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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 distribu-
tion 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 themajority 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 syn-
ergistic 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 adapt-
able 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
Curren
levels of anthropogenic impacts.10 Although jaguars have been

shown to prefer forests and avoid anthropogenic and open hab-

itats 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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biomes that constitute almost all of the jaguar’s current distribu-

tion,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 move-

ments best characterized by the Ornstein–Uhlenbeck or

Ornstein–Uhlenbeck with foraging models (with or without corre-

lated 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). Veloc-

ity 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 formales and females, respec-

tively, 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 cor-

relation 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 associatedwith home range size andmovement
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

https://twitter.com/DrJJThompson
mailto:jthompson.py@gmail.com
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Figure 1. Telemetry data locations

Locations in North and South America by ecor-

egion13 of telemetered jaguars included in the

analysis. Numbers next to ecoregions represent

the number of telemetry datasets per ecoregion.

See also Table S1.
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negatively associated with home range size, and road density

and sex (male) were positively associated. Based upon the pos-

terior 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 productiv-

ity 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 (Fig-

ure 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 fe-

males (Figure 2; Table S4).

Using the parameter estimates from the home rangemodel 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 land-

scape covariates (Figure 4). Home range predictions within ecor-

egions 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 Carib-

bean slope of Colombia were predicted to have larger home

ranges (Figure 4). Conversely, systems with high productivity
Current Bio
and forest cover or with lower road den-

sities, such as the eastern slope of the An-

des 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 differ-

ences 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 esti-

mates 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 south-

western 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 ecore-

gion-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 require-

ments.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 neces-

sarily translate to greater prey availability since in tropical humid

forests in particular, biomass is concentrated in the can-

opy,42,43 which in part explains jaguars’ association with rivers

in these systems11,44 and the relatively large estimated home

ranges in the Southwest Amazon and Pet�en-Veracruz moist
logy 31, 3457–3466, August 9, 2021 3459



Figure 2. Ecoregional scale relationships of

home range size with covariates

Left: posterior distributions of the parameter esti-

mates from the Bayesian analysis of the general-

ized 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.
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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 corre-

sponded to increasing predicted relative home range size. How-

ever, 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
and the need to maintain reproductive

opportunities by maximizing their contact

with females. In contrast, females have

smaller home ranges to minimize meta-

bolic costs while maximizing food avail-

ability and reproductive success.60,61

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 formales. 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 ac-

count 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

andconsequently, the inverse relationshipbetweenspeedand for-

est cover is expected given jaguars’ preference for forest

cover.11,12,64,65

Mean speed was similar between sexes, but male move-

ments 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. Direc-

tionality of movements was not related to landscape-scale fac-

tors suggesting that jaguars are responding to more local fac-

tors 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 charac-

teristics as have been observed in other large cats.55,70,72–75

Thus, female displacement is lower than for males, despite hav-

ing similar movement rates, which shows the potential error

that can occur when estimating distance traveled from non-

linear movement paths based upon linear displacements.76



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.
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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 jag-

uars inhabit and varying levels of anthropogenic transformation.

We demonstrated that the anthropogenic and environmental fac-

tors 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 under-

stand the ultimate factors determining finer-scale movement de-

cisions 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 influ-

ences 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, how-

ever, there is evidence that jaguarsmake 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



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 rangemodel and corresponding landscape-scale covariates. As these predictions are based uponmean effects, they

need to be interpreted within the context of the associated uncertainties in model parameter estimates. See also Tables S4 and S6.
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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 rela-

tively 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 pop-

ulations,5 highlights the need for additional research to under-

stand 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 fac-

tors 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 under-

standing their ecology and behavior,89 especially for carni-

vores,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

Bydemonstrating the large-scale factors associatedwith 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 trans-

boundary decision making to maintain connectivity among core

jaguar populations (Jaguar Conservation Units).6 Moreover, given

that habitat loss, humanpopulation growth, and road intrusion are

common threats to large cat conservation,2,5,82,95–97 ourmodeling

framework is useful to identify the environmental and anthropo-

genic factors associated with large cat and other large carnivore
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spatial needs for assessing habitat suitability and to guide conser-

vation and reintroduction decisions.32 Therefore, our findings and

analysis frameworkhave immediate anddirect 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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et al. (2017). Density and population structure of the jaguar (Panthera

onca) in a protected area of Los Llanos, Venezuela, from 1 year of camera

trap monitoring. Mammal Res. 62, 9–19.

19. Boron, V., Tzanopoulos, J., Gallo, J., Barragan, J., Jaimes-Rodriguez, L.,

Schaller, G., and Payán, E. (2016). Jaguar densities across human-domi-

nated landscapes in Colombia: the contribution of unprotected areas to

long term conservation. PLoS ONE 11, e0153973.

20. Paviolo, A., De Angelo, C., Ferraz, K.M.P.M.B., Morato, R.G., Martinez

Pardo, J., Srbek-Araujo, A.C., Beisiegel, B.M., Lima, F., Sana, D.,

Xavier da Silva,M., et al. (2016). A biodiversity hotspot losing its top pred-

ator: the challenge of jaguar conservation in the Atlantic Forest of South

America. Sci. Rep. 6, 37147.

21. Tobler, M.W., Carrillo-Percastegui, S.E., Zúñiga Hartley, A., and Powell,
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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 extir-

pation 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

http://refhub.elsevier.com/S0960-9822(21)00824-1/sref52
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref52
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref53
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref53
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref53
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref53
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref54
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref54
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref54
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref54
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref54
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref54
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref55
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref55
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref55
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref55
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref55
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref56
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref56
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref56
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref57
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref57
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref57
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref57
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref58
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref58
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref58
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref58
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref59
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref59
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref59
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref59
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref60
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref60
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref60
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref61
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref61
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref61
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref62
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref62
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref62
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref62
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref63
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref63
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref63
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref63
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref64
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref64
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref64
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref64
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref64
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref65
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref65
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref65
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref66
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref66
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref66
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref66
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref67
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref67
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref68
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref68
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref68
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref69
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref69
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref69
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref70
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref70
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref70
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref70
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref71
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref71
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref71
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref71
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref72
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref72
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref72
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref72
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref73
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref73
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref73
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref73
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref74
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref74
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref74
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref75
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref75
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref75
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref76
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref76
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref76
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref76
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref77
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref77
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref77
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref77
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref78
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref78
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref78
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref79
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref79
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref79
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref79
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref80
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref80
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref80
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref81
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref81
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref81
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref81
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref82
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref82
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref82
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref82
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref82
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref83
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref83
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref84
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref84
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref84
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref84
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref85
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref85
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref85
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref85
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref86
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref86
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref86
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref86
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref87
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref87
http://refhub.elsevier.com/S0960-9822(21)00824-1/sref87


ll
Report
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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 devel-

oped 115 telemetry trajectories for 111 jaguars from 24 sites in 7 countries and 13 ecoregions (Figure 4). The data from four individ-

uals 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 for-

ests, 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 pa-

rameters, 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 esti-

mates,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 contin-

uous-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 land-

scape-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 un-

dertook the estimation of home range and movement parameters with the ctmm package99 in R,100 which considers a suite of po-

tential movementmodels which included 1) an independent identically distributed (IID) processwhich 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 andmean 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 CTSPmodel 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 distrib-

uted as assumed by a Gaussian process.76 Consequently we followed the workflow of76 to estimate non-Gaussian speed99 to ac-

count 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. Conse-

quently, 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
Wemodeled 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 inde-

pendence whenmore 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 butmodels 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 likeli-

hood 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 amaximum-likelihood framework to identify amost parsimoniousmodel 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 combina-

tions 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 rankingmodel set in a singlemodel 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 amodel with eight covariates and consequently, we used a hybrid approach to identify themost 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 se-

lection 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, con-

firming 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 andmovement parameters from the BayesianGLMMwasmeasured 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 hyperpara-

meter as the mean value of the intercept, predicted relative home range size across the jaguars distribution. We tested the relation-

ship 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).
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