camera trapping is
to determine the relative or absolute density of elusive
species (Trolle and Kéry 2005), with the former usually
based on photographic capture rates, i.e., number of
photos per unit eﬀort (O’Brien et al. 2003), and the latter
based on a combination of camera trapping data and
closed population capture–recapture modeling (e.g.,
Karanth and Nichols 1998). To apply such models to
camera trapping data, several premises need to be fulﬁlled: (1) animals must bear individually identiﬁable
marks (spots, stripes, scars, or artiﬁcial tags); (2) all
animals inhabiting the study area must have a probability >0 of being detected; (3) sampling time should be
short relative to the species population dynamics (for
large felids about 2 months are suggested) to approximate a closed population; (4) sampling design should
maximize capture probability (Karanth and Nichols

1998, 2002; Stanley and Burnham 1999; Silver et al.
2004; Rowcliﬀe and Carbone 2008; Negrões et al. 2010;
Sarmento et al. 2010).
For optimal individual identiﬁcation in most species,
pictures of both sides of an individual are needed and,
therefore, the standard sampling protocol requires setting two camera-traps facing each other at each sampling station (Silver 2004). This considerably increases
costs associated with sampling. However, as project resources are generally limited, researchers need to ﬁnd a
compromise that ensures the collection accurate data
within economic constraints. A combined strategy that
manages both the number of trapping stations and the
trapping grid arrangement has been applied to address
this issue (e.g., Karanth and Nichols 2002; O’Brien et al.
2003; Dillon and Kelly 2008), but such an approach may
not always be feasible depending on the logistics at the
study site. To date, no study has investigated the eﬀect
of using one versus two camera-traps at each sampling
station on abundance and density estimates. Overall,
sampling protocols are still open to debate, particularly
in terms of trap distance and estimation of the sampled
area (Soisalo and Cavalcanti 2006; Dillon and Kelly
2007; Maﬀei and Noss 2008; Balme et al. 2009), with
only a few studies having looked at the consequences of
diﬀerent designs (Harmsen 2006; Dillon and Kelly 2007;
Maﬀei and Noss 2008; Balme et al. 2009).
The jaguar Panthera onca (Linnaeus, 1758) is the
largest cat in the Americas, with a wide distribution that
stretches from the Southwestern USA/Mexico to
Northern Argentina. The elusive nature of this species
makes it diﬃcult to detect and monitor populations
(Rabinowitz and Nottigham 1986). In the last decade,
the use of remote triggered photographic cameras has
made a strong contribution to the increase in information on jaguar density and biology (Silver 2004; Silver
et al. 2004). However, population status remains largely
unknown throughout the majority of its range, and the
declining status impairs research focused on population
dynamics, which forms the basis for conservation guidance (Karanth et al. 2003; Sanderson et al. 2002).
Knowledge of a species’ density per se does not provide
enough information to evaluate population stability or
design conservation policies (Harmsen 2006). Thus, our
aim is to establish a long-term monitoring protocol to
reliably estimate jaguar density and abundance of other
species using camera trapping. To do so, we need to know
how the use of one or two camera-traps per sampling station aﬀects: (1) abundance and density estimates for the
jaguar and (2) the photographic rates for most common
large- and medium-sized species in the study area.

Materials and methods

southeastern Pará State (southern border of the Amazon
in central Brazil), within the Araguaia River basin.
Fieldwork was done in a 35,000-ha continuous patch of
semi-deciduous tropical forest bordering the Araguaia
River, which constitutes the farm’s forest reserve
(obligatory by Brazilian legislation). The rest of the farm
is occupied by cattle pasture and human infrastructures
(houses and oﬃces). The climate presents a strong seasonality, with a characteristic rainy season from October
to March (1,700 mm/year on average) and a dry season
between April and September.
Camera trapping
The study was conducted from September to November
2007. Sampling consisted of 21 trap stations placed along
roads and trails, concentrated within the patch of tropical
forest located inside the farm’s reserve (Fig. 1). Each trap
station location was established following signs of jaguar
or prey use in order to increase detection probability
(Harmsen et al. 2010). The distance between stations
varied from 1.5 to 3.4 km (mean 2.9 km). The minimum
home range size of a jaguar is considered to be 10 km2
(Rabinowitz and Nottigham 1986); therefore, theoretically, this design ensures that all jaguars in the sampled
area were to some extent exposed to camera-traps and thus
had a probability of capture >0 (Karanth and Nichols
2002; Silver 2004; Silver et al. 2004). Each station consisted
of two passive infrared camera-traps (model LeafRiver
C1-BU; Vibrashine, Taylorsville, MS) strapped to trees
approximately 50–70 cm above the ground (Silver 2004).
The cameras were placed on each side of the roads/trails,
facing each other with a lateral oﬀset of about half a meter
to avoid ﬂash interference between them (Karanth 1995),
and were programmed to take photographs 24 h/day with
a 5-min interval between consecutive photos. The state of
the ﬁlm and battery was checked on a regular basis
(15–20 days) throughout the 80-day survey period. For
each sampling station, cameras were assigned to Set 1 or
Set 2, with Set 1 representing the ﬁrst choice location that
would have been used if only one camera trap had been
available, taking direct sunlight exposition and distance to
the path into account.
Photographic rates
For each photograph we recorded the species, number of
individuals, date, and hour. For each species we considered consecutive photos as independent records—if
taken more than 1 h apart or if diﬀerent individuals
could be identiﬁed (O’Brien et al. 2003). We calculated
photographic rates [relative abundance indices (RAI)]
using the formula of O’Brien et al. (2003):

Study area

RAIi ¼ ðgi Rj nij =Rj tnj Þ  100

The study was carried out at Santa Fé Ranch (SFR
0934¢S, 5021¢W), a 65,000-ha beef cattle ranch in

where gi is an average group size for ith species, nij is the
number of independent ‘‘detections’’ for the ith species

ð1Þ

Fig. 1 Study area location on
the Araguaia River basin in
Brazil and location of the 21
camera trap stations deployed
during this study

at the jth trap location, and tnj is the total number of
trap-nights at the jth trap location (O’Brien et al. 2003;
Kawanishi and Sunquist 2004). For further analysis, we
only used species of which we obtained ‡5 independent
events. We evaluated the diﬀerences of using one or two
cameras in the estimation of relative abundance of jaguars and other mammals by comparing overall capture
rates (RAI) using linear regression. Hypothetically, if
RAI results obtained from one camera (both Set 1 or Set
2) and two cameras were similar, they would present a
correlation with an intercept estimate of 0 and a slope of
1, while departures from this null prediction will indicate
a bias in photographic rates. We performed a Wilcoxon
signed-rank test to determine the signiﬁcance in diﬀerences between species RAI obtained using Set 1, Set 2,
and both cameras. We also performed Spearman’s rankcorrelation analysis to evaluate the inﬂuence of a species’
weight on its capture rate (RAI) (average species weight
compiled from IUCN et al. 2008).
Jaguar identiﬁcation and density estimation
Jaguar numbers were estimated through identifying
individuals by their spot patterns in two diﬀerent ways:
(1) for data collected with single camera sets (Set 1 or 2),
we identiﬁed animals by their left and right ﬂanks separately; (2) for data collected with the double camera set,
we pooled data from both cameras and used both ﬂanks
simultaneously for individual identiﬁcation. We divided
the sampling period into eight 10-day sampling sessions,
and using the individualized photographs we built a
total of ﬁve capture–recapture histories: (1) two for Sets
1 and 2, each corresponding to right and left ﬂank pictures and (2) one for the double camera set. To estimate
jaguar abundance from these capture histories, we

followed procedures described by Otis et al. (1978),
White et al. (1982), and Karanth and Nichols (1998)
using the CAPTURE program (Rexstad and Burnham
1991). This program tests seven models, with each
assuming diﬀerent sources of variation in capture
probability p, and determines the best ﬁtting model
using a series of goodness-of-ﬁt tests followed by a discriminant function analysis (Jackson et al. 2006; Sharma
et al. 2010). The simplest model (M0), also known as the
null model, assumes no variation in p. The other models
are more complex and include the heterogeneity model
(Mh), which assumes individual variation in p, the time
variation model (Mt), the behavior model (Mb), which
assumes distinct probabilities for ﬁrst capture and
recaptures, and three combinations of these models
(time and behavior; behavior and heterogeneity; time,
behavior, and heterogeneity). The Mh model is considered to be the most biologically plausible for large felids
because it assumes individual heterogeneity in capture
probability (Karanth and Nichols 1998). The program
also includes a test for population closure (Rexstad and
Burnham 1991).
To translate jaguar abundance into an estimate of
density, the eﬀective sampled area needs to be identiﬁed.
When home range information for the species in the
study area is not available, the standard method uses a
buﬀer around the traps whose width corresponds to half
the mean maximum distance moved by all individuals
captured at least twice (half-MMDM) (Karanth and
Nichols 2002; Wallace et al. 2003; Maﬀei et al. 2004;
Silver et al. 2004). Nevertheless, there is some debate on
bias associated with this method for estimating sampled
area. Based on a combined analysis of data from camera-traps and radio-tracking, some authors consider that
half-MMDM could lead to density overestimation; these
authors favor the use of full-MMDM (Soisalo and

Table 1 Photographic ratea of the main species captured for one (Set 1 and Set 2) and two cameras (Total) during 1,681 trap-nights at
Santa Fé Ranch, central Brazil in 2007
Mammals

Set 1

Set 2

Total

Percentage detection
by only 1 camerab

Tapir, Tapirus terrestris
Gray brocket deer, Mazama gouazoupira
Red brocket deer, Mazama americana
Collared peccary, Pecari tajacu
Crab-eating fox, Cerdocyon thous
Margay, Leopardus wiedii
Ocelot, Leopardus pardalis
Puma, Puma concolor
Jaguar, Panthera onca
Tayra, Eira barbara
South American coati, Nasua nasua
Azara’s agouti, Dasyprocta azarae
Capybara, Hydrochaeris hydrochaeris
Giant armadillo, Priodontes maximus
Nine-banded armadillo, Dasypus novemcinctus

2.74
0.83
3.00
1.72
5.23
0.13
1.09
2.17
2.87
0.32
0.70
0.77
0.38
0.19
0.26

2.55
0.77
3.13
1.02
3.32
0.26
1.21
3.38
3.32
0.13
0.57
0.45
0.45
0.19
0.38

3.45
1.02
4.02
2.23
6.89
0.32
1.40
4.08
4.08
0.38
0.89
0.96
0.45
0.32
0.51

51.9
56.3
55.6
57.1
55.6
80.0
31.8
46.7
47.2
66.7
71.4
60.0
14.3
80.0
87.5

(0.90)
(0.26)
(0.60)
(0.52)
(1.75)
(0.10)
(0.36)
(0.56)
(0.75)
(0.15)
(0.26)
(0.34)
(0.16)
(0.09)
(0.14)

(0.92)
(0.20)
(0.63)
(0.29)
(1.05)
(0.14)
(0.39)
(1.20)
(0.92)
(0.11)
(0.16)
(0.16)
(0.20)
(0.10)
(0.17)

(1,06)
(0,27)
(0,72)
(0,65)
(2,01)
(0,18)
(0,45)
(1,26)
(1,05)
(0,19)
(0,23)
(0,40)
(0,20)
(0,12)
(0,21)

Data are presented at the mean photographic rate (RAI), with the standard error (SE) given in parenthesis
Relative abundance indices (RAI) were calculated from the photographic rate
b
The percentage of species detection that triggered only one of the two cameras of the trap station
a

Cavalcanti 2006; Dillon and Kelly 2008), while others
suggest the opposite (Balme et al. 2009). Consequently,
and for comparison reasons, both full-MMDM and
half-MMDM (using data from all recapture individuals
within each capture history) have been computed to
calculate the eﬀective sampled area (Karanth and Nichols 2002; Silver 2004; Soisalo and Cavalcanti 2006;
Salom-Pérez et al. 2007; Balme et al. 2009).
We used logistic regression to evaluate the probability that any new jaguar photo was from a known (response variable = 0) or unknown individual (response
variable = 1) as a function of the sampling event (deﬁned by the eight 10-day consecutive sampling sessions).
We assessed model ﬁt using likelihood ratio test statistics
(Hosmer and Lemeshow 2000). Non-parametric statistics were performed employing R v.8.2 free statistical
software, while linear and logistic regressions were executed using SigmaPlot 11.0 (Systat Software, San Jose,
CA).

capture indexes (Table 1). Rates obtained with only one
camera (either Set 1 or 2) did not diﬀer between sets
(z = 0.42, p = 0.6373; Fig. 2), showing that our a priori identiﬁcation of Set 1 as the most favorable side of
the station was unjustiﬁed. However, we consistently
obtained higher rates using two cameras per station
(Table 1, Fig. 2), with overall rates of 1.45 ± 0.05
[standard error (SE)] and 2.05 ± 0.13 for sets with 1 and
2 cameras, respectively. The diﬀerences were signiﬁcant
(Set 1 vs. Total z = 3.30, p = 0.0007; Set 2 vs. Total
z = 3.28, p = 0.0011). On average, there was an increase of 29% in photographic rate when two cameras
were used, and for the majority of the species, more 50%
of the detections resulted from the triggering of only one
camera of the set (Table 1). No correlation was found
between RAI and mean species weight (rs = 0.476,
p = 0.073, N = 15).
Jaguar identiﬁcation and abundance

Results
Photographic rates
During a sampling eﬀort of 1,680 camera-nights we
obtained a total of 3,619 photographs; of these, species
of interest, including mammals (N = 505), birds
(N = 215), and reptiles (N = 1) could be positively
identiﬁed on 724 photographs. There were three photos
of domestic animals that were not considered in the
analysis. The crab-eating fox (Cerdocyon thous) was the
most frequently photographed species, followed by the
jaguar and the puma (Puma concolor) (both with
RAI = 4.08) (Table 1). Among the other species, the
red brocket deer (Mazama americana) and the tapir
(Tapirus terrestris) presented the highest photographic

We obtained a total of 64 individual jaguar photos
(considering photos of the same jaguar taken simultaneously by both cameras of the set as one photo), but in
47.2% of the cases only one of the two cameras per set
registered the passing individual. A jaguar’s full body
extension was captured in only 45.7% of the photos,
while 22.8% revealed the animal’s body except for the
head. Only the posterior three-quarters of the body was
visible in 16.3% of the photos, and only the tail was
photographed in 13% of the photos. The remaining
photos (2.2%) showed frontal or posterior views of the
animal.
The number of jaguars identiﬁed using only one
camera per station varied from six to seven animals (Set
1 or Set 2); this reached ten individuals when two opposingly placed cameras were used (Table 2).

Fig. 2 Cross-species comparison of overall photographic rates
(records/100 trap-nights) using one camera (SET 1, SET 2) and
both cameras (Total) per station. Thin line Regression of the

photographic rates of the diﬀerent sets, thick line expected
regression if both estimate similar rates (i.e., a = 1)

For all single-camera set analyses, CAPTURE selected the null model (M0) as the most suitable, followed
by the heterogeneity model (Mh) (Table 2). There were
considerable diﬀerences in the estimates of jaguar
abundance between these models, particularly in Set 1,
where values obtained for Mh (N = 15–22) were up to
threefold higher than estimates by M0 (N = 6–7). Estimates of capture probability (p-hat) varied from 0.080 to
0.438 (Table 2) and, consequently, generally lay above
the threshold of 0.1 required for reliable estimates of
population size (White et al. 1982). p-hat was also consistently higher for the M0 model when compared to Mh.
For the two cameras per station, CAPTURE selected
the Mbh model as the most suitable, followed by the Mh
model, but both presented the same abundance estimates (N = 12) (Table 2). Capture–recapture analysis
fail to produce captures probabilities for Mbh models
due to the absence of new capture on sampling occasion
2. CAPTURE did not indicate any violation of the
closure assumption for any of capture–recapture histories.
The estimates of the buﬀer strip width did not diﬀer
signiﬁcantly when using 1 (average MMDM 12 ± 4.06

km) or two cameras (MMDM 11.4 ± 4.01 km) (Kruskal–Wallis K = 4.585, p = 0.3326 for all sets; Kruskal–
Wallis K = 4.144, p = 0.2463 for comparison between
single-camera sets) (Table 3). Nevertheless, when applied to the estimates of eﬀective sampled area, there
were considerable diﬀerences in sampled area, varying
from 529 to 1,065 km2 for one camera per set (mean
777.3 km2) and a mean of 753 km2 for the two cameras
per set.
The diﬀerences in the estimates of jaguar abundance
and sampled area resulted in diﬀerent density estimates
for the diﬀerent camera sets (Table 3). The null model
generated a lower density estimate for single-camera
sets, with values ranging from 1.72 to 3.26 jaguars/
100 km2 for half-MMDM (0.66–1.32 jaguars/100 km2
for full MMDM) compared to 3.35 jaguars/100 km2 (vs.
1.33 jaguars/100 km2 for full-MMDM) for the two
cameras per set. In contrast, the heterogeneity model in
most cases generated a higher density estimate for one
camera per station, with values ranging from 2.18 to
5.40 jaguars/100 km2 for half-MMDM (vs. 0.86–2.13
jaguars/100 km2 for full-MMDM) compared to
3.99 jaguars/100 km2 (vs. 1.59 jaguars/100 km2 for

Side

0.905
0.337
0.796
0.662
0.151

p
1.00
1.00
1.00
1.00
0.74

M0
0.90
0.89
0.80
0.90
0.98

Mh
0.36
0.30
0.16
0.22
0.86

Mb

Model selection
rankingsb

0.64
0.58
0.57
0.57
1.00

0.238 7
0.313 6
0.339 7
0.339 7
0.438 10

±
±
±
±
±

1.176
0.624
0.559
0.559
0.329

(7–14)
(6–6)
(7–7)
(7–7)
(10–10)

Mbh p-hat N ± SE (95% CI)

Null model (M0)

Population estimatesb

0.080 22 ± 8.481 (13–48)
0.125 15 ± 5.086 (10–31)
0.264 9 ± 1.897 (8–16)
0.339 7 ± 2.412 (7–20)
0.365 12 ± 3.200 (11–29)

p-hat N ± SE (95% CI)

Heterogeneity
model (Mh)

Not
Not
Not
Not
Not

computed
computed
computed
computed
computed

p-hat

Not computed
Not computed
Not computed
Not computed
12 ± 3.170 (11–29)

N ± SE (95% CI)

Heterogeneity and
behavior model (Mbh)

Right
Left
Right
Left
-

Set 1: 1 camera per station

14.39
10.88
8.76
12.00
11.40

±
±
±
±
±

2.05
1.82
2.29
1.95
1.63

MMDM (km) ± SE

MMDM mean maximum distance moved

Total: 2 cameras per station

Set 2: 1 camera per station

Side

Camera

1,065
704
529
811
753

MMDM
408
283
215
322
301

Half-MMDM

Sampled area (km2)

0.66
0.85
1.32
0.86
1.33

±
±
±
±
±

0.28
0.42
1.05
0.42
0.70

MMDM

1.72
2.12
3.26
2.18
3.35

±
±
±
±
±

0.61
0.842
2.03
0.86
1.36

Half-MMDM

Null model (M0)

2.01
2.13
1.70
0.86
1.59

±
±
±
±
±

1.13
1.26
1.39
0.51
0.94

MMDM

5.40
5.30
4.19
2.18
3.99

±
±
±
±
±

2.67
2.71
3.73
1.13
1.95

Half-MMDM

Heterogeneity model (Mh)

Estimated density (per 100 km2) ± SE

1.59 ± 0.93

MMDM

3.99 ± 1.94

Half-MMDM

Heterogeneity and behavior
model (Mbh)

Table 3 Jaguar density for the diﬀerent CAPTURE models for abundance estimation on the Santa Fé ranch, 2007, based on one and two cameras per station

a

Njag, Number of jaguars identiﬁed; CI, conﬁdence interval; p-hat, capture probability; N, estimated abundance
CAPTURE program (Rexstad and Burnham 1991): tests seven models, with each assuming diﬀerent sources of variation in capture probability p, and determines the best ﬁtting model
using a series of goodness-of-ﬁt tests followed by a discriminant function analysis
b
M0, null model, which assumes no variation in capture probability between individuals over time; Mh, the heterogeneity model, which assumes individual variation in capture
probability; Mb, the behaviour model, which assumes distinct probabilities for ﬁrst capture and recaptures; Mbh, the behavior and heterogeneity model

1.311
0.422
0.829
0.418
1.030

z

Njag Test for
closure

Right 7
Left
6
Set 2: 1 camera per station
Right 7
Left
7
Total: two cameras per station 10

Set 1: 1 camera per station

Camera

Table 2 CAPTUREa results for the population closure test, model selection, capture probabilities, and estimated abundance of jaguar for one and two cameras per station in the Santa
Fé Ranch forest reserve (central Brazil), 2007

full-MMDM) computed for two cameras per set. This
last estimate for two cameras per station matched the
density computed for the Mbh model.
As expected, the probability that a jaguar photo was
from a new unknown individual previously undetected
decreased with the sampling event, from a maximum of
around 0.6 down to a non-negligible 0.1 during the last
sampling event (likelihood-ratio test 5.94, p = 0.015
rejects the null model of no eﬀect, Wald v2 = 5.1;
p = 0.024 for the parameter estimate; Fig. 2).

Discussion
Although camera-trap studies designed for speciﬁc target species are unlikely to supply a complete inventory of
medium- to large-sized mammals, this study design can
be used for monitoring purposes and for providing
information on which to base conservation actions
(Ahumada et al. 2011; Gray and Phan 2011). Species
detection by camera-trapping can be inﬂuenced by several factors in addition to abundance, namely, species
size/body mass, characteristics of the camera model,
environmental conditions, and species behavior (e.g.,
speed) among others (Rowcliﬀe et al. 2011). Some of
these factors were not evaluated within the scope of this
study, which limits the conclusions that can be drawn to
only a comparison of the eﬃciency one versus two
cameras per camera location. Photographic rates of
jaguars and other species were signiﬁcantly lower when
one camera was used per station than when two cameras
were used per station. These results are intuitive, since
by placing two cameras per station we increased the
probability of photographing an animal passing the
station. When both cameras of a given station were
compared, there were no considerable diﬀerences in the
outcome from each individual camera, since both presented the same technical characteristics, similar spatial
position relative to the road/trail, and equivalent environmental conditions. The number of false events (pictures without animals) was twofold higher than the
number of pictures with animals and could mostly be
attributed to sun/heat exposition or human passage.
However, a considerable number of false events (about
10% of total photos) could be attributed to slow trigger
response. These were characterized by being night photos without any sign of what could have caused the
picture to be taken other than a passing animal that at
the moment of trigger had already left the camera’s
range. The fact that only half the jaguar photos were
shot simultaneously by both cameras of the set and that
10% of these photos caught only the tail again highlights
the inﬂuence of trigger speed and possible camera
detection failure on the results. With a faster and more
reliable camera model, it is well possible that results
from one versus two cameras per station would not have
been as diﬀerent as we experienced in this study. A
number of variables need to be controlled in order to
compare species RAI between places and time, particu-

larly those associated with camera detection ability.
Further information on species behavior (e.g., speed)
and estimation of the detection zone for each camera
model under speciﬁc conditions are required to improve
further comparisons (Rowcliﬀe et al. 2011).
The two main components that aﬀect the ﬁnal density estimate, namely, abundance and sampled area,
must be evaluated in order to establish an eﬃcient
camera-trapping protocol for jaguar population monitoring. Estimates of abundance are aﬀected by the
capacity to distinguish individuals and, using capture–
recapture analysis, the eﬀectiveness in computing
quantitative unbiased estimates that reﬂect the true
population size (Karanth and Nichols 1998). Model
selection by CAPTURE is known to lack power when
sample sizes and capture probabilities are low (Otis et al.
1978; Pollock et al. 1990). Although the null model (M0)
is considered to be unrealistic for carnivore species because it does not account for any variation in capture
probability—a situation that is almost never true in a
ﬁeld study—and because it can underestimate true
density (Karanth and Nichols 1998), it has been ranked
as the best model for all analyses except for the twocamera set. Alternatively, the Jackknife population
estimator accounting for individual heterogeneity in
p (Mh) is considered to be a more robust model, but it
does not provide an adequate estimation if only few
animals are recaptured (Otis et al. 1978; Boulanger et al.
2004), which was the case in our study for all singlecamera set analyses. A clear advantage of using two
simultaneous cameras in our study was the higher
detection probability and, more importantly, an increased capacity to identify individuals by obtaining
photographs of both ﬂanks that allowed a more solid
capture–recapture history to be built. The use of one
camera per station represented an overall reduction of
30–40% in the number of individual jaguars identiﬁed
(N = 10 for 2 cameras and N = 6 or 7 for 1 camera
set). Also, by incorporating more photos into the capture–recapture history, researchers can use data more
eﬃciently, resulting in a higher number of detected
individuals for use in further analyses. Thereby, sources
of unreliability (low captures rates and extreme levels of
heterogeneity) can be reduced (Menkens and Anderson
1988; Harmsen 2006). In our study, one camera per
station supplied a lower number of capture events and
increased the number of individuals captured only once
(i.e., decreased recaptures) when compared with the twocamera station. The fact that a 10% probability of a
jaguar not being detected during sampling remained
even with two cameras per set underlines the importance
of using models that account for imperfect detection,
rather that using mere count statistics (Fig. 3). This is
even more important if we consider that this probability
can be underestimated, since the logistic regression is
conditioned on the number of animals detected and not
on all animals present in the population.
The test for population closure included in CAPTURE is not considered to be statistically robust

Fig. 3 Probability of capturing new unknown individuals as a
function of the sampling event (left y-axis) and the number of new
(grey bar) and known (black bar) individual jaguars detected in
each sampling event (right y-axis)

(Rexstad and Burnham 1991), and although an alternative test does exist (CloseTest program provided by
Stanley and Burnham 1999), it is generally agreed that
closure should best be approximated and judged on a
biological basis (Otis et al. 1978). We believe that
2 months is a proper survey length for the jaguar to meet
this assumption, even more so since we only consider
adult individuals in our analysis. However, we do
acknowledge the lack of data on territorial and spatial
behavior that could support this assumption.
The standard approach of estimating a sampled area
is an ad hoc method that is open to debate due to a lack
of theoretical background—more speciﬁcally, its relation to territory and home range size (Royle et al.
2009). According to Maﬀei and Noss (2008), the area
covered by traps should include an area that is more
than fourfold larger than the size of the average home
range of the species in question. The lack of data on
jaguar home range in our study area impairs any
evaluation of the eﬀectiveness of our sampling design
and our reliability in terms of sampled area estimates.
The variation that can be observed in our sampled area
estimates is directly associated with diﬀerences in
maximum distance moved (MDM), which in turn depends on the distance between the cameras and recaptured animals. Since camera position is the same,
diﬀerences in the results of single- versus two-camera
sets are a consequence of limitations in individualizing
jaguar pictures in the single-camera sets and, consequently, in observing recaptures. This decrease in the
probability of recapturing individuals increases the bias
in the estimates. The relatively recent development of
new spatially explicit capture–recapture analysis allows
eﬀective sampled area to be estimated using observed
spatial encounter history data and can potentially be
explored to overcome the conceptual limitation of the
traditional closed population estimators (Borchers and
Eﬀord 2008; Gardner et al. 2009; Obbard et al. 2009;
Royle et al. 2009).

In addition to diﬀerences in estimates of sampled
area, jaguar density estimates based on data from one or
two cameras per station were inﬂuenced by diﬀerent
estimates of abundance, which were further inﬂuenced
by the model (M0, Mh, Mbh) used (Tables 2, 3; Fig. 3).
While the null model (M0) estimates can be considered
to be conservative, densities obtained for one camera per
station using the Jackknife estimator (Mh) were revealed
to be unrealistically high and probably to overestimate
abundance (Harmsen 2006). These diﬀerences in density
estimates are relevant for monitoring programs, since
they aﬀect the capacity to correctly characterize a population’s status and detect annual trends, especially
when populations are present at low densities (Balme
et al. 2009).
Although any comparison of the results from this
study with other jaguar densities estimates should take
into account diﬀerences in methodology, a pattern can
be discussed using the premises that have been observed
in the majority of published data (that is, using data
pooled from two camera sets and estimates from the Mh
model and half-MMDM). With an estimate of four
jaguars/100 km2, the jaguar density in our study area is
somewhat intermediate between that of tropical forest
areas [e.g., 7.48–8.80 jaguars/100 km2 in Belize (Silver
et al. 2004); 6.98 jaguars/100 km2 in Costa Rica (SalomPérez et al. 2007); 3.41–5.11 jaguars/100 km2 in Bolivia
(Maﬀei et al. 2004)] and dryer regions [2.67 jaguars/
100 km2 for Brazilian Caatinga (Silveira et al. 2009);
2.00 jaguars/100 km2 for Brazilian savannahs (Silveira
2004). Although our study location was a forest environment, jaguar densities in the Atlantic forest of Brazil
and Argentina are lower than that determined in our
study (0.2–2.22 jaguars/100 km2; Cullen et al. 2005;
Paviolo et al. 2008), possibly because the biome is much
more degraded and fragmented (Sollmann et al. 2008).
In some regions of the open seasonally ﬂooded plains of
the Pantanal, jaguar densities are comparable to or even
higher than those in tropical forests (10.3–11.7 jaguars/
100 km2; Soisalo and Cavalcanti 2006), probably due to
the abundant mammal fauna (Astete et al. 2008). The
availability of prey is considered to be an important
limiting factor for the species and could explain density
variation, but in order to conﬁrm this hypothesis further
research combining information on jaguar and prey
species abundance is needed (Maﬀei et al. 2004; SalomPérez et al. 2007).
In conclusion, the use of one camera per station can
be a useful approach in estimating relative abundance—if the consequent decrease in detection probability is acknowledged. The use of two camera-traps at
selected stations to calibrate the error of single-camera
sets may be an approach to guarantee the comparability
of data from single- versus two-camera sets. In all other
cases, such as when we intend to apply mark–recapture
models to obtain actual accurate density estimates, the
use of two cameras per station should be preferred. The
increase in data available for analysis and the resulting
improved model choice and reliability of parameter

estimates are especially important when dealing with a
rare and cryptic species that will almost inevitably yield
a low sample size, even with the best sampling design
possible. When designing a study, researchers should
locate stations on roads and well-established open trails
(Harmsen et al. 2010). When available, site-speciﬁc
information on jaguar home range size should be considered for deciding on the spacing of cameras, and a
uniform sampling design should be established that allows possible exploration of a new spatially explicit
capture–recapture analysis as an alternative to the traditional one (Royle et al. 2009).
Camera-trapping, although limited by various methodological constraints, has proved to be a useful tool for
accessing the density of several large carnivore species;
as such, it has provided valuable data that have been
used to evaluate the success of conservation eﬀorts and
human impact on natural populations. However, small
datasets, which are likely to arise from sampling rare
and cryptic species, can cause erroneous model selection
for the estimation of abundance, as well as lead to biased
estimates of spatial parameters (here the MDM). Both
aspects largely inﬂuence the ﬁnal density estimate. Further, insuﬃcient data can lead to estimates that lack the
reliability needed for management decisions or biological inference. Here, we show that for the jaguar, which is
a species of conservation concern, the use of two camera
traps per sampling station has clear advantages over the
use of single-camera stations and that the former should
be used whenever possible to achieve reasonable levels of
reliability in parameter estimates. Additional studies
should be performed to further optimize this method,
particularly in the setting of spatially explicit capture–
recapture approaches that could overcome standard
methodological constraints.
The Brazilian Amazon basin is suﬀering from increased human pressure due to deforestation, which is
especially evident at the southern border of the Amazon,
where it merges with the Cerrado savannahs—an area
called the arc of deforestation. Here, the agricultural
frontier is moving into the Amazon forest, leaving the
landscape extremely fragmented. Although the establishment of protected areas (PA) has increased in recent
years (Schulman et al. 2007), these may not be enough to
secure jaguar population dynamics at a larger scale. The
importance of private forest reserves for landscape-scale
jaguar conservation is highlighted by our results, given
that they can sustain considerable densities of this species, and others. Especially in the context of fragmentation, these reserves can also play an important role in
landscape connectivity when considering a meta-population structure for the jaguar. Understanding this species’ population status and landscape use, not only
inside PA, is essential in order to establish national and
regional management plans.
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Sollmann R, Tôrres NM, Silveira L (2008) Jaguar conservation in
Brazil: the role of protected areas. Cat News 4:15–20
Stanley TR, Burnham KP (1999) A closure test for time-speciﬁc
capture–recapture data. Environ Ecol Stat 6:197–209
Tobler MW, Carrillo-Percastegui SE, Leite Pitman R, Mares R,
Powell G (2008) An evaluation of camera traps for inventorying
large- and medium size terrestrial forest mammals. Anim
Conserv 11:169–178
Trolle M (2003) Mammal survey in the southeastern Pantanal,
Brazil. Biodivers Conserv 12:823–836
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