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5Instituto Pró-Carnı́voros, Atibaia, SP 12945010, Brazil
6Department of Animal Nutrition and Management, Swedish University of Agricultural Sciences, Uppsala, Sweden
7Instituto de Biociências, Departamento de Ecologia, Universidade de São Paulo, Rua do Matão, Trav. 14, no. 321, Cidade Universitária, São
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SUMMARY

Large terrestrial carnivores have undergone some of the largest population declines and range reductions of
any species, which is of concern as they can have large effects on ecosystem dynamics and function.1–4 The
jaguar (Panthera onca) is the apex predator throughout the majority of the Neotropics; however, its distribution has been reduced by >50% and it survives in increasingly isolated populations.5 Consequently, the
range-wide management of the jaguar depends upon maintaining core populations connected through
multi-national, transboundary cooperation, which requires understanding the movement ecology and space
use of jaguars throughout their range.6–8 Using GPS telemetry data for 111 jaguars from 13 ecoregions within
the four biomes that constitute the majority of jaguar habitat, we examined the landscape-level environmental
and anthropogenic factors related to jaguar home range size and movement parameters. Home range size
decreased with increasing net productivity and forest cover and increased with increasing road density.
Speed decreased with increasing forest cover with no sexual differences, while males had more directional
movements, but tortuosity in movements was not related to any landscape factors. We demonstrated a synergistic relationship between landscape-scale environmental and anthropogenic factors and jaguars’ spatial
needs, which has applications to the conservation strategy for the species throughout the Neotropics. Using
large-scale collaboration, we overcame limitations from small sample sizes typical in large carnivore research
to provide a mechanism to evaluate habitat quality for jaguars and an inferential modeling framework adaptable to the conservation of other large terrestrial carnivores.
RESULTS
The distribution of the jaguar has been greatly reduced due to
habitat loss and persecution so that it now occupies about
50% of its original range,5,9 and not surprisingly, the distribution
of the jaguar is highly associated with habitat availability and low

levels of anthropogenic impacts.10 Although jaguars have been
shown to prefer forests and avoid anthropogenic and open habitats within ecoregions,11,12 the factors associated with the
spatial needs and movements of jaguars across the habitat
types that it inhabits have not been examined. Using data from
111 jaguars from 13 ecoregions, across 24 sites within the four
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32Instituto Onças do Rio Negro, Fazenda Barranco Alto, Aquidauana, MS 79208000, Brazil
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biomes that constitute almost all of the jaguar’s current distribution,9,13 we examined the relationships among environmental
and anthropogenic factors with home range size and movement
parameters toward identifying commonalties across the jaguar’s
distribution (Figure 1).
Home range and movement parameter estimates
All individuals demonstrated range residency, with their movements best characterized by the Ornstein–Uhlenbeck or
Ornstein–Uhlenbeck with foraging models (with or without correlated velocity and position autocorrelation timescales).14 The
95% home range areas ranged between 35.2 and 2,914.9 km2
for males and 13.4 and 1,154.8 km2 for females (Table S1). Velocity autocorrelation timescale, which is the average time period
over which an individual moves in the same direction and at the
3458 Current Biology 31, 3457–3466, August 9, 2021

same speed across time lags, and is a measure of tortuosity
(lower values equate to higher tortuosity),14,15 ranged between
0.08 and 8.05 h and 0.03 and 3.6 h for males and females, respectively, and speed ranged between 3.4 and 30.4 km/day for males
and 2.9 and 23.2 km/day for females (Table S1). We tested for correlation among estimates using Pearson’s correlation coefficient
and found no correlation of home range area with speed (r =
0.19) or velocity autocorrelation timescale (r = 0.03) or between
speed and velocity autocorrelation timescale (r = 0.42).
Factors associated with home range size and movement
parameters
The highest ranking model set for home range size contained
four parameters, all of which were informative (Tables S2 and
S3): percent forest cover and net primary productivity were
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Figure 1. Telemetry data locations
Locations in North and South America by ecoregion13 of telemetered jaguars included in the
analysis. Numbers next to ecoregions represent
the number of telemetry datasets per ecoregion.
See also Table S1.

negatively associated with home range size, and road density
and sex (male) were positively associated. Based upon the posterior distributions of the parameter estimates, males had a
100% probability of having larger home ranges than females
(Table S4), while percent forest cover and net primary productivity had a 98% and 91% probability, respectively, of being related
with smaller home range size, and road density had a 100%
probability of being related to increased home range size (Figure 2; Table S4). Importantly, net primary productivity had a
stronger effect than the other landscape covariates on home
range size, with a 1.4–1.9 times greater mean effect than other
covariates (Figure 2; Table S4).
Speed was inversely related to percent forest cover, with a
100% probability of being related to decreasing speed, and
there was no difference in speed between sexes (Figure 2; Table
S4). No landscape covariates were associated with the velocity
autocorrelation timescale, although males had 100% probability
of having a greater velocity autocorrelation timescale than females (Figure 2; Table S4).
Using the parameter estimates from the home range model and
the landscape covariates, we spatially predicted home range size
within the intersection of the jaguars’ distribution and our study
ecoregions (Figure 3). We also mapped the predicted relative
home range size across the jaguars’ distribution based upon
the mean ecoregion effect (ecoregion hyperparameter) and landscape covariates (Figure 4). Home range predictions within ecoregions varied spatially in all ecoregions; however, the variation
was most evident in the ecoregions outside of the Amazon that
had greater variation in forest cover (natural or anthropogenically
caused) and a greater occurrence of roads (Figure 3). Across the
jaguars’ distribution, areas with lower productivity and forest
cover or higher road density such as the Caatinga, Cerrado, Dry
Chaco, Central America and Mexican dry forests, and the Caribbean slope of Colombia were predicted to have larger home
ranges (Figure 4). Conversely, systems with high productivity

and forest cover or with lower road densities, such as the eastern slope of the Andes and portions of the Pantanal, Llanos,
Amazon Basin, Atlantic forest, and humid
Mesoamerican forests, had the smallest
predicted relative home range size
(Figure 4).
It would be expected that if the differences in our predicted home range sizes
across ecoregions are representative of
jaguar spatial needs, there should be a
general correlation between home range
size with densities.16 To test this, we
compared density estimates from our
study ecoregions17–28 with mean estimates of home range size for our study
ecoregions (Figure S1; Table S5), finding a correlation (r = 0.70)
between smaller home range size and higher jaguar densities in
productive systems such as the Pantanal, Llanos, and southwestern Amazon, and lower densities and larger home ranges in
semi-arid ecoregions with lower productivity and forest cover,
including the Caatinga, Cerrado, Sonoran-Sinaloan subtropical
dry forest, and Dry Chaco.
DISCUSSION
Home range size
The positive relationship of home range size with increasing road
density and negative relationship with increasing forest cover
and ecosystem productivity are consistent with research on
jaguar spatial ecology and distribution10–12,29,30 and patterns in
terrestrial carnivore space use.16,31–34 For several ecoregions,
however, sample sizes were low and, subsequently, our ecoregion-specific results need to be interpreted within the context
of the associated uncertainty.
Decreasing home range size in relation to increasing forest
cover and ecosystem productivity is attributable to greater
availability of preferred habitat and prey, which reduces
spatial needs to meet metabolic and reproductive requirements.16,32,34 Increasing road density can affect jaguars and
other large cats33,35–41 through direct human mortality (hunting,
vehicle collisions) or through prey reduction, while driving
behavioral changes related to human presence and land use
to avoid or use areas of greater risk, which increases costs to
movements and increases spatial needs. We recognize that
greater forest cover and net primary productivity do not necessarily translate to greater prey availability since in tropical humid
forests in particular, biomass is concentrated in the canopy,42,43 which in part explains jaguars’ association with rivers
in these systems11,44 and the relatively large estimated home
n-Veracruz moist
ranges in the Southwest Amazon and Pete
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Figure 2. Ecoregional scale relationships of
home range size with covariates
Left: posterior distributions of the parameter estimates from the Bayesian analysis of the generalized linear mixed model with ecoregion as a
random effect for home range size and speed.
Boxplots represent the median and 25th and 75th
quantiles and whiskers 1.5 times the upper and
lower interquartile range, with the dashed line
representing the value of no effect upon the
movement parameter by the covariate. Right:
estimated responses of home range size and
speed to landscape covariates. Colored lines
represent mean effect and gray lines are 1,000
estimated responses based upon random draws
from the parameter posterior distributions. See
also Tables S4 and S6.

and the need to maintain reproductive
opportunities by maximizing their contact
with females. In contrast, females have
smaller home ranges to minimize metabolic costs while maximizing food availability and reproductive success.60,61

forest where forest cover and productivity are comparatively
high (Table S5).
Although local-scale factors can affect jaguar densities, and
we have shown that multiple opposing factors shape jaguar
spatial needs, there was a correlation between home range
size and densities within our study ecoregions (Figure S1) as
would be expected based upon energetic limits.16 Similarly,
the relationship between densities in other regions41,45–49 and
home range size is evident in the range-wide predictions of our
model (Figure 4) where increasing estimated densities corresponded to increasing predicted relative home range size. However, as our predictions are based upon mean predicted effects,
their representation of areas for which we did not have data
needs to be interpreted cautiously, especially for humid forests,
given the aforementioned potential bias stemming from the
availability of terrestrial prey biomass in these systems.
Larger home range size in males was expected based upon
previous research on jaguars29,50–52 and other large felids53–59
since male home range size is driven by both food availability
3460 Current Biology 31, 3457–3466, August 9, 2021

Movement parameters
Speed was solely related to forest cover,
decreasing with increasing forest cover,
and did not differ between sexes, while
directionality of movements was not
related to any of the covariates but was
greater for males. For speed, this indicates
that decisions about movement at the
home range scale were dependent upon
the availability of preferred habitat and
that jaguars adjust their behavior to account for anthropogenic factors.11,12,62–65
Animal movements are expected to be
slower in areas of higher habitat quality
and reduced habitat heterogeneity and
fragmentation,66,67 which has been observed in big cats,68–71
and consequently, the inverse relationship between speed and forest cover is expected given jaguars’ preference for forest
cover.11,12,64,65
Mean speed was similar between sexes, but male movements were more directional, which is logical given that male
home ranges are larger, and to be traversed at the same speed
as females, movements would have to be less tortuous. Directionality of movements was not related to landscape-scale factors suggesting that jaguars are responding to more local factors in their finer-scale movement decisions; however, female
movements were more torturous. The greater tortuosity
observed in females implies sex-based differences in response
to fine-scale environmental and anthropogenic habitat characteristics as have been observed in other large cats.55,70,72–75
Thus, female displacement is lower than for males, despite having similar movement rates, which shows the potential error
that can occur when estimating distance traveled from nonlinear movement paths based upon linear displacements.76
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Figure 3. Predicted mean jaguar home range size within study ecoregions
Predicted mean home range size for jaguars within study ecoregions within the jaguars’ distribution based upon ecoregion-specific model intercepts from the
home range model and the corresponding landscape-scale covariates. See also Figure S1 and Tables S4–S6.

Consequently, observed anthropogenically driven reductions
in mammalian displacements, at least in jaguars, may not be
due to reduced movement,62 but rather greater tortuosity in
movements.29
Implications
Our dataset and analysis are the largest to date on the movement
ecology of the jaguar, or for any large felid, spanning its complete
extant range, representing the spectrum of habitat types that jaguars inhabit and varying levels of anthropogenic transformation.
We demonstrated that the anthropogenic and environmental factors affecting jaguar space use and movement at local and
regional scales11,12,64,65 act similarly across ecoregions to affect
jaguar spatial needs and movements, demonstrating that jaguars
tend to perceive their environment similarly, regardless of
geographic location or habitat type. Importantly, we illustrated
that ecosystem productivity, forest cover, and the presence of
roads strongly drive jaguar home range size throughout
the species distribution, which is consistent with observed
behavior of jaguars10,11,30,41,63 and other felids,35,39,77 and with
expectations across terrestrial mammalian carnivores in
general.16,32
We demonstrate that jaguars adjust their behavior in relation to
differences in environmental and anthropogenic factors as
observed at more local scales11,63–65 and in other large cat
species.68,69,72,75,77–80 This has applications for the conservation
of the jaguar as we provide a set of landscape metrics and a

mechanism to evaluate jaguar habitat quality throughout the
species’ range. Although our analysis infers strong relationships
between jaguar spatial needs and landscape-level variables, the
relationship between most of those variables and movements
within home ranges is less clear, pointing to a need to understand the ultimate factors determining finer-scale movement decisions and the behavioral adaptability of jaguar to differences in
habitat quality.
Some large cats, such as the puma and leopard, are capable
of modifying their behavior in response to anthropogenic influences to persist in highly modified landscapes,37,72,74,75,80,81
which is not surprising given the adaptability of both species
indicated by their large multi-continental distributions across
both temperate and tropical ecosystems.82,83 Interestingly, in
highly anthropogenic landscapes, home range size of pumas
and leopards contracted instead of increased, as we found
with jaguar in relation to road density. This pattern of home range
constriction might not be evident for the jaguar since, despite
being eclectic and adaptable in its diet,84 the jaguar is less of a
habitat generalist than the puma and leopard, and may
be subject to greater mortality in anthropogenic landscapes,
and is consequently extirpated from more anthropized regions
despite suitable habitat and prey availability.50,85,86
In highly transformed landscapes where jaguars persist, however, there is evidence that jaguars make behavioral adjustments
that reduce their space use. Jaguars in the Atlantic forest
showed high fidelity to protected areas, decreasing home range
Current Biology 31, 3457–3466, August 9, 2021 3461
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Figure 4. Predicted relative range-wide jaguar home range size
Predicted relative mean home range sizes for jaguars across its distribution9 based upon ecoregion hyperparameter and mean parameter effects for the
landscape-scale covariates from the home range model and corresponding landscape-scale covariates. As these predictions are based upon mean effects, they
need to be interpreted within the context of the associated uncertainties in model parameter estimates. See also Tables S4 and S6.

size in relation to decreases in the size of protected areas;
reduced sexual differences in home range size; and showed no
relationship between home range size and landscape-scale
anthropogenic factors.20,87 Also, jaguars have been shown to
greatly decrease space use in highly modified areas with relatively high human population density when supplemental food
was available.88 When placed within the context of our results,
these observations illustrate behavioral plasticity by jaguars,
and given the extensive retraction in the jaguars’ distribution
due to anthropogenic factors and the number of threatened populations,5 highlights the need for additional research to understand jaguars’ tolerance of land use and human presence for
developing effective conservation actions.
Our analysis is unique in that it is the first to elucidate the factors related to space use and movements by a terrestrial apex
predator across its distribution and the principle habitat types
that it inhabits, which is of consequence since understanding
how organisms perceive their environment is essential for understanding their ecology and behavior,89 especially for carnivores,90 while home ranges are a manifestation of organisms’
3462 Current Biology 31, 3457–3466, August 9, 2021

movements in space and time in response to heterogeneity in
their environment.62,91 Given the geographic and ecological
breadth of our analysis, and its accounting for uncertainty from
relatively small sample sizes typical of large carnivore research,
our inferences not only provide robust generalizations that
address key needs for the jaguars’ range-wide conservation,6
but also for the conservation of other large cats,92–94 and large
terrestrial carnivores in general.2
By demonstrating the large-scale factors associated with jaguar
spatial needs, we provide a set of landscape metrics to evaluate
jaguar habitat quality throughout the species’ range, facilitating
transboundary conservation planning among jaguar range states,
which is of significance as the range-wide conservation vision for
the jaguar is based upon international collaboration and transboundary decision making to maintain connectivity among core
jaguar populations (Jaguar Conservation Units).6 Moreover, given
that habitat loss, human population growth, and road intrusion are
common threats to large cat conservation,2,5,82,95–97 our modeling
framework is useful to identify the environmental and anthropogenic factors associated with large cat and other large carnivore
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spatial needs for assessing habitat suitability and to guide conservation and reintroduction decisions.32 Therefore, our findings and
analysis framework have immediate and direct applications for the
range-wide conservation of jaguars, other large cats, and large
terrestrial carnivores around the world and the biodiversity for
which they are proxy.
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Macdonald, D.W., Kantek, D.L.Z., Morato, R.G., Thompson, J.J.,
Oscar, R.B.L.M., Abade, L., et al. (2021). Multi-scale path-level analysis
of jaguar habitat use in the Pantanal ecosystem. Biol. Conserv. 253,
108900.
13. Olson, D.M., Dinerstein, E., Wikramanayake, E.D., Burgess, N.D., Powell,
G.V.N., Underwood, E.C., D’amico, J.A., Itoua, I., Strand, H.E., Morrison,
J.C., et al. (2001). Terrestrial ecoregions of the world: a new map of life on
Earth. Bioscience 51, 933.
14. Fleming, C.H., Calabrese, J.M., Mueller, T., Olson, K.A., Leimgruber, P.,
and Fagan, W.F. (2014). From fine-scale foraging to home ranges: a
semivariance approach to identifying movement modes across spatiotemporal scales. Am. Nat. 183, E154–E167.
15. Gurarie, E., Bracis, C., Delgado, M., Meckley, T.D., Kojola, I., and
Wagner, C.M. (2016). What is the animal doing? Tools for exploring behavioural structure in animal movements. J. Anim. Ecol. 85, 69–84.

DECLARATION OF INTERESTS

16. Carbone, C., and Gittleman, J.L. (2002). A common rule for the scaling of
carnivore density. Science 295, 2273–2276.

The authors declare no competing interests.

17. Soisalo, M.K., and Cavalcanti, S.M.C. (2006). Estimating the density of a
jaguar population in the Brazilian Pantanal using camera-traps and

Current Biology 31, 3457–3466, August 9, 2021 3463

ll
Report
capture–recapture sampling in combination with GPS radio-telemetry.
Biol. Conserv. 129, 487–496.
18. Je˛drzejewski, W., Puerto, M.F., Goldberg, J.F., Hebblewhite, M., Abarca,
M., Gamarra, G., Calderón, L.E., Romero, J.F., Viloria, Á.L., Carreño, R.,
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Felidae), in the upper Paraná River, Brazil. Zool. Curitiba 30, 379–387.
66. Kareiva, P., and Odell, G. (1987). Swarms of predators exhibit ‘‘preytaxis’’
if individual predators use area-restricted search. Am. Nat. 130, 233–270.
67. Fahrig, L. (2007). Non-optimal animal movement in human-altered landscapes. Funct. Ecol. 21, 1003–1015.
68. Dickson, B.G., Jenness, J.S., and Beier, P. (2005). Influence of vegetation, topography, and roads on cougar movement in Southern
California. J. Wildl. Manage. 69, 264–276.
69. Oriol-Cotterill, A., Macdonald, D.W., Valeix, M., Ekwanga, S., and Frank,
L.G. (2015). Spatiotemporal patterns of lion space use in a human-dominated landscape. Anim. Behav. 101, 27–39.
70. Valeix, M., Hemson, G., Loveridge, A.J., Mills, G., and Macdonald, D.W.
(2012). Behavioural adjustments of a large carnivore to access secondary

73. Petracca, L.S., Frair, J.L., Bastille-Rousseau, G., Hunt, J.E., Macdonald,
D.W., Sibanda, L., and Loveridge, A.J. (2019). The effectiveness of hazing
African lions as a conflict mitigation tool: implications for carnivore management. Ecosphere 10, 14.
74. Nickel, B.A., Suraci, J.P., Nisi, A.C., and Wilmers, C.C. (2021). Energetics
and fear of humans constrain the spatial ecology of pumas. Proc. Natl.
Acad. Sci. USA 118, e2004592118.
75. Suraci, J.P., Clinchy, M., Zanette, L.Y., and Wilmers, C.C. (2019). Fear of
humans as apex predators has landscape-scale impacts from mountain
lions to mice. Ecol. Lett. 22, 1578–1586.
76. Noonan, M.J., Fleming, C.H., Akre, T.S., Drescher-Lehman, J., Gurarie,
E., Harrison, A.-L., Kays, R., and Calabrese, J.M. (2019). Scale-insensitive estimation of speed and distance traveled from animal tracking
data. Mov. Ecol. 7, 35.
77. Simcharoen, A., Savini, T., Gale, G.A., Simcharoen, S., Duangchantrasiri,
S., Pakpien, S., and Smith, J.L.D. (2014). Female tiger Panthera tigris
home range size and prey abundance: important metrics for management. Oryx 48, 370–377.
78. Loveridge, A.J., Valeix, M., Elliot, N.B., and Macdonald, D.W. (2017). The
landscape of anthropogenic mortality: how African lions respond to
spatial variation in risk. J. Appl. Ecol. 54, 815–825.
79. Suraci, J.P., Frank, L.G., Oriol-Cotterill, A., Ekwanga, S., Williams, T.M.,
and Wilmers, C.C. (2019). Behavior-specific habitat selection by African
lions may promote their persistence in a human-dominated landscape.
Ecology 100, e02644.
80. Odden, M., Athreya, V., Rattan, S., and Linnell, J.D.C. (2014). Adaptable
neighbours: movement patterns of GPS-collared leopards in human
dominated landscapes in India. PLoS ONE 9, e112044.
81. Athreya, V., Odden, M., Linnell, J.D.C., Krishnaswamy, J., and Karanth,
K.U. (2016). A cat among the dogs: leopard Panthera pardus diet in a human-dominated landscape in western Maharashtra, India. Oryx 50,
156–162.
82. Jacobson, A.P., Gerngross, P., Lemeris, J.R., Jr., Schoonover, R.F.,
Anco, C., Breitenmoser-Würsten, C., Durant, S.M., Farhadinia, M.S.,
Henschel, P., Kamler, J.F., et al. (2016). Leopard (Panthera pardus) status, distribution, and the research efforts across its range. PeerJ 4,
e1974.
83. Sunquist, M.E., and Sunquist, F.C. (2002). Wild Cats of the World
(University of Chicago Press).
84. Hayward, M.W., Kamler, J.F., Montgomery, R.A., Newlove, A., RostroGarcı́a, S., Sales, L.P., and Van Valkenburgh, B. (2016). Prey preferences
of the jaguar Panthera onca reflect the post-Pleistocene demise of large
prey. Front. Ecol. Evol. 3, 148.
85. Thompson, J.J., Martı́, C.M., and Quigley, H. (2020). Anthropogenic factors disproportionately affect the occurrence and potential population
connectivity of the Neotropic’s apex predator: the jaguar at the southwestern extent of its distribution. Glob. Ecol. Conserv. 24, 01356.
86. Romero-Muñoz, A., Torres, R., Noss, A.J., Giordano, A.J., Quiroga, V.,
Thompson, J.J., Baumann, M., Altrichter, M., McBride, R., Velilla, M.,
et al. (2019). Habitat loss and overhunting synergistically drive the extirpation of jaguars from the Gran Chaco. Divers. Distrib. 25, 176–190.
87. McBride, R.T., and Thompson, J.J. (2019). Spatial ecology of Paraguay’s
last remaining Atlantic forest Jaguars (Panthera onca): implications for
their long-term survival. Biodiversity (Nepean) 20, 20–26.

Current Biology 31, 3457–3466, August 9, 2021 3465

ll
Report
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Ethics statement
The study subjects were jaguars Panthera onca. All jaguar captures and handling were undertaken with permission of their respective
range state and followed the guidelines of the American Society of Mammalogists for the use of wild mammals in research.115
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METHOD DETAILS
Telemetry data
Our dataset was comprised of published GPS telemetry data from 106 jaguars (49 males, 57 females),98 and additional data from 2
jaguars (1 male, 1 female) from the Colombian Llanos and 3 males from the Southwestern Amazon moist forests in Peru. We developed 115 telemetry trajectories for 111 jaguars from 24 sites in 7 countries and 13 ecoregions (Figure 4). The data from four individuals were separated into two distinct sampling periods each as they were monitored for two periods that were separated by two to
three years. Our data were representative of tropical and subtropical grasslands, savannas, shrublands, moist and dry broadleaf forests, and flooded grassland and savanna which, with the exception of mangrove forest, constitute all the biomes inhabited by
jaguars.9,13
Covariates
Based upon previous research on factors related to jaguar distribution and home range size, as well as other
carnivores,10–12,29,32,33,50,67,87 we hypothesized that nine environmental and four anthropogenic covariates could potentially be
determinants of home range size of jaguar across its distribution. For each home range area, we derived the 1) mean percent forest
cover,107 2) mean percent area in forest,107 3) mean forest patch area,107 4) perimeter:area ratio of forest patches,107 5) density of
forest edge,107 6) percent protected area,108 7) mean annual precipitation,109 8) mean seasonality in precipitation,109 9) mean net
primary productivity,110 10) mean human population density,111 11) mean Human Footprint Index,112 12) mean cattle density,113
and 13) primary road density.114 If available, covariates were derived from data that corresponded to the year when the majority of
telemetry locations for each individual were obtained, otherwise we used the dataset that was most close in time to when the
telemetry data were collected. Additionally, we included sex as a covariate based upon exploratory analysis of the data and
that sex-based differences in jaguar movements have been illustrated,29,30,50,64 while we also considered the effect of body
mass as it has been shown to be a factor associated with jaguar distribution.10
We tested for correlation among covariates using Pearson’s Correlation Coefficient, with coefficient values between 0.6–0.6
considered uncorrelated. Of the original covariate set, seven were uncorrelated with other covariates; mean percent forest cover,
percent protected area, mean annual precipitation, mean seasonality in precipitation, mean net primary productivity, mean
human population density, and road density (Table S6). Also, body mass was significantly associated with sex (Kruskal-Wallis c2
test, p = 0.04) and was not included in the models. We expected that home range size and speed would decrease, and tortuosity
increase (measured as velocity autocorrelation timescale), in relation to increasing habitat quality measured as increasing forest
cover, percent protected area, mean annual precipitation, and mean net primary productivity. Concurrently, mean seasonality in
precipitation, mean human population density, and road density were expected to directly or indirectly reduce habitat quality for
jaguars which were expected to be positively associated with home range size and speed and inversely related with
tortuosity.10,12,29,32,50,67,87,98
QUANTIFICATION AND STATISTICAL ANALYSIS
Workflow
For our analysis we developed a multi-step workflow (Figure S2; see details below) to estimate home range size and movement parameters, controlling for the reliability of estimates based upon effective sample size. Since not accounting for autocorrelation
inherent in GPS telemetry data when characterizing animal movements can produce biased home range and speed estimates,76,116,117 we fit continuous time stochastic process (CTSP) models to our data to estimate home range area and speed as
these models account for spatial autocorrelation by separating the discrete-time sampling process of telemetry from the continuous-time movement process.
For each individual we first determined range-residency by examining variograms of semi-variance verses time lags for each
telemetry trajectory. Individuals were considered range resident when semi-variance increased and then stabilized with increasing
time lags.14,99 For individuals demonstrating range residency we estimated home ranges with area-corrected autocorrelated kernel
density estimation (AKDEc),99,116,118 while individuals that did not demonstrate range-residency were excluded from further analysis.
We note that in estimating home range size we employed the definition of Burt,119 defining a home range as ‘‘that area traversed by
the individual in its normal activities of food gathering, mating, and caring for young.’’ Furthermore, as the typically used measure of
speed is based upon the straight-line distance between two consecutive points over time is sensitive to sampling scale and biased
due to the effects of path tortuosity, sampling frequency, and location error, we employed continuous-time speed estimation76 to
overcome these biases.
We examined the relationship of estimates of home range size, speed, and velocity autocorrelation timescale (tortuosity) to landscape-level environmental and anthropogenic covariates using generalized linear mixed models (GLMM)120 in a maximum likelihood
framework with ecoregion as a random intercept, ranking models using Akaike Information Criteria adjusted for small sample size
(AICc).121 Using informative parameters from top ranking model sets,122 we then estimated parameter effects within a Bayesian
framework which facilitated estimating the effect size of parameters and quantifying the probabilities of covariate effects based
upon posterior distributions.120
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Home range and movement parameter estimation
After determining range residency for individuals, we fit CTSP models to the telemetry data using perturbative hybrid residual
maximum likelihood with starting values derived from semi-variance functions, and ranking model fit using AICc.14,99,118,123 We undertook the estimation of home range and movement parameters with the ctmm package99 in R,100 which considers a suite of potential movement models which included 1) an independent identically distributed (IID) process which assumes a lack of correlation in
positions and velocities which is the assumption of traditional kernel density home range estimation,124 2) a random search model
with constrained space use to a finite home range Ornstein–Uhlenbeck, OU, 3) the Ornstein–Uhlenbeck motion model with foraging
OUF which is the OU process with correlated velocities allowing for the estimation of the velocity autocorrelation timescale time over
which movements are correlated and mean distance traveled per day (Gaussian estimates of the root mean speed), 4) a special case
of the OUF model (OUf) where the velocity autocorrelation timescale and the position autocorrelation timescale are equal, and 5) the
OUU model which is the OUf model with oscillatory range crossing.14,99
We used the best fit CTSP model to estimate optimally weighted 95% AKDEc home ranges116,118,123,125 while estimates of velocity
autocorrelation timescale were generated when the OUF or OUf models best described the data. Where the effective sample size, as
measured by the number of home range crossings during the sample period, was less than 3.5 we excluded those individuals from
the analysis as model estimates were unreliable, while for individuals where the effective sample size was 3.5 – 5 we used parametric
bootstrapping to reduce bias in the model estimates.123
Although for individuals where the OUF or OUf model were the best movement model Gaussian estimates of the root mean speed
are generated, these estimates are not always proportional to the total distance traveled, nor are velocities always normally distributed as assumed by a Gaussian process.76 Consequently we followed the workflow of76 to estimate non-Gaussian speed99 to account for irregular sampling and to incorporate location error into model fit. When effective sample size for velocity estimation was
low, caused when the sampling interval was greater than three times the velocity autocorrelation timescale, information to reliably
estimate speed was insufficient and consequently we excluded those estimates from the analysis.76 If estimates of location error
were not available for an individual, we used a value of 10 m which was consistent with available error estimates and, given the scale
of jaguar movements in relation to GPS error, we found that speed estimates were insensitive to increases in error values. Consequently, we were confident that our choice in an error value did not introduce any notable bias into our speed estimates.125
Semi-variogram analysis, model selection, weighted AKDEc, parametric bootstrapping, and speed estimation were undertaken
using the ctmm package99 with the software R.100 Irregular sampling schedules in the data were accounted for using the dt argument
within the variogram function in the ctmm package.99
Model selection and specification
We modeled the relationship of the estimates of home range, speed, and velocity autocorrelation timescale with the covariates using
generalized linear mixed models (GLMM)120 in maximum likelihood and Bayesian frameworks. We chose to employ GLMMs, with
ecoregion as a random intercept, since it allowed for our inferences to be extrapolated to the entire jaguar population since our
data by ecoregion are considered samples from the entire jaguar population.120,126 Also, the random effect allowed for borrowing
of information and improved accounting of unstructured variability of individuals within groups, uncertainty stemming from small
sample sizes in some ecoregions, and potential pseudoreplication in our data stemming from intra-level correlations or lack of independence when more than one individual was tracked at the same place and time.120,126 We note that we attempted to include slope
as a random effect to better control for error in our estimates127 but models were singular or failed to converge due to our sample size.
We first modeled covariate relationships with home range size, speed, and velocity autocorrelation timescale in a maximum likelihood framework to undertake model selection and identify informative parameters based upon AICc and to minimize computational
time. Dependent variables (home range size, speed and velocity autocorrelation timescale estimates) were log-transformed to
ensure normality, as determined with Shapiro-Wilk tests and inspection of Q-Q plots, and to facilitate model convergence. Similarly,
to aid in model convergence, covariates were log transformed or z-transformed so that their mean values were equal to zero.
Given concerns of over-parameterizing and over-fitting a global model directly in a Bayesian framework we first used AIC-based
model selection in a maximum-likelihood framework to identify a most parsimonious model or model set, ensuring that all parameters
were informative at a 85% significance level122 (Tables S2 and S3) which justifies inclusion of the parameter in a model as AIC has a
tendency to favor more complex models which include uninformative parameters.121,122 We tested the relationship of all combinations of the covariates with home range size, speed, and velocity autocorrelation timescale using ecoregion as a random intercept,
selecting top ranking model set as all models within two AICc values of the top ranking models.121
We then selected all parameters from the top-ranking model sets for home range size and movement parameters to be included in
models to be evaluated in a Bayesian framework. By including the covariates included in the top ranking model set in a single model in
a Bayesian framework allowed us to easily estimate the effect size of parameters and probability of an effect from covariates based
upon posterior distributions.120 Although we could have directly evaluated the global model in a Bayesian framework, taking the
position that parameter effects would be fractional based upon the data and model,120 we were concerned with over-fitting and
over-parameterization of a model with eight covariates and consequently, we used a hybrid approach to identify the most informative
parameters to be included in our final models.
For modeling maximum likelihood GLMMs we used the lme4 package101 with the software R100 and conducted multi-model selection using the MuMIn package.104 For running the Bayesian GLMMs we used WinBUGS102 and the R2winBUGS package,103
running 3 chains for 1 million iterations, a burn-in period of 100,000 iterations, and a thinning rate of 30. For the prior distributions
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in the modeling we used diffuse uniform distributions for the random effects and normal distributions for the covariate effects, confirming model convergence with a scale reduction factor <1.01 and visual inspection of trace plots.
The probability of a covariate effect on home range size and movement parameters from the Bayesian GLMM was measured by the
proportion of the parameter posterior distributions above or below 0 (no effect) and we tested for differences in home range and
movement parameters between sexes and among ecoregions using the proportional overlap of posterior distributions. Analyses
of posterior distributions were undertaken using the bayestestR package.105
Using the parameter estimates for each covariate for each ecoregion and the spatial covariate values we predicted mean home
range size for the portion of each study ecoregion that overlapped with the jaguar’s distribution,9 and using the ecoregion hyperparameter as the mean value of the intercept, predicted relative home range size across the jaguars distribution. We tested the relationship between our estimated mean home size per ecoregion with density estimates from the literature for each ecoregion17–28 using a
Pearson’s Correlation Coefficient. All spatial data and maps were at a resolution of 0.008 decimal degrees (approximately 1 km).

e4 Current Biology 31, 3457–3466.e1–e4, August 9, 2021

