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In brief

Thompson et al. analyze 115 telemetry
datasets from jaguars to show spatial
needs and movements are predictably
related to environmental and human
factors across the species’ range. The
range-wide consistency in jaguar space
use and movements to landscape factors
has applications to the conservation of
the species throughout its distribution.
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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.’* 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.® 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.®-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 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 levels of anthropogenic impacts.'® Although jaguars have been

shown to prefer forests and avoid anthropogenic and open hab-
The distribution of the jaguar has been greatly reduced due to itats within ecoregions,'"'? the factors associated with the
habitat loss and persecution so that it now occupies about spatial needs and movements of jaguars across the habitat
50% of its original range,>® and not surprisingly, the distribution  types that it inhabits have not been examined. Using data from
of the jaguar is highly associated with habitat availability and low 111 jaguars from 13 ecoregions, across 24 sites within the four
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Please cite this article in press as: Thompson et al., Environmental and anthropogenic factors synergistically affect space use of jaguars, Current
Biology (2021), https://doi.org/10.1016/j.cub.2021.06.029

¢ CellPress Current Biology

Luis D. Alfaro,?? Isabel Hagnauer,?® Marina Xavier da Silva,?° Alexandre Vogliotti,>° Marcela F.D. Moraes,?°

Selma S. Miyazaki,’> Gediendson R. Araujo,3'-32 Leanes Cruz da Silva,®2-3® Lucas Leuzinger,*2 Marina M. Carvalho,3*
Lilian Rampim,'” Leonardo Sartorello,’” Howard Quigley,'® Fernando R. Tortato,'® Rafael Hoogesteijn,'®

Peter G. Crawshaw Jr.2 Allison L. Devlin,'8-353¢ Joares A. May Junior,57-18:37 George V.N. Powell,*¢ Mathias W. Tobler,>°
Samia E. Carrillo-Percastegui,?° Esteban Payan,'® Fernando C.C. Azevedo,>“° Henrique V.B. Concone,>*'

Veronica A. Quiroga,®“+243 Sebastian A. Costa,%° Juan P. Arrabal,®** Ezequiel Vanderhoeven,®4* Yamil E. Di Blanco,®°
Alexandre M.C. Lopes,*> and Milton Cezar Ribeiro*

14Instituto Onga Pintada, Mineiros, GO 75830000, Brazil

15Estacao Ecoldgica Taiam3, Instituto Chico Mendes de Conservagao da Biodiversidade, Caceres, MT 78210625, Brazil

18|nstituto de Desenvolvimento Sustentavel Mamiraud, Tefé, AM 69553225, Brazil

17Associagdo Ongafari, Rua Ferreira de Arauljo, 221, Cj.14, Sala 4, Pinheiros, Sdo Paulo, SP 05428-000, Brazil

18pPanthera, 8 West 40th Street, 18th Floor, New York, NY 10018, USA

19nstituto SOS Pantanal, R. Gutemberg, 328 Centro, Campo Grande, MS 79002-160, Brazil

20Programa de Pés-graduagdo em Biologia Animal, Instituto de Biociéncias, Universidade Federal do Rio Grande do Sul (UFRGS), Porto
Alegre, RS 91501970, Brazil

21|nstituto de Ecologia, Universidad Nacional Autonoma de México and CONACyT, Ciudad Universitaria, México D.F. 04318, México
2?|nstituto Internacional en Conservacion y Manejo de Vida Silvestre, Universidad Nacional de Costa Rica, Heredia 1350-3000, Costa Rica
23Department of Environmental Conservation, University of Massachusetts, Amherst, Amherst, MA 01003, USA

24Centro de Investigacion en Ciencias Biologicas Aplicadas, Universidad Autonoma del Estado de México, Instituto Literario 100, Col. Centro
C.P. 50000, Toluca, Estado de México

25|nstituto de Biologia, Laboratério de Ecologia de Mamiferos LEMA, Universidade Federal de Uberlandia, Uberlandia, MG 38408100, Brazil
26Primero Conservation, Box 1588, Pinetop, AZ 85935, USA

27”Nama Conservation, Heredia 40101, Costa Rica

28Rescate Animal Zooave, Fundacion Restauracion de la Naturaleza, Apdo 1327-4050, Alajuela, Costa Rica

29Projeto Carnivoros do Iguagu, Foz do Iguacu, PR 85851970, Brazil

30Universidade Federal da Integragéo Latino-Americana, Instituto Latino-Americano de Ciéncias da Vida e da Natureza, Foz do Iguagu, PR
85851970, Brazil

31Universidade Federal de Mato Grosso do Sul, Faculdade de Medicina Veterinaria e Zootecnia, Campo Grande, MS 79070-900, Brasil
32|nstituto Ongas do Rio Negro, Fazenda Barranco Alto, Aquidauana, MS 79208000, Brazil

33Departamento de Medicina Veterinaria, Universidade Federal de Vigosa, Vigosa, MG 36570, Brazil

34|nstituto de Defesa e Preservagéo dos Felideos Brasileiros, Corumba de Goias, GO 72960000, Brazil

35SUNY College of Environmental Science & Forestry, Syracuse, NY 13210, USA

36Wildlife Biology Program, W.A. Franke College of Forestry & Conservation, University of Montana, Missoula, MT 59812, USA
37Universidade do Sul de Santa Catarina, Tubarédo, SC 88704-900, Brazil

38Wildlife Protection Solutions, 2501 Welton Street, Denver, CO 80205, USA

39San Diego Zoo Global, Institute for Conservation Research, 15600 San Pasqual Valley Road, Escondido, CA 92027, USA
40Universidade Federal de Sao Joao del Rei, Departamento de Ciéncias Naturais, Sao Joao del Rei, MG 36301160, Brazil

41Laboratério de Ecologia, Manejo e Conservagéo de Fauna Silvestre, Programa de Pés-Graduagéo Interunidades em Ecologia Aplicada,
Universidade de Sao Paulo ESALQ/CENA, Piracicaba, SP 13418-900, Brazil

42Universidad Nacional de Cérdoba, Facultad de Ciencias Exactas, Fisicas y Naturales, Centro de Zoologia Aplicada, Cérdoba, Argentina
43Consejo Nacional de Investigaciones Cientificas y Técnicas CONICET, Instituto de Diversidad y Ecologia Animal IDEA, Cérdoba, Argentina

44Instituto Nacional de Medicina Tropical ANLIS, Ministerio de Salud de la Nacion, Puerto Iguazu, Misiones 3370, Argentina
45|nstituto de Pesquisa e Conservagdo de Tamandués do Brasil, Parnaiba, Pl 64200025, Brazil

46Twitter: @DrJJThompson

47Lead contact

*Correspondence: jthompson.py@gmail.com
https://doi.org/10.1016/j.cub.2021.06.029

biomes that constitute almost all of the jaguar’s current distribu-
tion,*'® 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).'* The
95% home range areas ranged between 35.2 and 2,914.9 km?
for males and 13.4 and 1,154.8 km? 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

2 Current Biology 37, 1-10, September 13, 2021

same speed across time lags, and is a measure of tortuosity
(lower values equate to higher tortuosity),’”'® ranged between
0.08 and 8.05 h and 0.03 and 3.6 h for males 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 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 ecor-
egion'® of telemetered jaguars included in the
analysis. Numbers next to ecoregions represent
the number of telemetry datasets per ecoregion.
See also Table S1.

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.'® To test this, we
compared density estimates from our
study ecoregions'”® with mean esti-

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 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 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

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 distribution'®'2?°3% and patterns in
terrestrial carnivore space use.'®*'"** 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.'®3>%% Increasing road density can affect jaguars and
other large cats®***~*" 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,*?*®> which in part explains jaguars’ association with rivers
in these systems'"** and the relatively large estimated home
ranges in the Southwest Amazon and Petén-Veracruz moist
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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 25" and 75™
quantiles and whiskers 1.5 times the upper and
lower interquartile range, with the dashed line
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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
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that jaguars adjust their behavior to ac-

count for anthropogenic factors.' 16276
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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.'® Similarly,
the relationship between densities in other regions*'***~*° 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 jaguars®®°°°? and other large felids®*>°
since male home range size is driven by both food availability
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Animal movements are expected to be
slower in areas of higher habitat quality
and reduced habitat heterogeneity and
fragmentation, which has been observed in big cats,®®""
and consequently, the inverse relationship between speed and for-
est cover is expected given jaguars’ preference for forest
COVE‘I’.1 1,12,64,65

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.>® %7775
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.”®

66,67
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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,®? but rather greater tortuosity in
movements.2°

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 scales'"'?¢%%5 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 jaguars'®'"*%41:63 and other felids,*>**’" and with
expectations across terrestrial mammalian carnivores in
general.'®%?

We demonstrate that jaguars adjust their behavior in relation to
differences in environmental and anthropogenic factors as
observed at more local scales'"®*®° and in other large cat
species.®®69:72:75.77-80 Thig 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,®”:"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.?>®* 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,®* 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.**:#%%°

In highly transformed landscapes where jaguars persist, how-
ever, 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
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Figure 4. Predicted relative range-wide jaguar home range size

Predicted relative mean home range sizes for jaguars across its distribution® 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.’®®” 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.®® 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,® 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,?® especially for carni-
vores,”® while home ranges are a manifestation of organisms’

6 Current Biology 37, 1-10, September 13, 2021

movements in space and time in response to heterogeneity in
their environment.®>°" 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,®
but also for the conservation of other large cats,””** and large
terrestrial carnivores in general.?

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 conser-
vation vision for the jaguar is based upon international collabora-
tion and trans-boundary decision making to maintain connectiv-
ity among core jaguar populations (Jaguar Conservation Units).®
Moreover, given that habitat loss, human population growth, and
road intrusion are common threats to large cat conserva-
tion,?>#295°97 our modeling framework is useful to identify
the environmental and anthropogenic factors associated with
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large cat and other large carnivore spatial needs for assessing
habitat suitability and to guide conservation and reintroduction
decisions.®* Therefore, our findings and analysis framework
have immediate and direct applications for the range-wide con-
servation of jaguars, other large cats, and large terrestrial carni-
vores around the world and the biodiversity for which they are

proxy.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Experimental models: Organisms/strains

Panthera onca Wild N/A

Deposited Data

Raw data o8 https://doi.org/10.5061/dryad.2dh0223

Software and algorithms

ctmm 0.5.11 S https://cran.r-project.org/web/packages/ctmm/index.html

R3.6.3 100 https://www.r-project.org/

Ime4 1.1-23 L https://cran.r-project.org/web/packages/Ime4/index.html

WinBUGS 1.4.3 102 https://www.mrc-bsu.cam.ac.uk/software/bugs/the-bugs-
project-winbugs/

R2WinBUGS 2.1-21 e https://cran.r-project.org/web/packages/R2WinBUGS/index.html

MuMin 104 https://cran.r-project.org/web/packages/MuMIn/index.html

bayestestR 105 https://cran.r-project.org/web/packages/bayestestR/index.html

ggplot2 106 https://ggplot2.tidyverse.org

Other

Terrestrial ecoregions https://ecoregions2017.appspot.com/
Forest cover o7 https://www.globalforestwatch.org/
Protected area 108 https://www.protectedplanet.net/
Annual precipitation 109 http://worldclim.org/
Seasonality in precipitation pce http://worldclim.org/

Net primary productivity 1o http:/files.ntsg.umt.edu/data/NTSG_Products/MOD17/

111

Human pop density https://sedac.ciesin.columbia.edu/data/set/gpw-v4-

population-density-rev11

112

Human footprint index https://wcshumanfootprint.org/

113

Cattle density https://livestock.geo-wiki.org/home-2/

Primary Roads na https://sedac.ciesin.columbia.edu/data/set/groads-global-
roads-open-access-v1

RESOURCE AVAILABILITY

Lead Contact
Further information and requests should be directed to and will be fulfilled by the Lead Contact, Jeffrey J. Thompson (jthompson.py@
gmail.com).

Materials Availability
This study did not generate unique reagents.

Data and Code Availability

o Original telemetry data are deposited to Data Dryad: https://doi.org/10.5061/dryad.2dh0223.
@ This paper does not report original code.
o Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

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.’'®
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METHOD DETAILS

Telemetry data

Our dataset was comprised of published GPS telemetry data from 106 jaguars (49 males, 57 females),® 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.”'®

Covariates
Based upon previous research on factors related to jaguar distribution and home range size, as well as other
carnivores, 0712:29:32.:33.50.67.87 \ye 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,'%” 2) mean percent area in forest,'°” 3) mean forest patch area, '°” 4) perimeter:area ratio of forest patches, %’ 5) density of
forest edge, '°” 6) percent protected area,'°® 7) mean annual precipitation,'°® 8) mean seasonality in precipitation,'°® 9) mean net
primary productivity,’'® 10) mean human population density,’"" 11) mean Human Footprint Index,''? 12) mean cattle density," "
and 13) primary road density."'* 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,”®*%°%%* while we also considered the effect of body
mass as it has been shown to be a factor associated with jaguar distribution. '°

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 2
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,”®""%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."*°° For individuals demonstrating range residency we estimated home ranges with area-corrected autocorrelated kernel
density estimation (AKDEc),”®""®"" 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,'® 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 estimation’® 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)'?° in a maximum likelihood
framework with ecoregion as a random intercept, ranking models using Akaike Information Criteria adjusted for small sample size
(AICc)."?" Using informative parameters from top ranking model sets,'?*> 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.'*°
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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 A/Cc."*9%" 8123 We un-
dertook the estimation of home range and movement parameters with the ctmm package® in R,'°° which considers a suite of po-
tential 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,'* 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
OUQ model which is the OUf model with oscillatory range crossing.'**°

We used the best fit CTSP model to estimate optimally weighted 95% AKDEc home ranges 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.'**

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.’® Consequently we followed the workflow of ® to estimate non-Gaussian speed® 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.’® 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.'**

Semi-variogram analysis, model selection, weighted AKDEc, parametric bootstrapping, and speed estimation were undertaken
using the ctmm package®® with the software R."°° rregular sampling schedules in the data were accounted for using the dt argument
within the variogram function in the ctmm package.®

116,118,123,125

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)'?° 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.'?*'?® 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 when more than one individual was tracked at the same place and time. %2 We note that we attempted to include slope
as arandom effect to better control for error in our estimates'” 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 likeli-
hood framework to undertake model selection and identify informative parameters based upon A/Cc 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 A/C-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 level'?? (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.'?''?2 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 A/Cc values of the top ranking models.'’

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.’*° 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,'*® 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 Ime4 package'®" with the software R'°° and conducted multi-model se-
lection using the MuMIn package.'®* For running the Bayesian GLMMs we used WinBUGS'%? and the R2winBUGS package,'%*
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 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.'®”

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,® 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 ecoregion'’?® 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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