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1  |  INTRODUC TION

The jaguar (Panthera onca) is the largest apex predator in the Americas 
and plays an important role in maintaining biodiversity and ecologi-
cal processes in terrestrial and semiaquatic ecosystems via multiple 

food pathways (Paviolo et al., 2016; Ripple et al., 2014). As for most 
large carnivore species, jaguars have the potential role of limiting 
populations of both medium and large- sized herbivores through pre-
dation and mesocarnivores through intraguild competition (Ripple 
et al., 2014). Currently distributed from the southern United States 
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Abstract
The jaguar (Panthera onca) plays an important role in maintaining biodiversity and eco-
logical processes. We evaluated the status of a jaguar population in one of the last 
stronghold	habitats	for	its	conservation	in	the	Atlantic	Forest,	the	Rio	Doce	State	Park	
(RDSP).	We	used	a	random	survey	design	from	2016/17	to	estimate	jaguar	abundance	
and density as well as its occupancy and detection probabilities in the entire Park's 
area. To monitor for temporal fluctuations in density and abundance, we used a sys-
tematic survey design in the southern portion of the Park where jaguars were more re-
corded when using the random approach. We then conducted two surveys in 2017/18 
and 2020. Our 2016/17 random survey revealed that jaguar density (0.11 ± SE 0.28 
individuals/100 km2) was the lowest obtained for the species across the Atlantic 
Forest. We noticed that jaguar density increased three times from 2017/18 (0.55 ± SE 
0.45 individuals/100 km2) to 2020 (1.61 ± SE 0.6 individuals/100 km2). Jaguar oc-
cupancy and detection probability were 0.40 and 0.08, respectively. The low jaguar 
occupancy probability was positively associated with smaller distances from lakes and 
records of potential prey. The detection probability was positively associated with 
prey detection, the rainy season, and smaller distances from lakes. Our work contrib-
utes to a growing awareness of the potential conservation value of a protected area 
in a human- dominated landscape as one of the last strongholds for jaguars across the 
Atlantic Forest.
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to northern Argentina (Paviolo et al., 2016; Sanderson et al., 2002), 
jaguars are cryptic, solitary, and territorial carnivores that require 
large home ranges and a stable prey base for their long- term sur-
vival	(Morato	et	al.,	2016;	Sanderson	et	al.,	2002).	Therefore,	jaguars	
occur	naturally	at	low	densities	(Jędrzejewski	et	al.,	2018).	However,	
habitat loss, depletion of prey base, and human persecution have 
shrunk jaguars' habitat in more than half of its original occurrence 
(De	la	Torre	et	al.,	2017).	The	species	is	listed	as	near	threatened	in	
the	IUCN	Red	List	(Quigley	et	al.,	2017),	but	it	has	already	become	
locally extinct or critically endangered along most of its distribu-
tion, particularly in the Brazilian Atlantic Forest, where populations 
are	highly	threatened	(De	la	Torre	et	al.,	2017;	Galetti	et	al.,	2013;	
Paviolo et al., 2016).

The Brazilian Atlantic Forest is one of the world's 25 recognized 
biodiversity hotspots, yet notoriously one of the most devastated, 
threatened,	 and	 understudied	 ecosystem	 on	 the	 planet	 (Metzger	
et al., 2009). Originally covering about 150 million hectares (ha), 
this biome currently maintains less than 12% of its original forest 
cover	 (Ribeiro	et	al.,	2009).	Most	 (~80%) Atlantic Forest remnants 
are small (<50 ha), isolated and present different stages of forest 
succession	 (Metzger	 et	 al.,	 2009;	 Ribeiro	 et	 al.,	 2009).	 Based	 on	
the	species–	area	relationship	(Pimm	&	Raven,	2000),	most	of	these	
small fragments are probably depleted of species, particularly for 
medium-  and large- sized mammals such as the jaguar that depend 
on large areas to survive (Bodmer et al., 1997; Bogoni et al., 2020). 
Jaguar density estimates have been widely reported at some sites 
across the Atlantic Forest (Paviolo et al., 2016). This apex carnivore 
has already been extinct from almost all remaining Atlantic Forest 
fragments.	It	is	estimated	that	there	are	less	than	300	jaguars	per-
sisting in around only 2.8% of the remaining Atlantic Forest biome 
(Haag et al., 2010; Paviolo et al., 2016).

One of the last major remnants of Atlantic Forest in Brazil is the 
Rio	Doce	 State	 Park	 (RDSP).	 Located	 in	 the	 southeastern	 portion	
of	Minas	Gerais	State,	 in	southeastern	Brazil,	the	Park	has	an	area	
of	approximately	36,000	ha	 (IEF,	2021).	The	RDSP	houses	a	great	
diversity of fauna and an abundance of natural resources, such as 
rivers, natural lakes, and a high- quality forested area, factors that are 
often positively associated with the presence of jaguars (Boron et al., 
2020; de la Torre et al., 2017; Lavariega et al., 2020; Santos et al., 
2019).	These	characteristics	 reinforce	 the	 important	 role	of	RDSP	
in jaguars and jaguar prey conservation. Thus, knowing the jaguar 
abundance	in	RDSP	would	contribute	to	evaluate	the	existence	of	a	
potential jaguar conservation unit (JCU) in the region and provide a 
baseline for management actions to recover the species across the 
Atlantic Forest.

Management	strategies	to	secure	the	last	remaining	jaguar	pop-
ulations can be evaluated by monitoring changes in jaguar density 
and exploring factors influencing jaguar's habitat use within the 
forest remnants. For example, evidence for a decrease in the den-
sity/abundance of jaguars combined with factors influencing the 
species	habitat	use	within	the	RDSP	may	help	to	identify	potential	
threats to the population which can be vital for planning actions to 
increase connectivity and build safe landscapes among the current 

highly	isolated	remaining	populations.	Indeed,	for	the	Atlantic	Forest	
ecosystem, ongoing habitat loss, fragmentation, and poaching 
have limited mammal species movements between natural habitat 
patches	(Bogoni	et	al.,	2018).	Moreover,	RDSP	is	mostly	surrounded	
by human- related habitat features such as cities, Eucalyptus planta-
tions, and pastures, which have already been reported as negatively 
associated with the occurrence of jaguars (de la Torre et al., 2017; 
Xavier da Silva et al., 2018). Thus, monitoring the status of the jaguar 
population in the region would be vital to increase knowledge of the 
species' long- term persistence in the Atlantic Forest remnants.

We aimed to (a) determine the jaguar density and abundance in 
RDSP,	(b)	quantify	temporal	population	fluctuations,	and	(c)	evaluate	
the influence of habitat features and human- altered habitats on the 
occupancy and detection probabilities of jaguars in the Park. Jaguar 
movement may be affected spatially due to habitat characteristics 
and temporarily due to seasonal fluctuations (e.g., food resource) 
and human presence, which may influence detection probability 
(Bailey	et	al.,	2004;	Gu	&	Swihart,	2004;	Morato	et	al.,	2016).	We	
expected probabilities of occupancy and detection of jaguars to be 
positively influenced by (a) the proximity to rivers and lakes (Boron 
et al., 2020), (b) increasing distances from cities, Eucalyptus planta-
tions, and pastures (de la Torre et al., 2017; Xavier da Silva et al., 
2018), and (c) higher numbers of prey records (Santos et al., 2019). 
We also expected higher detection probabilities during the dry sea-
son, because lower levels of rainfall during the dry season would 
promote less availability of prey species and thus maximize jaguar 
movement in searching for prey.

2  |  MATERIAL S AND METHODS

2.1  |  Study area

The	RDSP	is	a	strictly	protected	area	(IUCN	Category	II)	in	the	State	
of	Minas	Gerais,	southeastern	Brazil,	representing	one	of	the	 larg-
est continuous remnants of Atlantic Forest in Brazil and the larg-
est	in	the	state	of	Minas	Gerais	(Gontijo	&	Britto,	1997).	The	RDSP	
represents an important area for maintenance of biodiversity in the 
Atlantic	Forest	 (da	Silva	Junior	et	al.,	2010).	 In	addition	to	 jaguars,	
the	RDSP	includes	a	variety	of	mammals	such	as	pumas	(Puma con-
color), tapirs (Tapirus terrestris), collared peccaries (Pecari tajacu), 
northern- muriquis (Brachyteles hypoxanthus), and giant armadillos 
(Priodontes maximus) (Keesen et al., 2016; da Silva Junior et al., 2010; 
Stallings	et	al.,	1990).	The	RDSP	has	42	natural	lakes	located	mainly	
in	 the	 southern	 portion	 of	 the	 Park,	 three	 streams	 (Belém	 in	 the	
north,	Turvo	in	the	central	area,	and	Mombaça	in	the	south),	and	riv-
ers	Piracicaba	and	Doce	bordering	some	areas	of	the	Park	(Figure	1).	
The vegetation is classified as submontane seasonal semideciduous 
forest	 (IBGE,	2002;	Lino	&	Dias,	2004).	The	climate	 is	humid	sub-
tropical, with two marked seasons: a rainy summer from October 
to	March	followed	by	a	dry	winter	from	April	to	September	(Pereira	
et al., 2018). Human- altered habitats around the Park are composed 
mainly of Eucalyptus plantations, pasture, and urban areas.
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2.2  |  Survey design

We used a random survey design with a blocking arrangement of 
sampling units to estimate jaguar abundance and density as well 
as its occupancy and detection probabilities. By placing camera 
traps randomly in relation to animal movements, and sampling 
parts of the study area in proportion to their availability, we 
tried to avoid inflating or deflating encounter rates (Rowcliffe 
et al., 2013). We divided the study area into two sectors: north 
and south, each with nine 2.5- km- radius zones (buffers) covering 
the	entire	RDSP	area.	The	area	of	circular	 zones	corresponds	 to	
twice the smallest conservatively estimated home range size for 
female jaguars (10 km2 in a Central America tropical forest habitat) 

(Rabinowitz	&	Nottingham,	1986).	We	used	a	random	point	gen-
erator	tool	available	in	ArcGis	10.5	(create	random	points	-		ESRI,	
2016) to define three random sampling locations within each cir-
cular zone (Figure 1), which resulted in 27 camera trap stations 
(hereafter,	 stations)	 per	 sector.	Minimum	 distance	 between	 sta-
tions was 1.35 km (average 1.87 ±	0.5	km,	range	1.35–	3.75	km),	
which represents a sampling intensity that should be enough to 
potentially	detect	all	individuals	in	the	population	(Dillon	&	Kelly,	
2007;	Karanth	&	Nichols,	1998;	Silver	et	al.,	2004).	Each	station	
was composed of a pair of camera traps (Bushnell© Trophy Cam 
Natureview,	 Trophy	 Cam	 Standard,	 and	 Trophy	 Cam	 Essential—	
Kansas,	USA)	 installed	at	40–	50	cm	 in	height	 that	were	 fixed	 to	
trees and facing each other. This design allowed us to typically 

F I G U R E  1 Location	of	the	Rio	Doce	State	Park,	State	of	Minas	Gerais,	southeastern	Brazil.	The	yellow	and	red	grey	dots	represent	the	
locations of the sampling stations used during the random sampling design (right), used to access the occurrence of jaguars. The green dots 
represent the locations of the sampling stations used during the systematic sampling design (bottom left), used to access fluctuations in the 
jaguar	population.	Geographic	coordinate	system:	SIRGAS	2000	UTM	Zone_23S.	Source:	IBGE	(2019)
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record both flanks of a given animal, thereby facilitating individ-
ual	 identification	by	 spots,	marks,	 and	 scars	 (Karanth	&	Nichols,	
1998).	Cameras	were	programmed	to	record	10–	30	s	HD	videos,	
with an interval of 60 s between videos. All cameras were pro-
grammed to operate simultaneously for 24 h/day, and we did not 
use	baits	or	any	other	attractant.	Due	to	lack	of	roads	and	access	
in	remote	areas	of	the	RDSP,	we	opened	340	km	of	trails	to	access	
the designated stations. The data collection encompassed the dry 
(April	10–	September	22,	2016)	and	rainy	(October	17,	2016–	April	
17,	2017)	 seasons	 (Table	S1).	 In	each	season,	 the	survey	of	both	
sectors lasted a maximum of 120 days, which represents a short 
period in relation to the longevity of jaguar life span and migratory 
movements of individuals.

To monitor temporal fluctuations in jaguar density and abun-
dance, we used a systematic survey design and performed two 
surveys (2017/18 and 2020). These surveys were conducted in the 
southern portion of the Park where more records of jaguars were 
obtained during the random survey. For the systematic design, 
nine stations were installed (Figure 1) along low- traffic (<1 vehi-
cle/day) unpaved roads which are rarely used and exclusive for 
research and maintenance (Figure 1). This sector represents ap-
proximately 14% of the study area (50 km2). The location of the 
stations was assigned to maximize the capture probability of car-
nivores (especially felids) by systematically selecting sites having 
direct evidence (e.g., tracks, scraps, scats) indicating their pres-
ence.	Minimum	distance	between	stations	was	0.52	km	(average	
1.1 ±	 0.58	 km,	 range	 0.52–	1.84	 km).	 This	 nonrandom	 approach	
aimed to increase jaguar detection probability and thus monitor 
any individuals with home ranges overlapping camera locations. 
Also, because jaguars have a large home range size, we assumed 
that this survey design was likely to detect any jaguar individual 
given it was present in the Park during the survey.

For our two systematic design surveys, the same stations were 
sampled during the dry and rainy seasons. For the 2017/18 survey, 
the sampling period encompassed dry (April 19 to September 30, 
2017) and rainy (October 01, 2017, to January 23, 2018) seasons 
(Table S2). For the 2020 survey, the sampling period spanned dry 
(February 27 to September 30, 2020) and rainy (October 01 to 
December	12,	2020)	seasons	(Table	S3).

2.3  |  Estimating density and abundance of jaguars

Jaguars were identified according to sex (when possible, visuali-
zation of genitalia), patterns of rosettes, and spots on both flanks 
(Karanth	 &	 Nichols,	 1998;	 Noss	 et	 al.,	 2013).	 The	 identifications	
were performed by two observers independently (FCCA, JBP). We 
recorded individuals whose sex could not be confirmed as “unidenti-
fied”	(N.I.).	We	discarded	low-	quality	records	that	were	too	blurry	to	
allow clear observation of relevant features of jaguars (Figure S1). 
For each survey design (random and systematic), sampling effort 
was calculated by multiplying the number of sampling stations by 
the total number of days of operation of the stations, and capture 

success was calculated by dividing the number of jaguar records by 
the sampling effort and multiplying the result by 100.

We built the detection history for each individual through re-
cording whether the individual was detected (1) or not (0) in each 
occasion,	considering	detections	from	all	sampling	stations.	Due	to	
the low number of jaguar records for both designs (random and sys-
tematic), we defined the sampling occasion length as 20 days, total-
ing 19 occasions for the random (2016/17) and 15 occasions for each 
systematic survey (2017/18 and 2020). We verified the assumption 
of population closure for both designs (random and systematic) 
between the dry and rainy seasons. For the systematic design spe-
cifically, we verified the closure separately for the 2017/2018 and 
2020 survey periods. Thus, we defined each season as a different 
sampling session. We used the spatial capture and recapture mod-
els	for	open	populations,	available	in	the	openCR	package	(Efford	&	
Schofield, 2020) in Program R 3.5.2 (R Core Team, 2020) to verify the 
assumption of population closure for both random and systematic 
designs. For this, we used the spatial models of Jolly- Seber- Schwarz- 
Arnason	(JSSA)	(Efford	&	Schofield,	2020;	Schwarz	&	Arnason,	1996)	
that include the estimation of apparent survival (φ), probability of 
ingress (b), detection function (λ0), detection function scale (σ), and 
superpopulation density (superD)	 (Efford	 &	 Schofield,	 2020).	 We	
built models allowing φ and b to be estimated between sessions (i.e., 
open	population)	or	fixed	(i.e.,	closed	population	–		fixing	φ = 1 and 
b = 0). Through the use of the Akaike information criterion adjusted 
for	small	sample	sizes	(AICc,	Burnham	&	Anderson,	2002),	we	veri-
fied population closure for either the random design (ΔAICc	= 5.78 
for the next model with better support, in which φ and b were esti-
mated), 2017/18 systematic design (ΔAICc	= 4.26 for the next model 
with better support, in which φ and b were estimated), and 2020 sys-
tematic design (ΔAICc	= 124 for the next model with better support, 
in which φ and b were estimated). Thus, we used spatially explicit 
capture	and	recapture	models	for	closed	populations	(SCR)	(Efford,	
2004,	2019;	Efford	&	Fewster,	2013)	available	 in	the	secr	package	
(Efford	&	Schofield,	2020)	in	Program	R	3.5.2	(R	Core	Team,	2020).

We	estimated	the	density	of	jaguars	for	the	entire	RDSP	by	using	
the data from the random survey design. Subsequently, we used 
the data from the systematic surveys for monitoring temporal jag-
uar population density fluctuations between the years 2017/18 and 
2020. We conducted one analysis for the 2017/2018 survey period 
and another analysis for the 2020 survey period and, thus, estimated 
the model parameters of interest separately for each survey period. 
Spatially explicit methods for density estimates have some advan-
tages over nonspatial methods as they consider heterogeneity in the 
detection of individuals and the geographic location of the records, 
which	reduces	the	bias	of	estimates	(Efford	&	Fewster,	2013).	The	
SECR	models	estimate	 three	parameters:	 the	encounter	 rate	 (g0—	
probability of detecting an individual in the center of its living area), 
sigma (σ—	distance,	in	meters,	in	which	the	detection	probability	de-
cays	from	the	center	of	the	 individual's	 living	area—	can	serve	as	a	
proxy for the size of the living area of individuals), and a third de-
rived parameter, density (estimation of individuals/100 km2)	(Efford	
&	Schofield,	 2020;	Espinosa	et	 al.,	 2018).	 The	encounter	 rate	 and	
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sigma define the detection probability according to geographic loca-
tions	(Efford,	2004;	Efford	&	Schofield,	2020).	For	the	three	datasets	
(2016/17 random design, 2017/18 systematic design and 2020 sys-
tematic design), we fitted only the constant model (i.e., g0 ~ 1, 
sigma ~	1,	D	~ 1) to reduce the number of parameters estimated and 
thus minimize the bias of estimates as we had low individual recap-
ture	rates.	Models	were	fitted	using	maximum	likelihood	estimation,	
assuming a Poisson distribution and the half- normal detection func-
tions	 (Efford,	 2019;	 Efford	&	Schofield,	 2020).	We	used	 as	 buffer	
dimension 4σ	as	suggested	by	Efford	(2019)	and	Noss	et	al.	(2013),	
resulting in a buffer of 15 km for the 2016/17 random design, 11 km 
m for the 2017/18 systematic design, and 11.2 km for the 2020 sys-
tematic design. From the spatial estimate of density generated by 
the models, we estimated the nonspatial abundance, multiplying the 
density	by	the	size	of	the	RDSP	area.

2.4  |  Estimating the probabilities of occupancy and 
detection of jaguars

Here, we interpreted detection probability as the frequency (or in-
tensity)	of	use	of	the	occupied	locations	by	jaguars	(Dias	et	al.,	2019;	
Massara	et	al.,	2018)	and	occupancy	probability	as	 the	probability	
a site i	 is	occupied	by	 the	 species	 (Mackenzie	et	 al.,	2002).	To	as-
sess the influence of station- level features on jaguar occupancy 
and detection probabilities, we measured the distance (m) between 
each station and the nearest river, lake, and human- related habi-
tats (urban areas, Eucalyptus plantations, and pasture), using a 2016 
Sentinel-	2	 satellite	 image	 (10-	m	 resolution)	 in	 ArcGIS	 10.5	 (ESRI,	
2016)	and	SPRING	5.3.	 (Câmara	et	al.,	1996).	To	explore	the	 influ-
ence of prey availability on jaguar occupancy, we recorded the num-
ber of potential prey by summing all independent records of prey 
species at each station. To minimize dependence among records, we 
only included records of the same prey species that had an inter-
val of one hour between them. We considered as potential prey for 
jaguars those species that had been previously recorded as having 
high	overlap	in	activity	patterns	with	jaguars	in	RDSP	(Arrais,	2019)	
and that are also part of jaguar prey items according to the available 
literature (Seymour, 1989): capybaras (Hydrochoerus hydrochaeris), 
deer (Mazama spp.), tapirs (Tapirus terrestris), and peccaries (Pecari 

tajacu). We also constructed three covariates that varied for each 
station and sampling occasion to model detection probability only: 
the number of independent detections of potential prey species; the 
number of days the cameras were operational; and season as a cat-
egorical covariate (dry = 0 and rainy = 1) (Table 1). We evaluated for 
correlation among covariates using the Pearson correlation test to 
exclude highly correlated covariates (r	≥	.6)	through	the	R	3.5.2	pro-
gram (R Core Team, 2020; Wang et al., 2019), but none were highly 
correlated (Table S7).

We estimated the probabilities of occupancy and detection of 
jaguars by using the data from the random survey design of 2016/17. 
We combined detections into 20- day periods (sampling occasions) 
to compose jaguar detection histories for each station and season. 
Thus, we generated a total of 11 occasions (six related to the dry 
and five related to the rainy seasons, respectively). First, we eval-
uated the premise of population closure using dynamic occupancy 
models, which allowed the parameters of colonization (gamma) and 
extinction (epsilon) of the stations between seasons to be estimated 
(MacKenzie	et	al.,	2003).	Two	models	were	constructed,	in	which	(a)	
the parameters of colonization and extinction were either estimated 
(open population; alternative hypothesis) or (b) fixed to zero (closed 
population;	null	hypothesis)	(Massara	et	al.,	2018;	Nagy-	Reis	et	al.,	
2017).	Using	 the	AICc	 (Burnham	&	Anderson,	2002),	 both	models	
were equally supported (ΔAICc	= 0.08 for the closed population hy-
pothesis), revealing weak evidence for an open population as our null 
hypothesis (i.e., intercept- only model) was supported by the data. 
Also, as our main objective was not to evaluate occupancy changes 
between seasons, we combined data from both seasons in a static 
occupancy	 modeling	 approach	 (single-	season)	 (Mackenzie	 et	 al.,	
2002). This modeling approach includes the estimation of two pa-
rameters:	the	probability	of	occupancy	(ѱ),	which	is	defined	as	the	
probability a site i is occupied by the species; and the probability of 
detection (p), which is defined as the probability of detecting the 
species at a station i at a time (or occasion) t, given it is occupied 
(Mackenzie	et	al.,	2002).

We	built	 the	models	using	Program	MARK	(White	&	Burnham,	
1999)	 and	 ranked	 candidate	 models	 using	 the	 AICc	 (Burnham	 &	
Anderson, 2002). For the construction of the models, we used the 
step- down strategy of model selection (Lebreton et al., 1992). Using 
a	fixed	structure	of	a	global	model	(containing	all	covariates)	for	ѱ,	

Covariates
Mean 
value

Range value 
(min.– max.) Parameter

Distance	to	the	nearest	river	(m) 2106.87 169.71–	11,948.36 ѱ, p

Distance	to	the	nearest	lake	(m) 1292.38 0.00–	3977.24 ѱ, p

Distance	to	human-	altered	habitats	(m) 2223.77 127.28–	5287.15 ѱ, p

Days	of	active	camera	traps 12.82 0.00–	20.00 p

Number	of	prey 25.15 0.00–	221.00 ѱ

Detection	of	prey 2.54 0.00–	54.00 p

Note: Days	of	active	camera	traps	and	detection	of	prey	were	measured	for	each	occasion	(11	
occasions in total) of each station, and a weighted average was used among all stations in the mean 
value field.

TA B L E  1 Covariates	used	to	model	the	
occupancy and detection probabilities of 
jaguars	in	the	Rio	Doce	State	Park,	State	
of	Minas	Gerais,	southeastern	Brazil
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we built different model structures with only one covariate for p. 
Based on the best- ranked models that contained the most likely co-
variates (ΔAICc	≤	2)	for	p, we began to build different model struc-
tures	with	only	one	covariate	for	ѱ,	fixing	the	most	likely	covariates	
for p in a single model structure. We used the maximum likelihood 
estimation	 methods	 incorporated	 in	 Program	MARK	 (Burnham	 &	
Anderson,	2002;	Mackenzie,	2006)	to	estimate	the	probabilities	of	
occupancy	and	detection	of	 jaguars	 in	RDSP.	A	total	of	31	models	
were constructed (Table 2). As we had model selection uncertainty 
(i.e., more than one model with ΔAICc	≤	2),	occupancy	and	detec-
tion	 probabilities	 of	 jaguars	 for	 the	 RDSP	were	 obtained	 through	
the model- averaged estimates (Burnham & Anderson, 2002). By 
using the occupancy estimates for each sampling station from the 
best- ranked covariate(s) influencing jaguar occupancy probabilities 
(ΔAICc	 ≤	 2),	 we	 generated	 a	 predictive	map	 of	 jaguar	 occupancy	
for	 the	 entire	 RDSP	 using	 the	 “kriging”	 interpolate	 method	 avail-
able	in	ArcGIS	(ESRI,	2016).	We	evaluated	for	lack	of	independence	
(i.e., overdispersion) among sampling stations by performing the 
goodness-	of-	fit	test	(MacKenzie	&	Bailey,	2004)	available	in	Program	
PRESENCE	2.12.36	(Hines,	2006).	For	this	test,	we	used	the	model	
with	the	largest	number	of	covariates	in	ѱ,	and	p containing the co-
variate that had better support through the step- down approach. 
The test revealed independence between the sampling stations 
(χ2 = 271.98, p = .70, ĉ = 1.00).

3  |  RESULTS

3.1  |  Density and abundance of jaguars

Considering both types of survey designs (random and system-
atic), we recorded a total of 10 jaguars (4 males, 4 females, 1 adult 
not	identified	(N.I)	and	1	cub	N.I.).	We	recorded	only	two	males	in	
the	 random	 survey.	 In	 the	 systematic	 surveys,	we	 recorded	 three	
males,	and	all	the	females,	one	adult	N.I.,	and	one	cub	N.I.	For	the	
2016/17 random survey design, a total of 7431 trap nights yielded 
16 independent jaguar records (Table S4). The capture success rate 
was 0.18 captures per 100 trap nights. Our constant model provided 
an	 estimate	 of	 density	 (D)	= 0.11 ± SE 0.28 individuals/100 km2 
(95%	CI	=	0.02–	0.69)	and	abundance	(N)	= 0.4 ± SE 0.99 individuals 
(95%	CI	=	 0.06–	2.49),	 g0	= 0.04 ± SE	 0.05	 (95%	CI	=	 0.01–	0.32),	
and σ = 8106.66 ± SE	15,828.91	m	(95%	CI	=	3134.04–	22,089.79	m)	
(Figure 2). For the 2017/18 systematic survey design, a total of 2089 
trap nights yielded 52 independent identifiable jaguar records (Table 
S5). The capture success rate was 2.49 captures per 100 trap nights. 
From these records, we identified 3 jaguars, being 1 male (34.6% of 
records) and 2 females (65.4% of records). Our constant model pro-
vided	an	estimate	of	density	(D)	= 0.55 ± SE 0.45 individuals/100 km2 
(95%	CI	=	0.13–	2.26),	 abundance	 (N)	= 1.97 ± SE 1.63 individuals 
(95%	CI	=	0.48–	8.12),	g0	= 0.13 ± SE	0.08	 (95%	CI	=	0.03–	0.37),	
and σ = 5292.21 ± SE	3788.28	m	(95%	CI	=	1500.20–	18,669.15	m)	
(Figure 3). For the 2020 systematic survey design, a total of 2329 
trap nights yielded 82 independent identifiable jaguar records (Table 

S6). The capture success rate was 3.52 captures per 100 trap nights. 
From these records, we identified 9 jaguars, being 3 males (70.73% 
of records), 4 females (23.17% of records), 1 unidentified adult (4.9% 
of records), and 1 unidentified cub (1.22% of records). Our constant 
model	provided	an	estimate	of	density	(D)	= 1.61 ± SE 0.6 individu-
als/100 km2	(95%	CI	=	0.79–	3.27),	abundance	(N)	= 5.78 ± SE 2.17 
individuals	(95%	CI	=	2.84–	11.78),	g0	= 0.35 ± SE	0.12	(95%	CI	=	0.16–	
0.6), and σ = 4180.44 ± SE	717.87	m	(95%	CI	=	2993.04–	5838.9	m)	
(Figure 4). All the 3 jaguars registered during the 2017/18 systematic 
survey were also registered during the 2020 systematic survey (one 
male and two females). Therefore, we registered 6 new individuals 
during the 2020 systematic survey design (Tables S5 and S6).

3.2  |  Occupancy and detection of jaguars

We detected jaguars at 5 (out of 54) sampling stations (naïve oc-
cupancy = 0.09). We had more surveyed days in average during the 
rainy season (dry season/occasion = 9.9, SE = 0.36; rainy season/
occasion = 16.4, SE = 0.34). From the model- averaged estimates, 
Ψ̂ = 0.40 (SE = 0.29), and p̂ = .08 (SE = 0.07). According to model 
ranking (ΔAICc	≤	2),	the	jaguar	occupancy	probability	was	positively	
associated with smaller distances from lakes and with the number of 
records of potential prey (Tables 2 and 3; Figure 5a,b), mostly in the 
southern	region	of	RDSP	(Figure	6).	The	jaguar	detection	probability	
(or intensity of use) was positively associated with prey detection, 
the rainy season, and smaller distances from lakes (Tables 2 and 3; 
Figure	5c–	e).	Because	the	null	(intercept-	only)	model	structure	was	
supported by our data when modeling either Ψ or p (Table 2), these 
covariates had only a slight influence on jaguar occupancy and de-
tection probabilities.

4  |  DISCUSSION

Estimating	density	of	large	carnivores	such	as	jaguars	is	challenging	
because they are generally wide- ranging, occur at low densities and 
are elusive (Sollmann et al., 2011). The task is particularly challenging 
when this species is investigated within one of the most endangered 
major biomes worldwide, the Atlantic Forest. This biome is under 
current conditions of severe habitat alteration and fragmentation 
(Grelle	 et	 al.,	 2021).	 In	 our	 study,	 jaguars	 occurred	 at	 low	density	
within	 the	 entire	 RDSP	 area	 (0.11	 ind./100	 km2 according to the 
estimates from the random survey design). Our estimates of jaguar 
density were the lowest obtained for the species across the entire 
Atlantic Forest (Paviolo et al., 2016; Srbek- Araujo & Chiarello, 2017). 
We believe we have documented a decline of jaguar population be-
tween 2012 and 2015 based on a reduction of opportunistic records 
on	 cattle	 predation	 around	 RDSP	 while	 surveying	 ocelots	 in	 this	
conservation unit (Widmer et al., 2016). Although this hypothesis is 
rather speculative because we do not have jaguar density estimates 
from previous studies in the area, this possible jaguar population 
decline is an indicative of the importance of continuous monitoring 
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TA B L E  2 Model	set	used	to	assess	the	occupancy	and	detection	probabilities	of	jaguars	in	the	Rio	Doce	State	Park,	State	of	Minas	Gerais,	
southeastern Brazil

Model AICc ΔAICc AICc weights Number of parameters −2 log(L)

Modeling	p

Ψ(riv + lak + hum + prey), p(prey- t)a 121.59 0.00 0.26 7 105.16

Ψ(riv + lak + hum + prey), p(.)a 122.17 0.58 0.19 6 108.38

Ψ(riv + lak + hum + prey), p(season- t)a 122.28 0.69 0.18 7 105.84

Ψ(riv + lak + hum + prey), p(lak)a 123.06 1.47 0.12 7 106.63

Ψ(riv + lak + hum + prey), p(day- t)a 123.17 1.58 0.12 7 106.74

Ψ(riv + lak + hum + prey), p(rivers) 124.36 2.77 0.07 7 107.92

Ψ(riv + lak + hum + prey), p(hum) 124.69 3.10 0.06 7 108.25

Modeling	Ψ

Ψ(lak), p(prey- t) 115.18 0.00 0.13 4 106.36

Ψ(.), p(prey- t) 115.87 0.70 0.09 3 109.39

Ψ(.), p(season- t) 116.75 1.57 0.06 3 110.27

Ψ(prey), p(prey- t) 116.77 1.60 0.06 4 107.96

Ψ(lak), p(season- t) 116.80 1.63 0.06 4 107.99

Ψ(.), p(lak) 116.84 1.66 0.06 3 110.36

Ψ(prey), p(season- t) 116.92 1.74 0.05 4 108.10

Ψ(lak), p(.) 116.96 1.78 0.05 3 110.48

Ψ(.), p(.) 116.97 1.79 0.05 2 112.73

Ψ(prey), p(.) 117.08 1.91 0.05 3 110.60

Ψ(.), p(day- t) 117.57 2.39 0.04 3 111.09

Ψ(prey), p(lak) 117.63 2.45 0.04 4 108.81

Ψ(lak), p(day- t) 117.64 2.47 0.04 4 108.83

Ψ(prey), p(day- t) 117.75 2.57 0.03 4 108.93

Ψ(riv), p(prey- t) 118.15 2.97 0.03 4 109.33

Ψ(hum), p(prey- t) 118.20 3.02 0.03 4 109.38

Ψ(riv), p(lak) 118.98 3.81 0.02 4 110.17

Ψ(hum), p(lak) 118.99 3.82 0.02 4 110.18

Ψ(riv), p(season- t) 119.05 3.87 0.02 4 110.23

Ψ(hum), p(season- t) 119.08 3.91 0.02 4 110.27

Ψ(lak), p(lak) 119.14 3.96 0.02 4 110.32

Ψ(riv), p(.) 119.17 4.00 0.02 3 112.69

Ψ(riv), p(day- t) 119.87 4.70 0.01 4 111.06

Ψ(hum), p(day- t) 119.91 4.73 0.01 4 111.09

Ψ(riv + lak + hum + prey), p(prey- t) 121.59 6.41 0.01 7 105.16

Ψ(riv + lak + hum + prey), p(.) 122.17 6.99 0.00 6 108.38

Ψ(riv + lak + hum + prey), p(season- t) 122.28 7.10 0.00 7 105.84

Ψ(riv + lak + hum + prey), p(lak) 123.06 7.89 0.00 7 106.63

Ψ(riv + lak + hum + prey), p(day- t) 123.17 8.00 0.00 7 106.74

Ψ(riv + lak + hum + prey), p(riv) 124.36 9.18 0.00 7 107.92

Ψ(riv + lak + hum + prey), p(hum) 124.69 9.51 0.00 7 108.25

Note: Models	were	constructed	through	a	step-	down	approach	(see	text	for	details).	The	models	were	ranked	using	the	Akaike	information	criterion	
adjusted	for	small	samples	(AICc);	riv	= distance between the station and the nearest river, lak = distance between the station and the nearest lake, 
hum = distance between the station and the nearest human- altered habitat, prey = number of potential prey of jaguars recorded at the stations, 
prey- t = detection of potential prey of jaguars recorded in each sampling occasion at each station, season- t = season in each sampling occasion, 
day- t = number of days the camera traps were operational in each sampling occasion at each station.
aBest ranked models for p in the first step (ΔAICc	≤	2)	that	were	considered	when	modeling	Ψ during the step- down modeling approach.
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of the population to fully understand its dynamics processes. The 
Atlantic Forest has undergone a long- time history of poaching 
(Chiarello, 2000; Cullen et al., 2000; Paviolo et al., 2009) that has 
caused local extinction and affected the abundance and behavior of 
medium-		and	large-	sized	mammal	species	(Chiarello,	2000;	Di	Bitetti	
et	al.,	2008;	Paviolo	et	al.,	2008).	It	is	likely	that	jaguars	in	RDSP	were	
depressed due to intense poaching in the surroundings of the Park 
and its borders, as reported for other forested regions (Romero- 
Muñoz	et	al.,	2019).	In	2012,	security	in	RDSP	was	controlled	by	a	

fixed	company	of	environmental	policy	of	the	State	of	Minas	Gerais	
comprising c. 16 men equating to 4.4 man per 100 km2 (FCCA, pers. 
observ.).	In	the	following	years,	the	company	suffered	from	events	of	
men being transferred to other regions of the State, and by the year 
2020, there were no more fixed representatives of the policy within 
the	 RDSP.	 The	 diminished	 security	 personnel	 to	 control	 poaching	
suggests that jaguars may have been killed in the region in retaliation 
to livestock predation, thus contributing to the low density herein 
obtained	 for	 the	 entire	 RDSP.	 Although	 this	 hypothesis	 is	 rather	
speculative and not empirically grounded, ancillary data collected on 
events	of	jaguar	predation	on	livestock	in	the	surroundings	of	RDSP,	
the	presence	of	poachers	within	RDSP	and	the	 lack	of	security	 to	
control poaching (FCCA, pers. observ.), give some support to this 
population trend.

As was expected based on previous studies with mammalian car-
nivores, jaguars were detected more often along trails and unpaved 
roads	in	the	southern	region	of	RDSP	where	our	systematic	survey	
was	conducted.	It	is	well	known	that	some	carnivores	prefer	roads	
or game trails for traveling (Carbone et al., 2001; Srbek- Araujo & 
Chiarello, 2017) meaning that our observed increased capture and 
recapture rate on roads can represent an advantage for improving 
population density estimates. However, systematic survey designs 
can lead to biased or incomplete sampling if sampling locations 
(roads, trails) are restricted to specific areas or if animals differ in 
their probability of encounter (Cusack et al., 2015).

Although we did not aim at comparing the outcomes of the ran-
dom sampling design with those of the systematic design, our results 
based on the 2017/18 systematic survey revealed that jaguar den-
sity estimate was slightly higher than that using the 2016/17 ran-
dom	survey	design,	which	covered	the	entire	RDSP.	However,	 this	
increase may be related only to methodological differences in survey 
designs and not necessarily to an increase in abundance/density of 
jaguars	 between	 these	 periods.	 If	we	 compare	 the	 confidence	 in-
tervals of the model parameter estimates between surveys, we can 
conclude that both survey designs generated similar jaguar densities. 
It	is	important	to	highlight	here	that	when	the	detection	probability	
of	elusive	and	rare	species,	such	as	jaguars,	is	low	(especially	≤0.10)	
and each individual in the population is detected less than 2.5 times, 
capture–	recapture	models	may	generate	 imprecise	abundance	and	
density estimates, which may explain the large confidence intervals 
of	our	estimates	regardless	the	survey	design	(Gerber	et	al.,	2014).	
However, low detection probabilities are common among carni-
vore studies worldwide and our detection probability estimates are 
comparable to estimates reported by other studies (p = .17, range 
0.02–	0.79;	Foster	&	Harmsen,	2012).	Thus,	even	though	the	jaguar	
abundance/density estimates between these two periods were sim-
ilar, with some differences regarding the presence of two females 
in the 2017/18 surveys that were not previously detected in the 
random survey, it is more likely that this difference might have oc-
curred because of differences in the detectability between sampling 
designs and the fact that jaguars did prefer to use the southern por-
tion	of	the	RDSP.	The	southern	region	where	the	systematic	survey	
was conducted represents approximately 14% of the study area has 

F I G U R E  2 Detection	probability	(±95%	CI	–		dashed	lines)	of	
jaguars as a function of the distance traveled from the center of the 
individuals'	living	area	during	random	survey,	in	the	Rio	Doce	State	
Park,	State	of	Minas	Gerais,	southeastern	Brazil

F I G U R E  3 Detection	probability	(±95%	CI	–		dashed	lines)	of	
jaguars as a function of the distance traveled from the center of the 
individuals' living area during 2017/18 systematic survey, in the Rio 
Doce	State	Park,	State	of	Minas	Gerais,	southeastern	Brazil

F I G U R E  4 Detection	probability	(±95%	CI	–		dashed	lines)	of	
jaguars as a function of the distance traveled from the center of the 
individuals' living area during 2020 systematic survey, in the Rio 
Doce	State	Park,	State	of	Minas	Gerais,	southeastern	Brazil
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many water sources throughout the year as well as unpaved roads 
with very restricted traffic which may facilitate migratory move-
ments of individuals. Thus, although the systematic survey design 
was not conducted in the entire Park and it did not account for po-
tential detection differences between individuals and habitats, it 
revealed to be efficient for monitoring the jaguar population, espe-
cially concerning the movements of individuals in and out the Park.

Using the systematic survey design to monitor temporal fluctu-
ations,	jaguar	density	and	abundance	in	RDSP	changed	significantly	
from 2017/18 to 2020. For the 2020 systematic survey, the number 
of jaguars was three times greater than that from the 2017/18 sys-
tematic survey. Thus, even under the worrisome regional status 
for the conservation of medium-  and large- bodied mammals in the 
Atlantic Forest, we found evidence of an established jaguar popula-
tion	in	RDSP	that	includes	several	males	and	females	and	at	least	one	
jaguar cub. Our results suggest the presence of an increasing, repro-
ductive, resident jaguar population in the study area (Andresen et al., 
2012;	De	Angelo	et	al.,	2013;	Hidalgo-	Mihart	et	al.,	2019;	Patterson	
et al., 2004). One male and two females are considered residents 
because they were consistently detected in the same area at least 
5 years in a row, and one of these females was observed with a cub 
(Barlow et al., 2009).

Changes in local jaguar density and abundance were mainly 
caused by changes in the number of adult animals and not in the 
number of nonbreeding animals represented by cubs or juveniles. 
The large fluctuation in the number of new animals was probably due 

to	the	immigration	of	adults	into	the	population.	With	the	COVID-	19	
pandemic,	 the	 RDSP	 was	 closed	 for	 tourists	 and	 researchers	 for	
most of the 2020 year. The total lack of movement of people inside 
the	RDSP	may	have	contributed	to	the	 immigration	movements	of	
jaguars.	Most	of	the	RDSP	surrounding	areas	are	comprised	of	small	
patches	of	forest,	being	the	RDSP	the	most	preserved	 large	patch	
of forest in the region. We believe that some jaguar individuals pre-
sented	in	the	surroundings	of	the	RDSP	not	detected	in	the	surveys	
of 2016/17 and 2017/18 may have taken advantage of a population 
below	 the	 carrying	 capacity	 of	 RDSP	 and	 the	 absence	 of	 human	
activities	within	 the	 park	 to	move	 into	 RDSP,	 thus	 increasing	 the	
local population. A high- quality forested area, with an abundance of 
water and wild prey, may have become more attractive to transient 
jaguars	 to	 immigrate	 to	RDSP.	 The	occurrence	of	 large	 carnivores	
in anthropogenic landscapes adjacent to protected areas has been 
increasingly reported worldwide. For instance, leopards (Panthera 
pardus) and tigers (Panthera tigris) have been recorded living success-
fully in human- dominated landscapes (Abade et al., 2018; Athreya 
et al., 2016; Kshettry et al., 2020) and in some cases breeding in 
those	 landscapes	 (Athreya	et	al.,	2015).	 Jaguars	 in	RDSP	were	 re-
ported using human- dominated landscapes, as showed by two resi-
dent	individuals	that	were	monitored	by	GPS	collars	and	spent	most	
of	their	time	outside	the	RDSP	boundaries	(Arrais,	2019).	Thus,	our	
assumption that some individuals were presented in the surround-
ings	of	 the	RDSP	but	not	detected	 in	 the	surveys	of	2016/17	and	
2017/18	and	have	immigrated	to	RDSP	in	2020	probably	holds	true.

Covariates

β parameters

Estimate SE LCI (95%) UCI (95%)

Occupancy (Ψ)

Distance	to	the	nearest	lake −0.005 0.006 −0.017 0.007

Number	of	prey 0.013 0.013 −0.012 0.039

Distance	to	the	nearest	river −0.00006 0.0003 −0.0006 0.0005

Distance	to	human-	altered	habitats −0.0001 0.0003 −0.0007 0.0004

Detection	(p)

Detection	of	prey 0.07 0.03 0.02 0.13

Seasona 1.00 0.69 −0.34 2.35

Distance to the nearest lake −0.0007 0.0004 −0.0015 0.0002

Days	of	active	camera	traps 0.08 0.07 −0.06 0.22

Distance	to	the	nearest	river −0.0002 0.0003 −0.0003 0.0007

Distance	to	human-	altered	habitats 0.00007 0.0002 −0.0003 0.0005

Note: The estimates of β parameters illustrate the influence of each covariate (positive or negative) 
on the model parameter and were obtained from the most parsimonious model containing the 
covariate. The estimates of β in bold represent the covariates that had the greatest support for 
the occupancy and detection of jaguars (ΔAICc	≤	2).	SE =	standard	error;	LCI	= lower confidence 
interval;	UCI	=	upper	confidence	interval.	Distance	to	the	nearest	lake:	distance	between	the	
station and the nearest lake; number of prey: number of potential preys of jaguars recorded at the 
stations; distance to the nearest river: distance between the station and the nearest river; distance 
to human- altered habitats: distance between the station and the nearest human- altered habitat; 
detection of prey: detection of potential prey of jaguars recorded in each sampling occasion at 
each station; season: season in each sampling occasion; days of active camera traps: number of 
days the camera traps were operational in each sampling occasion at each station.
aBeta values in reference to the rainy season.

TA B L E  3 Estimates	of	β parameters 
for the covariates used to model the 
occupancy and detection probabilities of 
jaguars	in	the	Rio	Doce	State	Park,	State	
of	Minas	Gerais,	southeastern	Brazil
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Our	 results	 showed	 that	 jaguar	 occupancy	 was	 low	 in	 RDSP	
(0.40). This is not surprising given the low density and large home 
ranges of jaguars and large carnivores in general, such as snow leop-
ards (Panthera uncia), leopards, and tigers (Alexander et al., 2016; 
Sollmann et al., 2012; Strampelli et al., 2018; Wang et al., 2018). 
However, our occupancy estimate was lower than most of those 
reported for other protected forested sites in Central America, 
northern regions of the Amazon forest (Santos et al., 2019), and 
across the Atlantic Forest (Santos et al., 2018) and similar to those 
reported for forested sites within agricultural landscapes (Boron 
et al., 2020). Also, our occupancy estimate may be even lower than 
that we found, as our low detection probability estimate (0.08) may 
have	generated	a	biased	high	jaguar	occupancy	estimate	(Mackenzie	
et	al.,	2002)	for	the	RDSP.

This low occupancy estimate may suggest that human- altered 
modified landscapes may have a negative influence on jaguar oc-
cupancy. However, contrary to our expectations, increasing dis-
tances from cities, Eucalyptus plantations, and pastures did not 

influence	 jaguar	 occupancy	 probabilities	 in	 RDSP.	 On	 the	 other	
hand, according to our expectations, landscape features such as 
proximity to lakes and number of prey records had a slight pos-
itive effect on occupancy of jaguars. Although weak, we cannot 
ignore the positive effect of the presence of prey and proximity 
to	lakes	on	jaguar	occupancy	in	RDSP.	These	results	indicate	that	
the most suitable habitats for jaguars are in the southern region of 
the	RDSP,	where	most	of	the	lakes	are	located	and	also	apparently	
most of the potential jaguar preys. The association of jaguars to 
water	 habitats	 has	 long	 been	documented	 (Azevedo	&	Verdade,	
2012;	Figel	et	al.,	2019;	Ramalho	et	al.,	2021)	and	jaguars	in	RDSP	
seemed to follow this pattern.

As stated, the overall jaguar detection probability was low (0.08) 
in	 RDSP.	As	 predicted,	 jaguar	 detection	was	 slightly	 higher	 at	 oc-
cupied sites with relatively more records of prey and near lakes, 
being	mostly	located	in	the	southern	region	of	the	RDSP.	Thus,	this	
result suggests that detectability was lower in occupied stations in 
the	northern	region	of	RDSP,	indicating	that	jaguars	could	be	using	

F I G U R E  5 Effect	of	(a)	distance	(m)	to	the	nearest	lake	and	(b)	number	of	potential	preys	recorded	at	each	station	on	the	occupancy	
probability (±95%	CI)	of	jaguars.	Effect	of	(c)	detection	of	potential	prey	recorded	in	each	sampling	occasion	at	each	station,	(d)	season	in	
each sampling occasion, and (e) distance (m) to the nearest lake in the detection probability (±95%	CI)	of	jaguars	in	the	Rio	Doce	State	Park,	
State	of	Minas	Gerais,	southeastern	Brazil.	Estimates	and	±95%	CIs	were	obtained	from	the	best	ranked	model	containing	the	covariate
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with less intensity locations with less availability of permanent water 
sources and where the jaguar preys are rare. Contrary to our expec-
tations, jaguar detection probabilities were higher during the rainy 
season. The fact that most of the lakes are located in the southern 
region of the Park might shed some light on the influence of season 
on	detection	probabilities.	It	is	already	known	that	the	distribution	
of some species of herbivores is more homogeneous during the rainy 
season when surface water is more abundant due to formation of 
temporary water pools in addition to the permanent water sources, 
particularly	 in	 semiarid	 ecosystems	 (Davidson	 et	 al.,	 2013;	 Valeix	
et	al.,	2010).	It	is	also	known	that	prey	productivity	increases	during	
rainy seasons, thus scaling carnivore population density (Carbone & 

Gittleman,	2002;	Santos	et	al.,	2019).	Although	the	climate	is	humid	
in	RDSP,	the	dry	winters	may	represent	substantial	decreases	in	pre-
cipitation and lack of surface water within the Park. The 42 lakes and 
three	streams	within	RDSP	represent	most	of	the	permanent	water	
sources, but during the dry seasons, the levels of some of them di-
minish	significantly.	It	is	reasonable	to	infer	that	the	most	important	
prey species for jaguars would be more homogeneously distributed 
during the rainy seasons than during the dry seasons, when prey 
would	 be	 aggregated	 near	 lakes.	 In	 addition,	 some	 carnivore	 spe-
cies tend to increase their predation rates upon medium-  and large- 
bodied	prey	and	restrict	their	movements	near	water	sources	(Valeix	
et al., 2010).

F I G U R E  6 Interpolated	sampling	stations	occupancy	by	jaguars	in	Rio	Doce	State	Park,	State	of	Minas	Gerais,	southeastern	Brazil,	during	
the random design survey. The lighter buffers around stations (white dots) represent higher jaguar occupancy probability, and the darker 
buffers	represent	lower	jaguar	occupancy	probability.	Geographic	coordinate	system:	SIRGAS	2000	UTM_Zone_23S.	Source:	IBGE	(2018)
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5  |  CONCLUSIONS

Our work represents one of the most comprehensive population es-
timate and investigation of factors influencing jaguar habitat use in 
a protected area of the Atlantic Forest. Because population surveys 
had	not	previously	been	attempted	in	the	entire	RDSP,	a	relatively	
large effort was expended to detect jaguars and maximize sample 
sizes. When compared with other jaguar density estimates for the 
Atlantic Forest, the low- density estimates herein reported could 
have resulted from methodological and analytical differences. We 
should emphasize that our design represented an attempt to esti-
mate jaguar density within the entire study area by placing camera 
traps	randomly	in	relation	to	animal	movements.	Most	 jaguar	den-
sity estimates across the Atlantic Forest are based on data collected 
from camera traps placed along roads and main trails where detec-
tion probabilities tend to be greater, thus inflating encounter rates 
(Paviolo et al., 2008, 2016; Rowcliffe et al., 2013; Srbek- Araujo & 
Chiarello, 2017), then our abundance estimates based on the sys-
tematic survey design may still be comparable with these latter stud-
ies.	 In	 addition,	 our	 sampling	 effort	 (number	 of	 cameras	 and	 trap	
nights) was similar or even greater than that of other studies. Thus, 
the random arrangement of cameras and great sampling effort sug-
gest that our jaguar density estimate was reliable.

It	was	evident	 from	our	data	 that	 jaguars	were	more	detected	
along trails and unpaved roads in the region with better habitat 
quality of the Park and that transient individuals were only detected 
in	this	region	(i.e.,	southern).	Monitoring	attempts	that	identify	the	
preferred habitat sectors of a population, such as the southern por-
tion	of	RDSP,	have	more	power	to	detect	changes	than	comparable	
efforts tracking total abundance, herein represented by the entire 
RDSP	 (Barlow	 et	 al.,	 2009).	 We	 suggest	 that	 studies	 attempting	
to estimate habitat use and abundance should primarily focus on 
a random approach of the entire study area and then on the more 
frequently used areas to monitor population changes, as performed 
here. Thus, our density estimates and occupancy probabilities rep-
resent not only a temporal snapshot assessment of jaguar popula-
tion estimates and habitat use, but rather a first attempt to track 
population change over time across the Atlantic Forest. The possi-
ble	immigration	movement	of	adult	animals	 into	the	RDSP	popula-
tion and the more intense use of the southern portion of the Park 
suggest that unprotected and human- modified areas are crucial for 
jaguar	conservation	across	the	Atlantic	Forest.	Nonetheless,	further	
evaluation is needed using spatial replicates set within and outside 
Park boundaries to reliably and efficiently identify jaguar population 
sources and changes in abundance over time and evaluate potential 
threats represented by human- related activities.

Jaguars	in	RDSP	will	greatly	benefit	from	attempts	to	implement	
a management program that would include: (a) re- establishing gene 
flow between isolated jaguar populations across the Atlantic Forest, 
particularly the one at Linhares- Sooretama block in the State of 
Espírito	 Santo	 (Srbek-	Araujo	 &	 Chiarello,	 2017);	 (b)	 systematically	
monitoring jaguar populations and their prey array, and (c) increasing 
security personnel to control poaching within and outside protected 

areas in the biome. Our work contributes to a growing awareness 
of the potential conservation value of a protected area in a human- 
dominated landscape as one of the last strongholds for jaguars across 
the Atlantic Forest and helps to monitor jaguar metapopulations.

ACKNOWLEDG MENTS
We	would	like	to	thank	Instituto	Estadual	de	Florestas—	IEF,	Parque	
Estadual	 do	 Rio	 Doce`s	 employees	 and	 Fundação	 de	 Apoio	 à	
Universidade	Federal	de	São	João	del	Rei—	FAUF	for	their	collabora-
tion and help with the administrative tasks of the project. We thank 
Álvaro	Augusto	Naves	Silva	and	Alexandra	Tiso	Cumerlato	for	their	
help	with	fieldwork.	We	gratefully	acknowledge	Ministério	Público	
de	Minas	Gerais	 and	 Semente,	 and	 Programa	 Ecológico	 de	 Longa	
Duração—	PELD	 for	 partially	 funding	 the	 research,	 Fundação	 de	
Amparo	à	Pesquisa	do	Estado	de	Minas	Gerais—	FAPEMIG	 for	 the	
scholarship	(JBP).	CAPES	provided	grants	to	RLM.	The	authors	are	
also grateful to the two anonymous reviewers for helpful comments 
on the early versions of this manuscript.

CONFLIC T OF INTERE S T
The authors declare that they have no conflict of interest.

AUTHOR CONTRIBUTIONS
Fernando Cesar Cascelli de Azevedo: Conceptualization (lead); data 
curation (equal); formal analysis (equal); funding acquisition (lead); 
investigation (equal); methodology (equal); project administration 
(lead); resources (lead); supervision (lead); validation (lead); visuali-
zation	(lead);	writing	–		original	draft	(lead);	writing	–		review	&	edit-
ing (lead). Juliana Benck Pasa: Formal analysis (equal); investigation 
(equal);	writing	–		original	draft	(supporting);	writing	–		review	&	ed-
iting (supporting). Ricardo Corassa Arrais:	Data	curation	 (support-
ing);	investigation	(supporting);	writing	–		original	draft	(supporting);	
writing	–		review	&	editing	(supporting).	Rodrigo Lima Massara:	Data	
curation (supporting); formal analysis (equal); investigation (support-
ing);	validation	(equal);	writing	–		original	draft	(equal);	writing	–		re-
view & editing (equal). Cynthia Widmer Azevedo: Conceptualization 
(equal); data curation (equal); formal analysis (supporting); funding 
acquisition (lead); investigation (supporting); project administration 
(lead);	writing	–		original	draft	(supporting);	writing	–		review	&	editing	
(supporting).

DATA AVAIL ABILIT Y S TATEMENT
All data from the manuscript are provided in the supplementary 
material.

ORCID
Fernando Cesar Cascelli de Azevedo  https://orcid.
org/0000-0001-9831-6692 
Rodrigo Lima Massara  https://orcid.org/0000-0003-1221-2185 

R E FE R E N C E S
Abade,	L.,	Cusack,	J.,	Moll,	R.	J.,	Strampelli,	P.,	Dickman,	A.	J.,	Macdonald,	

D.	W.,	 &	Montgomery,	 R.	 A.	 (2018).	 Spatial	 variation	 in	 leopard	

https://orcid.org/0000-0001-9831-6692
https://orcid.org/0000-0001-9831-6692
https://orcid.org/0000-0001-9831-6692
https://orcid.org/0000-0003-1221-2185
https://orcid.org/0000-0003-1221-2185


    |  13 of 15de AZeVedO et Al.

(Panthera pardus) site use across a gradient of anthropogenic pres-
sure in Tanzania's Ruaha landscape. PLoS One, 13(10), e0204370. 
https://doi.org/10.1371/journ al.pone.0204370

Alexander,	J.	S.,	Zhang,	C.,	Shi,	K.,	&	Riordan,	P.	(2016).	A	granular	view	
of a snow leopard population using camera traps in Central China. 
Biological Conservation, 197,	27–	31.

Andresen,	 L.,	 Everatt,	 K.	 T.,	 Somers,	 M.	 J.,	 &	 Purchase,	 G.	 K.	 (2012).	
Evidence	 for	 a	 resident	 population	 of	 cheetah	 in	 the	 Parque	
Nacional	 do	 Limpopo,	 Mozambique.	 African Journal of Wildlife 
Research, 42,	144–	146.	https://doi.org/10.3957/056.042.0201

Arrais,	 R.	 C.	 (2019).	 Abundância,	 densidade,	 padrões	 de	 atividade	 e	
ecologia	 espacial	 de	 felinos	 silvestres	no	Parque	Estadual	 do	Rio	
Doce-	MG	[Universidade	Federal	de	Minas	Gerais].	Retrieved	from	
http://hdl.handle.net/1843/33929

Athreya,	V.,	Odden,	M.,	 Linnell,	 J.	D.,	 Krishnaswamy,	 J.,	&	Karanth,	K.	
U. (2016). A cat among the dogs: Leopard Panthera pardus diet in a 
human-	dominated	landscape	in	western	Maharashtra,	India.	Oryx, 
50(1),	156–	162.

Athreya,	V.,	Srivathsa,	A.,	Puri,	M.,	Karanth,	K.	K.,	Kumar,	N.	S.,	&	Karanth,	
K. U. (2015). Spotted in the news: Using media reports to examine 
leopard distribution, depredation, and management practices out-
side	protected	areas	in	Southern	India.	PLoS One, 10(11), e0142647. 
https://doi.org/10.1371/journ al.pone.0142647

Azevedo,	F.	C.	C.,	&	Verdade,	L.	M.	 (2012).	Predator-	prey	 interactions:	
Jaguar predation on caiman in a floodplain forest. Journal of Zoology, 
286,	200–	207.	https://doi.org/10.1111/j.1469-	7998.2011.00867.x

Bailey,	 L.	 L.,	 Simons,	T.	R.,	&	Pollock,	K.	H.	 (2004).	Estimating	 site	oc-
cupancy and species detection probability parameters for terres-
trial salamanders. Ecological Applications, 14,	692–	702.	https://doi.
org/10.1890/03- 5012

Barlow,	A.	C.,	McDougal,	C.,	Smith,	J.	L.,	Gurung,	B.,	Bhatta,	S.	R.,	Kumal,	
S.,	 &	 Tamang,	D.	 B.	 (2009).	 Temporal	 variation	 in	 tiger	 (Panthera 
tigris) populations and its implications for monitoring. Journal of 
Mammalogy, 90(2),	472–	478.

Bodmer,	R.	E.,	Eisenberg,	 J.	F.,	&	Redford,	K.	H.	 (1997).	Hunting	and	 the	
likelihood of extinction of Amazonian mammals. Conservation Biology, 
11,	460–	466.	https://doi.org/10.1046/j.1523-	1739.1997.96022.x

Bogoni,	J.	A.,	Peres,	C.	A.,	&	Ferraz,	K.	M.	P.	M.	B.	(2020).	Effects	of	mam-
mal defaunation on natural ecosystem services and human well 
being	throughout	the	entire	Neotropical	realm.	Ecosystem Services, 
45, 101173. https://doi.org/10.1016/j.ecoser.2020.101173

Bogoni,	 J.	 A.,	 Pires,	 J.	 S.	 R.,	 Graipel,	M.	 E.,	 Peroni,	 N.,	 &	 Peres,	 C.	 A.	
(2018). Wish you were here: How defaunated is the Atlantic Forest 
biome of its medium- to large- bodied mammal fauna? PLoS One, 
13(9), e0204515. https://doi.org/10.1371/journ al.pone.0204515

Boron,	 V.,	 Xofis,	 P.,	 Link,	 A.,	 Payan,	 E.,	 &	 Tzanopoulos,	 J.	 (2020).	
Conserving predators across agricultural landscapes in Colombia: 
Habitat use and space partitioning by jaguars, pumas, ocelots and 
jaguarundis. Oryx, 54(4),	554–	563.	https://doi.org/10.1017/S0030	
60531 8000327

Burnham,	K.	 P.,	&	Anderson,	D.	R.	 (2002).	Model	 selection	 and	multi-
model	 inference.	 Bayesian	 Data	 Anal.	 Ecol.	 Using	 Linear	 Model.	
with	R,	BUGS,	STAN	1–	514.

Câmara,	 G.,	 Casanova,	 M.	 A.,	 Hemerly,	 A.	 S.,	 Magalhães,	 G.	 C.,	 &	
Medeiros,	 C.	 M.	 B.	 (1996).	 Anatomia de sistemas de informações 
geográficas.	Instituto	de	Computação.	UNICAMP.

Carbone,	C.,	Christie,	S.,	Conforti,	K.,	Coulson,	T.,	Franklin,	N.,	Ginsberg,	
J. R., & Shahruddin, W. W. (2001). The use of photographic rates 
to estimate densities of tigers and other cryptic mammals. Animal 
Conservation, 4(1),	75–	79.

Carbone,	 C.,	 &	 Gittleman,	 J.	 L.	 (2002).	 A	 common	 rule	 for	 the	 scal-
ing of carnivore density. Science, 295,	 2273–	2276.	 https://doi.
org/10.1126/scien ce.1067994

Chiarello,	A.	G.	(2000).	Density	and	population	size	of	mammals	in	rem-
nants of Brazilian Atlantic forest. Conservation Biology, 14,	1649–	
1657. https://doi.org/10.1111/j.1523- 1739.2000.99071.x

Cullen,	 L.,	 Bodmer,	 R.	 E.,	 &	 Valladares	 Pádua,	 C.	 (2000).	 Effects	 of	
hunting in habitat fragments of the Atlantic forests, Brazil. 
Biological Conservation, 95,	49–	56.	https://doi.org/10.1016/S0006	
- 3207(00)00011 - 2

Cusack,	J.	J.,	Dickman,	A.	J.,	Rowcliffe,	J.	M.,	Carbone,	C.,	Macdonald,	D.	
W., & Coulson, T. (2015). Random versus game trail- based camera 
trap placement strategy for monitoring terrestrial mammal commu-
nities. PloS One, 10(5), e0126373.

da	Silva	 Junior,	W.	M.,	 de	Melo,	 F.	R.,	Moreira,	 L.	 S.,	Barbosa,	 E.	 F.,	&	
Meira-	Neto,	J.	A.	A.	(2010).	Structure	of	Brazilian	Atlantic	forests	
with occurrence of the woolly spider monkey (Brachyteles hypox-
anthus). Ecological Research, 25(1),	25–	32.	https://doi.org/10.1007/
s1128 4- 009- 0626- 1

Davidson,	Z.,	Valeix,	M.,	Van	Kesteren,	F.,	 Loveridge,	A.	 J.,	Hunt,	 J.	E.,	
Murindagomo,	 F.,	 &	Macdonald,	D.	W.	 (2013).	 Seasonal	 diet	 and	
prey preference of the African lion in a waterhole- driven semi- arid 
savanna. PLoS One, 8(2), e55182. https://doi.org/10.1371/journ 
al.pone.0055182

De	Angelo,	C.,	Paviolo,	A.,	Wiegand,	T.,	Kanagaraj,	R.,	&	Di	Bitetti,	M.	
S. (2013). Understanding species persistence for defining con-
servation actions: A management landscape for jaguars in the 
Atlantic Forest. Biological Conservation, 159,	422–	433.	https://doi.
org/10.1016/j.biocon.2012.12.021

De	 la	 Torre,	 J.	 A.,	 Núñez,	 J.	 M.,	 &	Medellín,	 R.	 A.	 (2017).	 Spatial	 re-
quirements	of	jaguars	and	pumas	in	Southern	Mexico.	Mammalian 
Biology, 84,	52–	60.	https://doi.org/10.1016/j.mambio.2017.01.006

Di	Bitetti,	M.	S.,	Paviolo,	A.,	De	Angelo,	C.	D.,	&	Di	Blanco,	Y.	E.	(2008).	
Local and continental correlates of the abundance of a neotropical 
cat, the ocelot (Leopardus pardalis). Journal of Tropical Ecology, 24, 
189–	200.

Dias,	D.	M.,	Massara,	R.	L.,	de	Campos,	C.	B.,	&	Rodrigues,	F.	G.	H.	(2019).	
Human activities influence the occupancy probability of mamma-
lian carnivores in the Brazilian Caatinga. Biotropica, 51,	 253–	265.	
https://doi.org/10.1111/btp.12628

Dillon,	A.,	&	Kelly,	M.	J.	(2007).	Ocelot	Leopardus pardalis in Belize: The 
impact of trap spacing and distance moved on density estimates. 
Oryx, 41,	469–	477.

Efford,	M.	(2004).	Density	estimation	in	live-	trapping	studies.	Oryx, 106, 
598–	610.

Efford,	M.	 (2019).	Habitat masks in the package secr. R Package version 
1- 18.

Efford,	M.	G.,	&	Fewster,	R.	M.	(2013).	Estimating	population	size	by	spa-
tially explicit capture- recapture. Oikos, 122,	918–	928.	https://doi.
org/10.1111/j.1600- 0706.2012.20440.x

Efford,	 M.	 G.,	 &	 Schofield,	 M.	 R.	 (2020).	 A	 spatial	 open-	population	
capture- recapture model. Biometrics, 76,	 392–	402.	 https://doi.
org/10.1111/biom.13150

Espinosa,	S.,	Celis,	G.,	&	Branch,	L.	C.	(2018).	When	roads	appear	jaguars	
decline:	Increased	access	to	an	Amazonian	wilderness	area	reduces	
potential for jaguar conservation. PLoS One, 13,	1–	18.	https://doi.
org/10.1371/journ al.pone.0189740

ESRI	(2016).	Arcgis version 10.5. Environmental Systems Research Institute. 
Redlands, California, USA.

Figel,	 J.	 J.,	 Botero-	Cañola,	 S.,	 Forero-	Medina,	 G.,	 Sánchez-	Londoño,	
J.	D.,	Valenzuela,	L.,	&	Noss,	R.	F.	(2019).	Wetlands	are	keystone	
habitats for jaguars in an intercontinental biodiversity hotspot. 
PLoS One, 14(9), e0221705. https://doi.org/10.1371/journ al.pone. 
0221705

Foster, R. J., & Harmsen, B. J. (2012). A critique of density estimation 
from camera- trap data. The Journal of Wildlife Management, 76(2), 
224–	236.

Galetti,	M.,	Eizirik,	E.,	Beisiegel,	B.,	Ferraz,	K.	M.	P.	M.	B.,	Cavalcanti,	S.,	
Srbek-	Araujo,	A.	C.,	&	Morato,	R.	 (2013).	Atlantic	rainforest's	 jag-
uars in decline. Science, 342(6161), 930.

Gerber,	B.	D.,	Ivan,	J.	S.,	&	Burnham,	K.	P.	(2014).	Estimating	the	abun-
dance of rare and elusive carnivores from photographic sampling 

https://doi.org/10.1371/journal.pone.0204370
https://doi.org/10.3957/056.042.0201
http://hdl.handle.net/1843/33929
https://doi.org/10.1371/journal.pone.0142647
https://doi.org/10.1111/j.1469-7998.2011.00867.x
https://doi.org/10.1890/03-5012
https://doi.org/10.1890/03-5012
https://doi.org/10.1046/j.1523-1739.1997.96022.x
https://doi.org/10.1016/j.ecoser.2020.101173
https://doi.org/10.1371/journal.pone.0204515
https://doi.org/10.1017/S0030605318000327
https://doi.org/10.1017/S0030605318000327
https://doi.org/10.1126/science.1067994
https://doi.org/10.1126/science.1067994
https://doi.org/10.1111/j.1523-1739.2000.99071.x
https://doi.org/10.1016/S0006-3207(00)00011-2
https://doi.org/10.1016/S0006-3207(00)00011-2
https://doi.org/10.1007/s11284-009-0626-1
https://doi.org/10.1007/s11284-009-0626-1
https://doi.org/10.1371/journal.pone.0055182
https://doi.org/10.1371/journal.pone.0055182
https://doi.org/10.1016/j.biocon.2012.12.021
https://doi.org/10.1016/j.biocon.2012.12.021
https://doi.org/10.1016/j.mambio.2017.01.006
https://doi.org/10.1111/btp.12628
https://doi.org/10.1111/j.1600-0706.2012.20440.x
https://doi.org/10.1111/j.1600-0706.2012.20440.x
https://doi.org/10.1111/biom.13150
https://doi.org/10.1111/biom.13150
https://doi.org/10.1371/journal.pone.0189740
https://doi.org/10.1371/journal.pone.0189740
https://doi.org/10.1371/journal.pone.0221705
https://doi.org/10.1371/journal.pone.0221705


14 of 15  |     de AZeVedO et Al.

data when the population size is very small. Population Ecology, 
56(3),	463–	470.

Gontijo,	B.	M.,	&	Britto,	C.	Q.	(1997).	Identificação	Identificação	e	classi-
ficação	dos	impactos	ambientais	no	parque	florestal	estadual	do	rio	
doce	–		mg.	Geonomos, 5(2),	43–	48.	https://doi.org/10.18285/	geono	
mos.v5i2.182

Grelle,	C.	E.,	Bayma,	A.	P.,	 Paixão,	 L.	R.	 L.,	 Egler,	M.,	 Senta,	M.	M.	D.,	
Jenkins,	C.	N.,	&	Vieira,	M.	V.	(2021).	Conservation	initiatives	in	the	
Brazilian	Atlantic	Forest.	In	C.	M.	M.	Marcia	&	E.	V.	G.	Carlos	(Eds.),	
The Atlantic forest	(pp.	421–	449).	Springer.

Gu,	 W.,	 &	 Swihart,	 R.	 K.	 (2004).	 Absent	 or	 undetected?	 Effects	 of	
non- detection of species occurrence on wildlife- habitat models. 
Biological Conservation, 116(2),	 195–	203.	 https://doi.org/10.1016/
S0006 - 3207(03)00190 - 3

Haag,	T.,	Santos,	A.	S.,	Sana,	D.	A.,	Morato,	R.	G.,	Cullen	jr,	L.,	Crawshaw	
jr,	 P.	G.,	De	 angelo,	 C.,	Di	 bitetti,	M.	 S.,	 Salzano,	 F.	M.,	&	 Eizirik,	
E.	 (2010).	 The	 effect	 of	 habitat	 fragmentation	 on	 the	 genetic	
structure of a top predator: Loss of diversity and high differen-
tiation among remnant populations of Atlantic Forest jaguars 
(Panthera onca). Molecular Ecology, 19(22),	4906–	4921.	https://doi.
org/10.1111/j.1365- 294X.2010.04856.x

Hidalgo-	Mihart,	M.	G.,	 Jesus-	de	La	Cruz,	A.,	Contreras-	Moreno,	F.	M.,	
Juárez-	López,	R.,	Bravata-	de	La	Cruz,	Y.,	Friedeberg,	D.,	&	Bautista-	
Ramírez,	 P.	 (2019).	 Jaguar	 density	 in	 a	 mosaic	 of	 disturbed/pre-
served	areas	in	southeastern	Mexico.	Mammalian Biology, 98,	173–	
178. https://doi.org/10.1016/j.mambio.2019.09.009

Hines,	 J.	 E.	 (2006).	 PRESENCE	 –	Software to estimate patch occupancy 
and related parameters.	USGS-	PWRC.	Retrieved	from	https://www.
mbr- pwrc.usgs.gov/softw are/prese nce.html. Acessed 21 October 
2019.

IBGE	(2002).	Instituto Brasileiro de Geografia e Estatística. Mapa de Clima 
do Brasi.	 Retrieved	 from	 ftp://geoftp.ibge.gov.br/infor	macoes_
ambie	ntais/	clima	tolog	ia/mapas/	brasi	l/Map_BR_clima_2002.pdf

IEF	 (2019).	 Instituto Estadual de Florestas. Parque Estadual do Rio Doce. 
Retrieved	 from	 http://www.IEF.mg.gov.br/compo	nent/conte	nt/	
195?task=view

IEF	 (2021).	 Instituto Estadual de Florestas -  Parque Estadual do Rio Doce. 
Retrieved from http://www.ief.mg.gov.br/compo nent/conte 
nt/195?task=view

Jędrzejewski,	W.,	Robinson,	H.	S.,	Abarca,	M.,	Zeller,	K.	A.,	Velasquez,	
G.,	 Paemelaere,	 E.	 A.	 D.,	 Goldberg,	 J.	 F.,	 Payan,	 E.,	 Hoogesteijn,	
R.,	 Boede,	 E.	 O.,	 Schmidt,	 K.,	 Lampo,	M.,	 Viloria,	 Á.	 L.,	 Carreño,	
R.,	 Robinson,	 N.,	 Lukacs,	 P.	 M.,	 Nowak,	 J.	 J.,	 Salom-	Pérez,	 R.,	
Castañeda,	F.,	…	Quigley,	H.	(2018).	Estimating	large	carnivore	pop-
ulations at global scale based on spatial predictions of density and 
distribution	–		Application	to	the	jaguar	(Panthera onca). PLoS One, 
13(3), e0194719. https://doi.org/10.1371/journ al.pone.0194719

Karanth,	K.	U.,	&	Nichols,	 J.	D.	 (1998).	 Estimation	of	 tiger	densities	 in	
India	 using	photographic	 captures	 and	 recaptures.	Ecology, 79(8), 
2852–	2862.

Keesen,	F.,	Nunes,	A.	V.,	&	Scoss,	L.	M.	(2016).	Updated	list	of	mammals	
of	Rio	Doce	State	Park,	Minas	Gerais,	Brazil.	Boletim do Museu De 
Biologia Mello Leitão, 38,	139–	162.

Kshettry,	A.,	Vaidyanathan,	S.,	Sukumar,	R.,	&	Athreya,	V.	(2020).	Looking	
beyond	 protected	 areas:	 Identifying	 conservation	 compatible	
landscapes	 in	 agro-	forest	 mosaics	 in	 north-	eastern	 India.	 Global 
Ecology and Conservation, 22, e00905. https://doi.org/10.1016/j.
gecco.2020.e00905

Lavariega,	M.	C.,	Ríos-	Solís,	J.	A.,	Flores-	Martínez,	J.	J.,	Galindo-	Aguilar,	
R.	 E.,	 Sánchez-	Cordero,	 V.,	 Juan-	Albino,	 S.,	 &	 Soriano-	Martínez,	
I.	 (2020).	 Community-	based	monitoring	 of	 jaguar	 (Panthera onca) 
in	 the	Chinantla	region,	Mexico.	Tropical Conservation Science, 13, 
1940082920917825.

Lebreton,	 J.	D.,	 Burnham,	 K.	 P.,	 Clobert,	 J.,	 &	Anderson,	D.	 R.	 (1992).	
Modeling	 survival	 and	 testing	 biological	 hypotheses	 using	

marked animals: A unified approach with case studies. Ecological 
Monographs, 62(1),	67–	118.	https://doi.org/10.2307/2937171

Lino,	C.	F.,	&	Dias,	H.	 (2004).	Águas	e	florestas	da	Mata	Atlântica:	Por	
uma gestão integrada. 34.

Mackenzie,	D.	 I.	 (2006).	Modeling	the	probability	of	resource	use:	The	
effect of, and dealing with, detecting a species imperfectly. Journal 
of Wildlife Management, 70,	367–	374.

MacKenzie,	D.	I.,	&	Bailey,	L.	L.	(2004).	Assessing	the	fit	of	site-	occupancy	
models. Journal of Agricultural, Biological, and Environmental 
Statistics, 9,	300–	318.	https://doi.org/10.1198/10857	1104X	3361

MacKenzie,	D.	I.,	Nichols,	J.	D.,	Hines,	J.	E.,	Knutson,	M.	G.,	&	Franklin,	A.	
B.	(2003).	Estimating	site	occupancy,	colonization,	and	local	extinc-
tion when a species is detected imperfectly. Ecology, 84(8),	2200–	
2207. https://doi.org/10.1890/02- 3090

MacKenzie,	D.	I.,	Nichols,	J.	D.,	Lachman,	G.	B.,	Droege,	S.,	Andrew	Royle,	
J.,	&	Langtimm,	C.	A.	(2002).	Estimating	site	occupancy	rates	when	
detection probabilities are less than one. Ecology, 83(8),	2248–	2255.

Massara,	L.	R.,	Paschoal,	A.	M.	D.	O.,	Bailey,	L.	L.,	Doherty,	F.	P.,	Hirsch,	
A.,	&	Chiarello,	G.	A.	(2018).	Factors	influencing	ocelot	occupancy	
in Brazilian Atlantic Forest reserves. Biotropica, 50(1),	 125–	134.	
https://doi.org/10.1111/btp.12481

Metzger,	 J.	 P.,	Martensen,	A.	 C.,	Dixo,	M.,	 Bernacci,	 L.	 C.,	 Ribeiro,	M.	
C.,	 Teixeira,	A.	M.	G.,	&	Pardini,	 R.	 (2009).	 Time-	lag	 in	 biological	
responses to landscape changes in a highly dynamic Atlantic Forest 
region. Biological Conservation, 142(6),	 1166–	1177.	 https://doi.
org/10.1016/j.biocon.2009.01.033

Morato,	R.	G.,	Stabach,	J.	A.,	Fleming,	C.	H.,	Calabrese,	J.	M.,	De	Paula,	R.	
C.,	Ferraz,	K.	M.	P.	M.,	Kantek,	D.	L.	Z.,	Miyazaki,	S.	S.,	Pereira,	T.	D.	
C.,	Araujo,	G.	R.,	Paviolo,	A.,	De	Angelo,	C.,	Di	Bitetti,	M.	S.,	Cruz,	
P.,	Lima,	F.,	Cullen,	L.,	Sana,	D.	A.,	Ramalho,	E.	E.,	Carvalho,	M.	M.,	
…	Leimgruber,	P.	(2016).	Space	use	and	movement	of	a	neotropical	
top predator: The endangered jaguar. PLoS One, 11(12), e0168176. 
https://doi.org/10.1371/journ al.pone.0168176

Nagy-	Reis,	M.	B.,	Nichols,	J.	D.,	Chiarello,	A.	G.,	Ribeiro,	M.	C.,	&	Setz,	E.	Z.	
(2017).	Landscape	use	and	co-	occurrence	patterns	of	Neotropical	
spotted cats. PLoS One, 12(1), e0168441. https://doi.org/10.1371/
journ al.pone.0168441

Noss,	A.,	Polisar,	J.,	Maffei,	L.,	Garcia,	R.,	&	Silver,	S.	 (2013).	Evaluating 
jaguar densities with camera traps. Jaguar Conservation Program & 
Latin America and Caribbean Program.

Patterson,	B.	D.,	Kasiki,	S.	M.,	Selempo,	E.,	&	Kays,	R.	W.	(2004).	Livestock	
predation by lions (Panthera leo) and other carnivores on ranches 
neighboring	Tsavo	National	 Parks,	Kenya.	Biological Conservation, 
119(4),	507–	516.	https://doi.org/10.1016/j.biocon.2004.01.013

Paviolo,	A.,	De	Angelo,	C.	D.,	Di	Blanco,	Y.	E.,	&	Di	Bitetti,	M.	S.	(2008).	
Jaguar Panthera onca	 population	 decline	 in	 the	 upper	 Paraná	
Atlantic Forest of Argentina and Brazil. Oryx, 42(4),	 554–	561.	
https://doi.org/10.1017/S0030 60530 8000641

Paviolo,	A.,	De	Angelo,	C.,	Ferraz,	K.	M.	P.	M.	B.,	Morato,	R.	G.,	Martinez	
Pardo,	J.,	Srbek-	Araujo,	A.	C.,	Beisiegel,	B.	D.	M.,	Lima,	F.,	Sana,	D.,	
Xavier	da	Silva,	M.,	Velázquez,	M.	C.,	Cullen,	 L.,	Crawshaw	Jr,	P.,	
Jorge,	M.	L.	S.	P.,	Galetti,	P.	M.,	Di	Bitetti,	M.	S.,	 de	Paula,	R.	C.,	
Eizirik,	E.,	Aide,	T.	M.,	…	Azevedo,	F.	(2016).	A	biodiversity	hotspot	
losing its top predator: The challenge of jaguar conservation in 
the Atlantic Forest of South America. Scientific Reports Scientific 
Reports, 6(1),	1–	16.	https://doi.org/10.1038/srep3	7147

Paviolo,	A.,	Di	Blanco,	Y.,	De	Angelo,	C.,	&	Di	Bitetti,	M.	(2009).	Protection	
affects the abundance and activity. Journal of Mammalogy, 90, 
926–	934.

Pereira,	 G.,	 da	 Silva	 Cardozo,	 F.,	 de	Negreiros,	 A.	 B.,	 Zanin,	 G.	 D.,	 da	
Costa,	J.	C.,	Lima,	T.	E.	R.,	de	Cássia	Ramos,	R.	 (2018).	Análise	da	
variabilidade	da	precipitação	para	o	estado	de	minas	gerais	(1981-	
2017). Revista Brasileira De Climatologia, 1,	1981–	2017.

Pimm,	S.	L.,	&	Raven,	P.	(2000).	Extinction	by	numbers.	Nature, 403,	843–	
845. https://doi.org/10.1038/35002708

https://doi.org/10.18285/geonomos.v5i2.182
https://doi.org/10.18285/geonomos.v5i2.182
https://doi.org/10.1016/S0006-3207(03)00190-3
https://doi.org/10.1016/S0006-3207(03)00190-3
https://doi.org/10.1111/j.1365-294X.2010.04856.x
https://doi.org/10.1111/j.1365-294X.2010.04856.x
https://doi.org/10.1016/j.mambio.2019.09.009
https://www.mbr-pwrc.usgs.gov/software/presence.html
https://www.mbr-pwrc.usgs.gov/software/presence.html
ftp://geoftp.ibge.gov.br/informacoes_ambientais/climatologia/mapas/brasil/Map_BR_clima_2002.pdf
ftp://geoftp.ibge.gov.br/informacoes_ambientais/climatologia/mapas/brasil/Map_BR_clima_2002.pdf
http://www.IEF.mg.gov.br/component/content/195?task=view
http://www.IEF.mg.gov.br/component/content/195?task=view
http://www.ief.mg.gov.br/component/content/195?task=view
http://www.ief.mg.gov.br/component/content/195?task=view
https://doi.org/10.1371/journal.pone.0194719
https://doi.org/10.1016/j.gecco.2020.e00905
https://doi.org/10.1016/j.gecco.2020.e00905
https://doi.org/10.2307/2937171
https://doi.org/10.1198/108571104X3361
https://doi.org/10.1890/02-3090
https://doi.org/10.1111/btp.12481
https://doi.org/10.1016/j.biocon.2009.01.033
https://doi.org/10.1016/j.biocon.2009.01.033
https://doi.org/10.1371/journal.pone.0168176
https://doi.org/10.1371/journal.pone.0168441
https://doi.org/10.1371/journal.pone.0168441
https://doi.org/10.1016/j.biocon.2004.01.013
https://doi.org/10.1017/S0030605308000641
https://doi.org/10.1038/srep37147
https://doi.org/10.1038/35002708


    |  15 of 15de AZeVedO et Al.

Quigley,	H.,	Foster,	R.,	Petracca,	L.,	Payan,	E.,	Salom,	R.,	&	Harmsen,	B.	
(2017). Panthera onca (errata version published in 2018).	The	 IUCN	
Red List of Threatened Species 2017: e.T15953A123791436. 
https://doi.org/10.2305/IUCN.UK.2017-	3.RLTS.T1595	3A506	
58693.en

R Core Team (2020). R: A language and environment for statistical com-
puting. R Foundation for Statistical Computing. Available at https://
www.R-	proje	ct.org/	[Google	Scholar]

Rabinowitz,	A.	R.,	&	Nottingham,	J.	B.	G.	(1986).	Ecology	and	behaviour	
of the Jaguar (Panthera onca) in Belize, Central America. Journal of 
Zoology, 210,	149–	159.

Ramalho,	 E.	 E.,	Main,	M.	B.,	Alvarenga,	G.	C.,	&	Oliveira-	Santos,	 L.	G.	
R. (2021). Walking on water: The unexpected evolution of arbo-
real lifestyle in a large top predator in the Amazon flooded forests. 
Ecology, 102(5), e03286. https://doi.org/10.1002/ecy.3286

Ribeiro,	M.	C.,	Metzger,	J.	P.,	Martensen,	A.	C.,	Ponzoni,	F.	J.,	&	Hirota,	
M.	M.	(2009).	The	Brazilian	Atlantic	Forest:	How	much	is	left,	and	
how	 is	 the	 remaining	 forest	 distributed?	 Implications	 for	 conser-
vation. Biological Conservation, 142(6),	 1141–	1153.	 https://doi.
org/10.1016/j.biocon.2009.02.021

Ripple,	W.	J.,	Estes,	 J.	A.,	Beschta,	R.	L.,	Wilmers,	C.	C.,	Ritchie,	E.	G.,	
Hebblewhite,	M.,	Berger,	J.,	Elmhagen,	B.,	Letnic,	M.,	Nelson,	M.	P.,	
Schmitz,	O.	J.,	Smith,	D.	W.,	Wallach,	A.	D.,	&	Wirsing,	A.	J.	(2014).	
Status and ecological effects of the world's largest carnivores. 
Science, 343(6167),	1–	11.	https://doi.org/10.1126/scien	ce.1241484

Romero-	Muñoz,	A.,	Torres,	R.,	Noss,	A.	J.,	Giordano,	A.	J.,	Quiroga,	V.,	
Thompson,	 J.	 J.,	Baumann,	M.,	Altrichter,	M.,	McBride,	R.,	Velilla,	
M.,	 Arispe,	 R.,	 &	 Kuemmerle,	 T.	 (2019).	 Habitat	 loss	 and	 over-
hunting synergistically drive the extirpation of jaguars from the 
Gran	 Chaco.	Diversity and Distributions, 25,	 176–	190.	 https://doi.
org/10.1111/ddi.12843

Rowcliffe,	J.	M.,	Kays,	R.,	Carbone,	C.,	&	Jansen,	P.	A.	(2013).	Clarifying	
assumptions behind the estimation of animal density from cam-
era trap rates. Journal of Wildlife Management, 77, 876. https://doi.
org/10.1002/jwmg.533

Sanderson,	E.	W.,	Redford,	K.	H.,	Chetkiewicz,	C.	L.	B.,	Medellin,	R.	A.,	
Rabinowitz,	A.	R.,	Robinson,	J.	G.,	&	Taber,	A.	B.	(2002).	Planning	to	
save a species: The jaguar as a model. Conservation Biology, 16(1), 
58–	72.	https://doi.org/10.1046/j.1523-	1739.2002.00352.x

Santos,	 F.,	 Carbone,	 C.,	 Wearn,	 O.	 R.,	 Rowcliffe,	 J.	 M.,	 Espinosa,	 S.,	
Lima,	M.	G.	M.,	Ahumada,	J.	A.,	Gonçalves,	A.	L.	S.,	Trevelin,	L.	C.,	
Alvarez- Loayza, P., Spironello, W. R., Jansen, P. A., Juen, L., & Peres, 
C. A. (2019). Prey availability and temporal partitioning modulate 
felid	coexistence	in	Neotropical	forests.	PLoS One, 14(3), e0213671. 
https://doi.org/10.1371/journ al.pone.0213671

Santos,	J.	S.,	Leite,	C.	C.	C.,	Viana,	J.	C.	C.,	dos	Santos,	A.	R.,	Fernandes,	
M.	M.,	de	Souza	Abreu,	V.,	do	Nascimento,	T.	P.,	dos	Santos,	L.	S.,	de	
Moura	Fernandes,	M.	R.,	da	Silva,	G.	F.,	&	de	Mendonça,	A.	R.	(2018).	
Delimitation	of	ecological	corridors	in	the	Brazilian	Atlantic	Forest.	
Ecological Indicators, 88,	 414–	424.	 https://doi.org/10.1016/j.ecoli	
nd.2018.01.011

Schwarz,	 C.	 J.,	 &	Arnason,	 A.	N.	 (1996).	A general methodology for the 
analysis of capture- recapture experiments in open populations. 
International	Biometric	Society	Stable.

Seymour, K. L. (1989). Panthera onca. Mammalian species, 340,	1–	9.
Silver,	S.	C.,	Ostro,	L.	E.,	Marsh,	L.	K.,	Maffei,	 L.,	Noss,	A.	 J.,	Kelly,	M.	

J.,	&	Ayala,	G.	(2004).	The	use	of	camera	traps	for	estimating	jag-
uar Panthera onca abundance and density using capture/recapture 
analysis. Oryx, 38(2),	148–	154.

Sollmann,	R.,	Furtado,	M.	M.,	Gardner,	B.,	Hofer,	H.,	Jácomo,	A.	T.,	Tôrres,	
N.	M.,	&	Silveira,	L.	(2011).	Improving	density	estimates	for	elusive	

carnivores: Accounting for sex- specific detection and movements 
using	spatial	capture–	recapture	models	for	jaguars	in	central	Brazil.	
Biological Conservation, 144(3),	1017–	1024.

Sollmann,	R.,	Furtado,	M.	M.,	Hofer,	H.,	Jácomo,	A.	T.,	Tôrres,	N.	M.,	&	
Silveira, L. (2012). Using occupancy models to investigate space 
partitioning between two sympatric large predators, the jaguar and 
puma in central Brazil. Mammalian Biology, 77(1),	41–	46.	https://doi.
org/10.1016/j.mambio.2011.06.011

Srbek-	Araujo,	A.	C.,	&	Chiarello,	A.	G.	 (2017).	Population	status	of	 the	
jaguar Panthera onca in one of its last strongholds in the Atlantic 
Forest. Oryx, 51,	246–	253.

Stallings,	 J.	R.,	da	Fonseca,	G.	A.,	Pinto,	L.	P.	D.	S.,	Aguiar,	L.	M.	D.	S.,	
&	Sábato,	E.	L.	(1990).	Mamíferos	do	Parque	Florestal	Estadual	do	
Rio	Doce,	Minas	Gerais,	Brasil.	Revista Brasileira de Zoologia, 7,	663–	
677. https://doi.org/10.1590/S0101 - 81751 99000 0400022

Strampelli,	P.,	Andresen,	L.,	Everatt,	K.	T.,	Somers,	M.	J.,	&	Rowcliffe,	J.	
M.	(2018).	Habitat	use	responses	of	the	African	leopard	in	a	human-	
disturbed	region	of	rural	Mozambique.	Mammalian Biology, 89,	14–	
20. https://doi.org/10.1016/j.mambio.2017.12.003

Valeix,	M.,	 Loveridge,	 A.	 J.,	 Davidson,	 Z.,	Madzikanda,	H.,	 Fritz,	 H.,	 &	
Macdonald,	D.	W.	(2010).	How	key	habitat	features	influence	large	
terrestrial carnivore movements: Waterholes and African lions in a 
semi-	arid	savanna	of	north-	western	Zimbabwe.	Landscape Ecology, 
25(3),	337–	351.	https://doi.org/10.1007/s1098	0-	009-	9425-	x

Wang,	 B.,	 Rocha,	D.	G.,	 Abrahams,	M.	 I.,	 Antunes,	A.	 P.,	 Costa,	H.	C.,	
Gonçalves,	A.	L.	S.,	&	Tan,	C.	K.	W.	(2019).	Habitat	use	of	the	ocelot	
(Leopardus pardalis) in Brazilian Amazon. Ecology and Evolution, 9(9), 
5049–	5062.

Wang,	T.,	Andrew	Royle,	 J.,	 Smith,	 J.	 L.	D.,	Zou,	L.,	 Lü,	X.,	 Li,	T.,	Yang,	
H.,	 Li,	 Z.,	 Feng,	 R.,	 Bian,	 Y.,	 Feng,	 L.,	 &	 Ge,	 J.	 (2018).	 Living	 on	
the edge: Opportunities for Amur tiger recovery in China. 
Biological Conservation, 217,	 269–	279.	 https://doi.org/10.1016/j.
biocon.2017.11.008

White,	G.	C.,	&	Burnham,	K.	P.	 (1999).	Program	mark:	Survival	estima-
tion from populations of marked animals. Bird Study, 46,	S120–	S139.	
https://doi.org/10.1080/00063 65990 9477239

Widmer,	C.	E.,	Matushima,	E.	R.,	&	Azevedo,	F.	C.	C.	(2016).	Clinical	eval-
uation, hematology, and serum chemistry of ocelots (Leopardus 
pardalis) in the Atlantic Forest of Brazil. Journal of Wildlife Diseases, 
52(4),	916–	921.

Xavier	 da	 Silva,	 M.,	 Paviolo,	 A.,	 Tambosi,	 L.	 R.,	 &	 Pardini,	 R.	 (2018).	
Effectiveness	 of	 protected	 areas	 for	 biodiversity	 conservation:	
Mammal	 occupancy	 patterns	 in	 the	 Iguaçu	National	 Park,	 Brazil.	
Journal of Nature Conservation, 41,	51–	62.	https://doi.org/10.1016/j.
jnc.2017.11.001

SUPPORTING INFORMATION
Additional supporting information may be found in the online 
version of the article at the publisher’s website.

How to cite this article: Azevedo, F. C. C., Pasa, J. B., Arrais, 
R.	C.,	Massara,	R.	L.,	&	Widmer,	C.	W.	(2022).	Density	and	
habitat use of one of the last jaguar populations of the 
Brazilian	Atlantic	Forest:	Is	there	still	hope?	Ecology and 
Evolution, 12, e8487. https://doi.org/10.1002/ece3.8487

https://doi.org/10.2305/IUCN.UK.2017-3.RLTS.T15953A50658693.en
https://doi.org/10.2305/IUCN.UK.2017-3.RLTS.T15953A50658693.en
https://www.R-project.org/.
https://www.R-project.org/.
https://doi.org/10.1002/ecy.3286
https://doi.org/10.1016/j.biocon.2009.02.021
https://doi.org/10.1016/j.biocon.2009.02.021
https://doi.org/10.1126/science.1241484
https://doi.org/10.1111/ddi.12843
https://doi.org/10.1111/ddi.12843
https://doi.org/10.1002/jwmg.533
https://doi.org/10.1002/jwmg.533
https://doi.org/10.1046/j.1523-1739.2002.00352.x
https://doi.org/10.1371/journal.pone.0213671
https://doi.org/10.1016/j.ecolind.2018.01.011
https://doi.org/10.1016/j.ecolind.2018.01.011
https://doi.org/10.1016/j.mambio.2011.06.011
https://doi.org/10.1016/j.mambio.2011.06.011
https://doi.org/10.1590/S0101-81751990000400022
https://doi.org/10.1016/j.mambio.2017.12.003
https://doi.org/10.1007/s10980-009-9425-x
https://doi.org/10.1016/j.biocon.2017.11.008
https://doi.org/10.1016/j.biocon.2017.11.008
https://doi.org/10.1080/00063659909477239
https://doi.org/10.1016/j.jnc.2017.11.001
https://doi.org/10.1016/j.jnc.2017.11.001
https://doi.org/10.1002/ece3.8487

