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Abstract
Mesoamerican jaguars (Panthera onca) have been extirpated from over 77% of their his-

toric range, inhabiting fragmented landscapes at potentially reduced population sizes.

Maintaining and restoring genetic diversity and connectivity across human-altered land-

scapes has become a major conservation priority; nonetheless large-scale genetic monitor-

ing of natural populations is rare. This is the first regional conservation genetic study of

jaguars to primarily use fecal samples collected in the wild across five Mesoamerican coun-

tries: Belize, Costa Rica, Guatemala, Honduras, and Mexico. We genotyped 445 jaguar

fecal samples and examined patterns of genetic diversity and connectivity among 115 indi-

vidual jaguars using data from 12 microsatellite loci. Overall, moderate levels of genetic

variation were detected (NA = 4.50 ± 1.05, AR = 3.43 ± 0.22, HE = 0.59 ± 0.04), with Mexico

having the lowest genetic diversity, followed by Honduras, Guatemala, Belize, and Costa

Rica. Population-based gene flow measures (FST = 0.09 to 0.15, Dest = 0.09 to 0.21), princi-

pal component analysis, and Bayesian clustering applied in a hierarchical framework

revealed significant genetic structure in Mesoamerican jaguars, roughly grouping individu-

als into four genetic clusters with varying levels of admixture. Gene flow was highest

among Selva Maya jaguars (northern Guatemala and central Belize), whereas genetic dif-

ferentiation among all other sampling sites was moderate. Genetic subdivision was most

pronounced between Selva Maya and Honduran jaguars, suggesting limited jaguar move-

ment between these close geographic regions and ultimately refuting the hypothesis of

contemporary panmixia. To maintain a critical linkage for jaguars dispersing through the

Mesoamerican landscape and ensure long-term viability of this near threatened species,

we recommend continued management and maintenance of jaguar corridors. The baseline

genetic data provided by this study underscores the importance of understanding levels of

genetic diversity and connectivity to making informed management and conservation deci-

sions with the goal to maintain functional connectivity across the region.
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Introduction

Over the last 100 years, jaguars (Panthera onca) have been extirpated from over 54% of their
historic range [1–3]. These large-bodied and wide-ranging felids occur at low densities, depend
on forest habitat, and are thereby negatively affected by changes in habitat connectivity and
heterogeneity (e.g., [4, 5]). Habitat loss and fragmentation have the potential to limit move-
ment in jaguars and consequently genetic connectivity, thus constituting two of the most sig-
nificant threats to jaguars’ long-term survival (e.g., [1, 6–8]). Fragmented populations are more
likely to experience genetic drift caused by small effective population sizes and reduced gene
flow, leading to a decrease in genetic diversity and an increase in genetic structure (i.e., genetic
differentiation, spatial distribution of genetic diversity), which negatively impacts short- and
long-term persistence of wild populations (e.g., [9]). Low levels of genetic diversity decrease
reproductive fitness, resistance to disease, and generally lower adaptive potential [10, 11]. In
addition, jaguars have become increasingly threatened by illegal hunting, human-wildlife con-
flict, disease, overhunting of their prey base, and generally suffer from a lack of knowledge con-
cerning their status in the wild in certain regions (e.g., [5, 12]). Consequently, jaguars are
classified as ‘near-threatened’ under the International Union for Conservation of Nature
(IUCN), declared as an ‘endangered’ species under the U.S. Endangered Species Act (ESA),
and listed under Appendix I by the Convention on International Trade in Endangered Species
of Wild Fauna and Flora (CITES) [12].

The situation is especially concerning in Mesoamerica, where jaguars occupy only 33% of
their former range, and 75% of existing populations inhabit fragmented landscapes at poten-
tially reduced population sizes [2, 13]. Mesoamerica has experiencedone of the highest defor-
estation rates worldwide caused by illegal logging, drug trafficking, and agricultural
development (e.g., [14, 15]). Additionally, shipping corridors such as the Panama Canal and
the current construction of a similar waterway in Nicaragua, pose further threats to connectiv-
ity of Central American wildlife such as forest-dependent jaguars (e.g., [16]. Large-scale con-
servation efforts, including the Mesoamerican Biological Corridor (MBC, [17]) and Panthera’s
Jaguar Corridor Initiative (JCI, [6]) have been implemented in response to these threats, seek-
ing to maintain connectivity between protected areas for wide-rangingwildlife species. The JCI
aims to identify, prioritize, assess, and consequently protect and restore Jaguar Conservation
Units (JCUs) and movement corridors between these core jaguar populations to preserve con-
nectivity across the Mesoamerican landscape and beyond [6, 18].

Large-scale conservation strategies, which are instrumental to protect broadly distributed
species such as jaguars (e.g., [2, 18, 19]), need to incorporate genetic monitoring of wild popu-
lations to fully understand how these species respond to environmental changes and increasing
levels of anthropogenic impacts. Evaluating genetic connectivity by identifying genetic clusters
(e.g., populations), and quantifying levels of genetic diversity within populations and gene flow
between them, is crucial when prioritizing conservation and management efforts (e.g., [9, 20]).
Nonetheless, the implementation of large-scale genetic surveys is challenging and the difficulty
in obtaining DNA samples from wild populations has limited the number of genetic studies in
jaguars [21–24]. In recent years, the application of noninvasive genetic sampling (e.g., fecal
DNA), scat detector dogs, and optimization of field and laboratory methods have helped
increase sample sizes for difficult-to-study and elusive target species such as many wild felids
(e.g., [23, 25, 26]). However, large-scale genetic studies often still suffer from low sample sizes,
making it difficult to detect cryptic genetic structure at differing spatial scales. Examining levels
of population subdivision on fine- and large spatial scales increases our understanding of his-
torical, ecological, and behavioral processes driving genetic connectivity, which represents cru-
cial information to formulate effective conservation and management efforts.
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Previous large-scale genetic studies suggested that jaguars exhibit relatively high levels of
genetic diversity and weak population structure across their range, rejecting subdivision of
jaguars into subspecies [21, 22], which contradicts earlier studies identifying eight to sixteen
subspecies based on skull morphology (e.g., [3, 27, 28]). Eizirik, Kim [21] did not detect
strong genetic differentiation for jaguars across their range, but suggested subdivision into
four incompletely isolated phylogeographic groups (Mexico and Guatemala, southern Cen-
tral America, northern South America, and southern South America). Ruiz-García, Vás-
quez [22] could not support these findings, but concluded that genetic diversity levels were
lower for Guatemalan jaguars in comparison to most other South American populations,
thus making Mesoamerican jaguars a higher conservation priority and in need of further
genetic surveys. Sample sizes for Mesoamerican jaguars in these range-wide studies were
also low (13 individuals, Eizirik, Kim [21]; 10 individuals, Ruiz-García, Vásquez [22]). In
recent years, however, fine-scale genetic monitoring efforts focusing on jaguars [23, 24, 29]
showed evidence for genetic differentiation, suggesting that human-dominated landscapes
surrounding remaining jaguar habitat potentially limited gene flow of jaguars at a local
scale.

This current study represents the first regional genetic survey investigating genetic diversity,
gene flow, and dispersal patterns for Mesoamerican jaguars using DNA from scat samples col-
lected in the wild. We characterized levels of neutral genetic diversity and the degree of genetic
connectivity for jaguars at several sampling sites across five Mesoamerican countries (Belize,
Costa Rica, Guatemala, Honduras, Mexico). We also evaluated the assumption that Mesoamer-
ican jaguars are one large panmictic population, exhibiting low levels of genetic differentiation,
as suggested by earlier studies. The long-term goal of this study is to support regional conserva-
tion and management efforts such as JCI and MBC by providing genetic baseline data, assess-
ing functional connectivity of movement corridors (“genetic ground-truthing”), and making
recommendations for the maintenance of genetic connectivity and long-term persistence of
Mesoamerican jaguars on a regional scale.

Materials and Methods

Ethics statement

A review from the ethics committee was not required, as the fieldwork only involved noninva-
sive genetic sampling of fecal samples. Permits and necessary permissions for collection of felid
scat samples were obtained from the Belize Forest Department, the Ministry of Environment
and Energy of Costa Rica, the National Council of Protected Areas of Guatemala, the National
Institute for Conservation and Forest Development, Protected Areas, and Wildlife of Hondu-
ras, and the Secretariat of Environment and Natural Resources of Mexico.

Study sites and sampling information

Fecal samples were collected opportunistically in the field at several sampling sites across
five Mesoamerican countries, including Belize (Central Belize Corridor Area, 17°30’ N, 88°
34’ W; CockscombBasin Wildlife Sanctuary, 16°48’ N, 88°37’ W), Costa Rica (Tortuguero
National Park, 10°26’ N, 83°30’ W; northern Talamanca, 10°00’ N, 83°30’ W; Osa Peninsula,
8°43’ N, 83°22’ W), Guatemala (Laguna del Tigre National Park, 17°34’ N, 90°40’ W; Maya
Biosphere Reserve, 17°28’ N, 89°51’ W; Mirador Río-Azul National Park, 17°48’ N, 89°15’
W), Honduras (Río Plátano Biosphere Reserve, 15°31’ N, 84°46’ W; Pico Bonito National
Park, 15°37’ N, 86°51’ W; Jeanette Kawas National Park, 15°50’ N, 87°40’ W), and Mexico
(Sierra del Abra Tanchipa Biosphere Reserve, 22°15’ N, 98°56’ W; Sierra Mixe, Oaxaca, 17°
25’ N, 96°22’ W) (Fig 1). Field sampling efforts in Costa Rica were supported by the use of a
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professionally trained scat detector dog. The sampling sites were primarily located in low-
lying regions with subtropical and tropical climates and a high diversity of habitat types. All
sampling sites are part of or in close proximity to the Mesoamerican Biological Corridor
and Panthera’s JCUs. Fecal samples were preserved using silica beads and stored at room
temperature prior to DNA extraction. Geographic locations of fecal samples were recorded
using a GPS unit.

Fig 1. Sampling sites of jaguars across five Mesoamerican countries. Black triangles represent individual jaguar samples collected across five

Mesoamerican countries (Mexico, Guatemala, Belize, Honduras, Costa Rica). Spatial data representing jaguar conservation units and movement corridors

were obtained from Panthera.

doi:10.1371/journal.pone.0162377.g001
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DNA extraction, PCR and genotyping

Genomic DNA was extracted from fecal samples using the QIAamp DNA Stool Mini Kit (Qia-
gen, Inc., Valencia, CA) with small protocol modifications and species were identified using
four mitochondrial gene regions [30]. For individual identification, we used 12 polymorphic
nDNA microsatellite loci [31, 32] arranged in five polymerase chain reaction (PCR) multiplex
reactions (multiplex 1 –FCA032,FCA100, FCA124; multiplex 2 –FCA126,FCA212, FCA229;
multiplex 3 –FCA096,FCA132, FCA275; multiplex 4 –FCA075,FCA208; multiplex 5 –
FCA225). At first, multiplex reactions of 20 μL consisted of reagents as described in Caragiulo,
Kang [33] and utilized 3.0–5.0 μL of genomic DNA. Starting in 2014, reagents and DNA in
multiplex reactions were optimized and reduced to 10–10.25 μL volumes. For additional details
on updated PCR reactions and thermocycling conditions for multiplex 1–5, see S1 Materials
and Methods.

To identify gender, we used ZF-1F/ZFX-1R and ZFY-2F/ZF-2R [34] and Zn/Amel DNA
markers [35]. PCR reactions for the ZF-1F/ZFX-1R and ZFY-2F/ZF-2R primer set were con-
ducted and analyzed as described in Caragiulo, Kang [33]. Thermocycling conditions for the
ZF-1F/ZFX-1R and ZFY-2F/ZF-2R primers followed [34] except for 13 cycles during the
touchdown sequence, and annealing at 53°C for 45 s. For the Zn/Amel primers [35], PCR reac-
tions and thermocycling conditions were conducted following protocols describedby Wultsch,
Waits [23]. A PCR negative was included in each PCR group to control for contamination.
Primers were fluorescently labeled and PCR products were visualized using an ABI 3730xl
DNA analyzer (Applied Biosystems™, Carlsbad, CA). Scoring of alleles was conducted using
GENEMAPPER, version 5.0 (Applied Biosystems™, Carlsbad, CA). To finalize consensus geno-
types and minimize genotyping error, we employed a multi-tube approach [36] with a mini-
mum of 4 repetitions for each microsatellite multiplex and jaguar sample. To confirm
individual identification and assess the resolving power of the 12 microsatellite loci, we calcu-
lated probability of identity values (P(ID), the probability of identity; P(ID)sibs, the probability of
identity between siblings), as suggested by Mills, Citta [37] and Waits, Luikart [38] using Gen-
AlEX, version 6.5 [39]. In addition, we quantified nDNA amplification success (number of suc-
cessful PCRs divided by total number of PCRs across all loci) and genotyping error (allelic
dropout, ADO; false allele, FA) rates for microsatellites using ConGenR [40] in R, version 3.1.3
[41]. FA rates were calculated for all consensus genotypes and ADO rates were estimated only
for heterozygous genotypes.

Genetic diversity, Hardy-Weinberg equilibrium, and linkage

disequilibrium

Standard indices of genetic diversity, including number of alleles (NA), observed (HO) and
expected heterozygosities (HE) for each and across all microsatellite loci and sampling sites,
were estimated using diveRsity, version 1.9.89 [42] in R, version 3.1.3 [41]. We also calculated
rarified allelic richness (AR) and inbreeding coefficients (FIS) with hierfstat [43] in R, version
3.1.3 [41]. 95% confidence intervals of multi-locus inbreeding coefficientswere estimated
(1,000 bootstraps) over 12 loci. Conformation to Hardy-Weinberg equilibrium (HWE) and
linkage disequilibrium (LD) was tested performing exact tests in GENEPOP, version 4.1 [44]
with default settings for Markov chain parameters (dememorization = 1000; batches = 100;
Markov chain Monte Carlo [MCMC] iterations per batch = 1000). We screened each microsat-
ellite locus across sampling sites for the occurrence of null alleles using MICROCHECKER,
version 2.2.3 [45]. Statistical differences between groups were evaluated using Kruskal-Wallis
rank-sum tests in R, version 3.1.3 [41]. Sequential Bonferroni correction [46] was applied to
correct significance levels for multiple tests performed simultaneously.
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Genetic structure

We quantified genetic structure using individual- and population-based analysis approaches at
both fine and regional spatial scales. First, to assess contemporary gene flow, non-spatial Bayes-
ian clustering using STRUCTURE, version 2.3.4 [47, 48] was applied to infer population struc-
ture by probabilistically assigning individuals to a number of genetic groups/clusters (K). A
series of 10 independent runs per K (ranging from 1 to 10) was conducted using the admixture
model with correlated allele frequencies, sampling locations as prior (LOCPRIOR), and
2,000,000 MCMC iterations after a burn-in of 200,000 replicates. We chose the most likely K
value by calculating the mean posterior probability, mean L(K) [47] and delta K (ΔK) statistic
[49] for each K using POPHELPER [50] in R, version 3.2.4 [41]. To examine hierarchical
genetic structure within the genetic clusters identified through STRUCTURE, we repeated
Bayesian clustering analysis until no additional genetic subdivision was detected (e.g., [51, 52]).
Since the Bayesian clustering algorithm in STRUCTURE assumes unrelatedness among sam-
pled individuals [47], we also identified closely related jaguars (parent-offspring, full siblings)
with ML-RELATE [53], and repeated the STRUCTURE analysis without including closely
related individuals. At last, individual genotypes were assigned to distinct genetic clusters by
summarizing the percentage of genotypes' ancestry (Q; scores�70% indicate assignment to a
genetic cluster; scores<70% and>30% indicate admixed ancestry). To complement the
STRUCTURE analysis, we also conducted a principal component analysis (PCA) and identi-
fied clusters of genetically similar individuals without making assumptions regarding HWE
and LD, as implemented in adegenet, version 1.4.2 [54] using R, version 3.1.3 [41].

Furthermore, we examined contemporary gene flow (i.e. within the past few generations) by
identifying first-generation dispersers (F0) through assignment tests implemented in GENE-
CLASS, version 2.0 [55]. The probability of individual genotypes coming from each sampling
location was calculated by running simulations with 10,000 individuals and a Type I error level
of 0.01. The likelihood estimation was based on Lhome/Lmax (ratio of L_home to the highest
likelihood value among all available population samples including the population where the
individual was sampled, L_max), applying the algorithm of Rannala and Mountain [56] in
combination with the MCMC resampling method of Paetkau, Slade [57].

The presence of genetic structurewas also assessed by calculating population-basedgene flow
estimates such as pairwiseFST [58] and Dest [59] values with 95% confidence intervals (10,000 boot-
straps) between genetic clusters identified by STRUCTURE (cluster 1—Mexico, cluster 2 –Guate-
mala and Belize, cluster 3 –Honduras, cluster 4—Costa Rica) using diveRsity, version 1.9.89 [42] in
R, version 3.1.3 [41]. In addition, to examine the effect of spatial scale on the genetic structure anal-
yses, we conducted an analysis of molecular variance (AMOVA, [60]), estimating the degree of
genetic differentiation between-groupand within-group at several hierarchical levels through cal-
culating variance components and Phi values (F, statistics analogous to Wright’s F-statistics) with
ade4, version 1.7–4 [61] in R, version 3.1.3 [41]. Different a priori hypotheses about hierarchical
genetic divergencewere tested, including subdivision into historically defined subspecies (scenario
A: Panthera o. hernandesii, Panthera o. veraecrucis, Panthera o. goldmani, Panthera o. centralis;
due to low sample sizes Panthera o. hernandesii and Panthera o. veraecrucis were defined as one
group), JCUs covered in this study (scenario B: JCU 2 –SierraMadre Oriental,Mexico; JCU 5 –
Istmo de Tehuantepec, Mexico; JCU 8 –SelvaMaya (Mexico, Guatemala, Belize); JCU 14 –west-
central Belize; JCU 19 –CorazónBiosphere, Honduras; JCU 20 –Río Indio Maíz, Costa Rica; JCU
21 –northwesternCosta Rica; JCU 25 –Osa Peninsula, Costa Rica), and genetic clusters identified
through Bayesian clustering in STRUCTURE (scenarioC: cluster 1—Mexico, cluster 2 –Guatemala
and Belize, cluster 3 –Honduras, cluster 4—Costa Rica). To determine significancevalues for F sta-
tistics, randomization tests were applied using 1,000 permutations.
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Finally, isolation-by-distance (IBD) patterns were examined to determine whether a signifi-
cant correlation existed between pairwise codominant genotypic and geographic (Euclidean)
distances by performing simple Mantel tests (1,000 permutations) across fine- and large spatial
scales with ecodist, version 1.2.9 [62] in R, version 3.1.3 [41]. In addition, we conducted a spa-
tial autocorrelation analysis in GenAlEx, version 6.5 [39], to assess genetic similarity between
pairs of individuals at several distance classes, and by doing so examine the spatial extent of
positive genetic structure. A significant positive autocorrelation means that individuals at a
given distance class are geneticallymore similar than expected by chance. We determined the
significance of spatial autocorrelation coefficients (r), at each distance class via permutation
(10,000 simulations) and bootstrapping (1,000 repeats). Spatial autocorrelation patterns were
graphically visualized using correlograms.

Results

Microsatellite genotyping

We genotyped a total of 445 jaguar scats collected across five Mesoamerican countries (Belize
[n = 297], Costa Rica [n = 50], Guatemala [n = 24], Honduras [n = 34], Mexico [n = 40]). We
identified 115 individual jaguars (74 males, 11 females, 30 sex unknown; Table 1). Cumulative
P(ID) and P(ID)sibs estimates were 3.36E-11 and 5.82E-05, which confirms high resolving power
for identifying individual jaguars using this set of microsatellites. Overall nDNA PCR amplifi-
cation success rate for microsatellites was 60.4%. Cumulative mean genotyping error rates were
4.9% for false alleles and 17.9% for allelic dropout.

Genetic diversity, Hardy-Weinberg equilibrium and linkage

disequilibrium

Overall,Mesoamerican jaguars exhibited moderate to high levels of genetic diversity across all
loci, with NA of 4.50 (±1.05, SD), rarifiedAR of 3.43 (±0.22, SD), HO of 0.59 (±0.06, SD), and
HE of 0.59 (±0.04, SD) (Table 2 and S1 Table). Genetic diversity estimates were highest for jag-
uars in Costa Rica, followed by Belize, Guatemala, Honduras, and Mexico (Table 2 and S1
Table), but did not differ significantly across sampling sites (Kruskal–Wallis rank-sum tests:
AR, H = 2.35, P = 0.673; He, H = 4.47, P = 0.346;) with the exception of NA (H = 13.56,
P = 0.010). The global inbreeding coefficientwas 0.05 (±0.09, SD), ranging from -0.08 to 0.13
at different sampling localities (Table 2 and S1 Table). We detected null alleles in FCA075 and
FCA212 in Belizean jaguars (S2 Table). However, since null allele frequencies were low and no
signs of null alleles were detected for these two loci at any of the other sampling localities, we
kept FCA075 and FCA212 in the analysis.

Departure from Hardy-Weinberg equilibrium was significant in two cases (FCA075 in
Belize, P = 0.001; FCA126 in Costa Rica, P = 0.003) after applying sequential Bonferroni

Table 1. DNA sample summary. Number of individual jaguars (n) and number of males and females detected across five Mesoamerican countries (Belize,

Costa Rica, Guatemala, Honduras, Mexico).

Country n Males Females Sex Unknown

Mexico 7 6 1 0

Guatemala 15 12 0 3

Belize 50 41 3 6

Honduras 7 6 0 1

Costa Rica 36 9 7 20

Total 115 74 11 30

doi:10.1371/journal.pone.0162377.t001
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correction (S2 Table). LD was not observed at any locus pairs after applying sequential Bonfer-
roni corrections, suggesting that all loci are genetically independent.

Genetic structure

Non-spatial Bayesian clustering analysis in STRUCTURE for all Mesoamerican jaguars sug-
gested subdivision into three genetic clusters (K = 3) with varying levels of genetic admixture
(Figs 2 and 3). For K = 3, the identified genetic clusters roughly corresponded to main geo-
graphic regions (north–cluster 1—Mexico; central–cluster 2—Guatemala, Belize, and Hondu-
ras; south–cluster 3—Honduras and Costa Rica) sampled across Mesoamerica and varied in
levels of genetic admixture (Fig 2). In Honduras, we detected 3 jaguars with admixed ancestry
partially assigned to cluster 2 and 3, and 4 jaguars fully assigned to cluster 3 (Q> 0.7). Further
hierarchical clustering analysis of jaguars sampled across the Selva Maya region (northern
Guatemala and central Belize) and Honduras showed evidence for genetic differentiation
(K = 2): Selva Maya jaguars clustered separately from Honduran jaguars with overall high
assignment membership values for all individuals (Q> 0.7) (Fig 4B and S1A Fig). For Hondu-
ran and Costa Rican jaguars, we also detectedK = 2, suggesting the presence of two genetic
clusters with evidence for genetic admixture (Fig 4C and S1B Fig). Costa Rican jaguars were all
assigned to the first cluster and Honduran jaguars exhibited admixed ancestry between both
clusters detected. For Selva Maya jaguars, the highest ΔK was observed at K = 8, but due to
genetic homogeneity across all samples (symmetric assignment of individuals to all genetic
clusters), we concluded that low genetic structuring (K = 1) was evident (Fig 4D and S1C Fig).
Furthermore, Bayesian clustering did not detect genetic substructure (K = 1) when Costa Rican
jaguars were assessed separately (Fig 4E and S1D Fig). Additional Bayesian clustering analysis
in STRUCTURE excluding closely related jaguar individuals from the analysis corroborated
our previous findings and confirmed that the number of genetic clusters was not overestimated
due to the presence of closely related jaguars (S2 Fig). In accordance with the Bayesian cluster-
ing analysis in STRUCTURE, the PCA plot showed that Selva Maya jaguars were clearly clus-
tered into one group, while jaguars sampled in Mexico, Honduras, and Costa Rica formed
separate genetic clusters, suggestingmoderate genetic differentiation (Fig 5).

Estimation of contemporary gene flow through likelihood-basedassignment tests con-
ducted in GENECLASS detected two putative F0 dispersers among sampling sites across Meso-
america. One F0 disperser was detected in southern Mexico at Sierra Mixe in Oaxaca,
indicating gene flow from the Guatemala sampling sites. The second F0 disperser sampled at

Table 2. Summary statistics of genetic diversity for Mesoamerican jaguars.

Country n NA AR HO HE FIS (95% CI [LL, UL])

Mexico 7 3.25 3.14 0.52 0.54 0.13 (0.00, 0.29)

Guatemala 15 4.33 3.35 0.67 0.60 -0.08 (-0.15, 0.00)

Belize 50 5.00 3.38 0.54 0.60 0.12 (0.03, 0.18)

Honduras 7 3.92 3.55 0.62 0.58 -0.01 (-0.13, 0.18)

Costa Rica 36 6.00 3.72 0.62 0.64 0.05 (0.01, 0.11)

Total Mean 4.50 3.43 0.59 0.59 0.05

SD 1.05 0.22 0.06 0.04 0.09

Genetic variability was assessed based on 115 jaguar individuals genotyped at 12 microsatellite loci collected across five Mesoamerican countries (Belize,

Costa Rica, Guatemala, Honduras, Mexico). Summary includes number of individuals (n), number of alleles (NA), rarefied allelic richness (AR), observed

heterozygosity (HO), expected heterozygosity (HE), inbreeding coefficient (FIS) and 95% confidence intervals (CI; 1,000 bootstraps) with lower (LL) and

upper (UL) limits. SD, standard deviation.

doi:10.1371/journal.pone.0162377.t002
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Fig 2. Genetic structure in Mesoamerican jaguars. Results were obtained from Bayesian clustering analysis (K = 3) using STRUCTURE, version 2.3.4

[47] and genotype data from 12 microsatellite loci for jaguars (n = 115) sampled across five Mesoamerican countries (Belize, Costa Rica, Guatemala,

Honduras, Mexico). (a) STRUCTURE barplot—vertical bars represent individuals and the color of each bar visualizes the % of membership (Q) the

individual belongs to the genetic clusters (K) identified. (b) Pie charts represent fractions of Q for groups of jaguar individuals studied across different

sampling sites (A, Sierra del Abra Tanchipa Biosphere Reserve, Mexico; B, Sierra Mixe, Oaxaca, Mexico; C, northern Guatemala [Laguna del Tigre National
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the Río Plátano Biosphere Reserve in southeastern Honduras was genetically assigned to sam-
pling sites in Costa Rica (Table 3). Both F0 dispersers were male.

Population-based gene flow estimates using pairwiseFST and Dest values between sampling
sites indicated moderate genetic differentiation, with FST values ranging from 0.09 to 0.15, and
Dest values ranging from 0.09 to 0.21 (Table 4). The highest FST and Dest estimates were
observedbetween jaguars detected in Mexico and all remaining sites, and between Selva Maya
and Costa Rican jaguars. The AMOVA results testing three hypotheses for hierarchical genetic

Park, Maya Biosphere Reserve, Mirador Rı́o-Azul National Park]; D, Central Belize Corridor Area, Belize; E, Cockscomb Basin Wildlife Sanctuary, Belize; F,

Jeanette Kawas National Park, Honduras; G, Pico Bonito National Park, Honduras; H, Rı́o Plátano Biosphere Reserve, Honduras; I, northeastern Costa

Rica [Tortuguero National Park, Barra del Colorado Wildlife Refuge, and Barbilla National Park]; J, several sites across northern and northwestern Costa

Rica; K, Corcovado National Park, Costa Rica.

doi:10.1371/journal.pone.0162377.g002

Fig 3. Results of the global STRUCTURE analysis in Mesoamerican jaguars. The optimal number of genetic

clusters (K) in Mesoamerican jaguars (n = 115) applying Bayesian clustering methods in STRUCTURE, version

2.3.4 [47] was chosen based on posterior probabilities (mean L(K); A) and delta K (ΔK, mean (|L”(K)|)/SD(L(K)); D)

for each K value. SD, standard deviation; L’(K), mean rate of change of the likelihood distribution (B); |L”(K)|,

absolute value of the 2nd order rate of change of the likelihood distribution (C).

doi:10.1371/journal.pone.0162377.g003
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subdivision (scenario A: historically defined subspecies, scenario B: JCUs, and scenario C:
genetic clusters identifiedwith STRUCTURE) indicated that most of the variance (V) was
attributable to genetic variation among the lowest hierarchical level, individuals within sam-
pling sites (A: V = 71.7%, F = 0.28, P = 0.001; B: V = 75.5%, F = 0.24, P = 0.001; C: V = 71.6%,

Fig 4. Hierarchical genetic structure in Mesoamerican jaguars. Bayesian clustering analysis was conducted for all jaguar samples (a, n = 115) at a first

(b, n = 72; c, n = 42) and a second hierarchy level (d, n = 65; e, n = 36) using STRUCTURE, version 2.3.4 [47]. Hierarchical structure analysis identified four

genetic clusters (cluster 1: sites A and B; cluster 2: sites F, G, and H; cluster 3: C, D, and E; cluster 4: I, J, and K). A, Sierra del Abra Tanchipa Biosphere

Reserve, Mexico; B, Sierra Mixe, Oaxaca, Mexico; C, northern Guatemala (Laguna del Tigre National Park, Maya Biosphere Reserve, Mirador Rı́o-Azul

National Park); D, Central Belize Corridor Area, Belize; E, Cockscomb Basin Wildlife Sanctuary, Belize; F, Jeanette Kawas National Park, Honduras; G,

Pico Bonito National Park, Honduras; H, Rı́o Plátano Biosphere Reserve, Honduras; I, northeastern Costa Rica (Tortuguero National Park, Barra del

Colorado Wildlife Refuge, and Barbilla National Park); J, several sites across northern and northwestern Costa Rica; K, Corcovado National Park, Costa

Rica. K, number of genetics clusters inferred in STRUCTURE.

doi:10.1371/journal.pone.0162377.g004
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Fig 5. Principal component analysis (PCA) based on Mesoamerican jaguar genotypes. Scatterplot visualizes the first two principal components.

Points represent individual genotypes, and geographical groups of jaguars sampled across five Mesoamerican countries (Belize, Costa Rica, Guatemala,

Honduras, Mexico) are 95% inertia ellipses in different colors. Inserted barchart shows eigenvalues with corresponding components in dark grey. PC,

principal component.

doi:10.1371/journal.pone.0162377.g005
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F = 0.28, P = 0.001) (Table 5). These results suggested that genetic variation resided primarily
within sampling localities rather than among them, which was consistent at all scales.

Across all samples, we found a significant IBD pattern (r = 0.375, P = 0.001) (Fig 6A). Man-
tel tests performed on a finer geographic scale indicated a significant correlation between
genetic and geographic distances for jaguars within Mexico, northern Guatemala, and central
Belize (r = 0.422, P = 0.001) (Fig 6B). We did not observe significant correlations between
genetic and geographic distances of jaguars collected across other areas (northern Guatemala,
central Belize, and Honduras, r = 0.089, P = 0.128, Fig 6C; Honduras and Costa Rica, r = 0.104,
P = 0.167, Fig 6D), verifying that geographic distance was not the main factor driving genetic
differentiation at these spatial scales. We also detected IBD in the spatial autocorrelation analy-
sis with significant positive correlation between individuals in the first five distance classes
(10km, r = 0.057, P = 0.001; 25km, r = 0.034, P = 0.001; 50km, r = 0.079, P = 0.001; 100km,
r = 0.026, P = 0.001; 200km, r = 0.012, P = 0.001), after which r decreased to become statisti-
cally indistinguishable from zero, as would be expected in the case of nonrandom genetic struc-
ture such that spatially proximal individuals are genetically more similar than spatially distant
jaguars. The spatial autocorrelation analysis also revealed an x-intercept of r at ~ 340 km, indi-
cating the extent of positive genetic structure (Fig 7).

Discussion

Habitat loss and fragmentation represent severe threats to jaguars since they exist at low densi-
ties, and have large spatial requirements and dispersal patterns mediated by the occurrence of
habitat and prey (e.g., [4, 8]). Nonetheless, knowledge of long-range jaguar movement and con-
sequently gene flow remains limited (e.g., [63, 64, 65]). Direct assessments of jaguar movement
and dispersal through tracking of VHF- or GPS-collared individuals within Mesoamerican are

Table 3. First-generation migrant analysis indicating dispersers in Mesoamerican jaguars.

GENECLASS F0 migrant -log(L) by sampling site

Sample ID Sex Origin log(L_home/L_max) A P MX GTA BZ HON CR

Jaguar01 M MX 1.70 GTA 0.001 9.95 8.25 8.28 14.28 13.30

Jaguar02 M HON 3.78 CR 0.005 17.66 18.79 18.62 18.61 14.83

First-generation migrants (F0) were identified for Mesoamerican jaguars (n = 115) across sampling sites in Mexico (MX), northern Guatemala (GTA), central

Belize (BZ), Honduras (HON), and Costa Rica (CR) using likelihood computations (L_ home/L_max) in GENECLASS, version 2.0 [55]. Origin, geographical

sampling location of individual felid; A, genetic assignment of individual felid to geographic origin cluster; P, P-value refers to the detection of F0 dispersers

(P < 0.05 indicates a potential F0).

doi:10.1371/journal.pone.0162377.t003

Table 4. Genetic differentiation in Mesoamerican jaguars.

Panthera onca (n = 115) 1 2 3 4

1 — 0.15 (0.06–0.26) 0.14 (0.05–0.27) 0.15 (0.06–0.26)

2 0.11 (0.02–0.24) — 0.10 (0.05–0.16) 0.13 (0.08–0.19)

3 0.11 (0.03–0.24) 0.10 (0.03–0.21) — 0.09 (0.04–0.13)

4 0.14 (0.05–0.27) 0.21 (0.13–0.29) 0.09 (0.01–0.21) —

Pairwise FST [58] and Dest [59] estimates, with 95% confidence intervals (10,000 bootstraps) in brackets. Mesoamerican jaguar samples were grouped

based on genetic clusters identified in STRUCTURE, version 2.3.4 [47] (1: cluster 1—Mexico, n = 7; 2: cluster 2—Guatemala and Belize, n = 65; 3: cluster 3

—Honduras, n = 7; 4: cluster 4—Costa Rica, n = 36). FST estimates are above the diagonal, with pairwise Dest estimates below the diagonal. n, number of

individuals.

doi:10.1371/journal.pone.0162377.t004
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rare [66–69]. As an alternative, our study applied noninvasive genetic sampling methods to
monitor wild Mesoamerican jaguars, with the main objective of assessing their regional conser-
vation genetic status, including genetic diversity and connectivity.

Genetic diversity in Mesoamerican jaguars

Genetic diversity has important ecological consequences in natural populations, including the
maintenance of evolutionary potential and individual fitness to respond to threats such as envi-
ronmental change and disease (e.g., [9, 70]). All regions sampled within Mesoamerica showed
moderate levels of genetic variation (Table 2 and S1 Table), which is in agreement with earlier
studies [21, 71]. The discrepancy between the moderately high diversity levels observed and
recent demographic declines and the detection of a north-to-south gradient of increasing
genetic diversity in Mesoamerican jaguars indicate that current genetic diversity patterns are
shaped by both historical (e.g., post-glacial recolonization, historically large population sizes)
and contemporary (e.g., restricted gene flow due to habitat loss and fragmentation) events.
Diversity levels were lowest for jaguars in northeasternMexico (Sierra Madre Oriental), repre-
senting marginal populations across the species’ range, which are more likely to experience
founder events, population bottlenecks, and sporadic changes in population sizes [72]. We also
detectedmoderate levels of inbreeding in Sierra Madre Oriental jaguars, which could have
been caused by genetic drift and/or homozygote excess in this potentially small, reproductively
isolated population.

Honduran jaguars exhibited the second lowest genetic diversity estimate (Table 2 and S1
Table) among all Mesoamerican sites surveyed. In northern and central Honduras jaguars
inhabit fragmented forest patches and are potentially reduced to small population sizes,

Table 5. Hierarchical analysis of molecular variance (AMOVA) in Mesoamerican jaguars.

Source of variation d.f. SS VC % Variance Φ P

A Among historically defined subspecies 2 12.13 0.11 15.83 0.16 0.001

Among sampling sites within hist. defined subspecies 96 65.13 0.09 12.49 0.15 0.001

Among individuals within sampling sites 99 49.81 0.50 71.68 0.28 0.001

Total 197 127.08 0.70 100.00

B Among JCUs 6 16.17 0.08 12.38 0.12 0.001

Among sampling sites within JCUs 92 61.09 0.08 12.07 0.14 0.002

Among individuals within sampling sites 99 49.81 0.50 75.54 0.24 0.001

Total 197 127.08 0.67 100.00

C Among genetic clusters 3 14.22 0.12 16.96 0.17 0.001

Among sampling sites within genetic clusters 95 63.05 0.08 11.42 0.14 0.002

Among individuals within sampling sites 99 49.81 0.50 71.62 0.28 0.001

Total 197 127.08 0.70 100.00

The analysis was based on 115 jaguar individuals detected at several sampling sites in Mexico, Guatemala, Belize, Honduras, and Costa Rica and

genotyped at 12 microsatellite loci. Different hypotheses for hierarchical genetic subdivision: historically defined subspecies for Mesoamerican jaguars

(scenario A: Panthera o. hernandesii, Panthera o. veraecrucis, Panthera o. goldmani, Panthera o. centralis; due to low sample sizes Panthera o.

hernandesii and Panthera o. veraecrucis were defined as one group), Jaguar Conservation Units (JCUs) included in this study [21] (scenario B: JCU 2 –

Sierra Madre Oriental, Mexico; JCU 5 –Istmo de Tehuantepec, Mexico; JCU 8 –Selva Maya, Mexico, Guatemala, and Belize; JCU 14 –west-central Belize;

JCU 19 –Corazón Biosphere, Honduras; JCU 20 –Rı́o Indio Maı́z, Costa Rica; JCU 21 –northwestern Costa Rica; JCU 25 –Osa Peninsula, Costa Rica),

and genetic clusters identified with STRUCTURE, version 2.3.4 [47] (scenario C: cluster 1—Mexico, cluster 2 –Guatemala and Belize, cluster 3 –Honduras,

cluster 4—Costa Rica) were tested. d.f., degrees of freedom; SS, sum of squares; VC, variance components; % Variance, proportion of variance attributed

to the different levels in spatial hierarchy of Mesoamerican jaguars; Φ, Phi statistics analogous to Wright’s F-statistics; P, P values based on 1,000

permutations.

doi:10.1371/journal.pone.0162377.t005
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Fig 6. Regional and fine-scale isolation-by-distance patterns in Mesoamerican jaguars. Isolation-by-distance in Mesoamerican jaguars was assessed

by plotting pairwise codominant genotypic distance calculated in GenAlEx, version 6.41 [39] versus pairwise Euclidean distances (km) across (A) all

sampling sites, (B) Mexico, Guatemala, and Belize, (C) Guatemala, Belize, and Honduras, and (D) Honduras and Costa Rica. Statistical significance was

assessed using simple Mantel tests in ecodist, version 1.2.9 [62] in R, version 3.1.3 [41]. Each point represents a pairwise comparison among individual

jaguars.

doi:10.1371/journal.pone.0162377.g006
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whereas jaguars living in southeastern Honduras across the Corazón Biosphere are relatively
widely distributed with stable population numbers and frequent dispersal events [73–75]. Jag-
uars studied in Costa Rica, central Belize, and northern Guatemala showed the highest levels of
genetic diversity within Mesoamerican sites surveyed and no evidence of heterozygote defi-
ciency, indicating overall moderate to high local population sizes. Jaguars sampled in northern
Guatemala and adjoining areas of central Belize are mostly part of the transboundary Selva
Maya (The Mayan Forest), which is considered the jaguar’s main stronghold in Central Amer-
ica, and represents one of the largest blocks of contiguous tropical forest left in Mesoamerica
(e.g., [13, 65]).

Genetic structure and contemporary gene flow

Effective conservation and management of threatened carnivore species occurring across com-
plex, heterogeneous landscapes require an assessment of genetic connectivity in natural popu-
lations. Patterns of genetic structure in wide-ranging carnivores such as jaguars are shaped by a
multitude of contemporary and historical factors, which are of ecological, environmental or
anthropogenic nature (e.g., [76, 77–79]). Most importantly, wide-ranging jaguars, naturally
preferring well-preserved closed-canopy forest habitat in proximity to riparian areas (e.g.,
[63]), have a tendency to avoid areas of high human impact (e.g., [80, 81–83]), which are
expanding across Mesoamerica. This study revealed important findings regarding genetic con-
nectivity of Mesoamerican jaguars, confirmingmoderate levels of genetic differentiation and
ultimately refuting the hypothesis of contemporary panmixia.

Despite differences in the assumptions of analytical methodologies used here to assess
genetic connectivity in Mesoamerican jaguars, individual- and population-based approaches
yielded results that were broadly concordant, with the exception of AMOVA. AMOVA sup-
ported the inference that Mesoamerican jaguars are a single, admixed population with low
genetic differentiation associated among geographic divisions of hypothesized a priori

Fig 7. Spatial autocorrelation in Mesoamerican jaguars. Spatial correlogram for jaguars (n = 99) showing the genetic correlation coefficient (r) as a

function of geographic distance across defined spatial distance classes. Dashed red lines represent upper (U) and lower (L) bounds of the null hypothesis of

no spatial structure based on 10,000 random permutations. Error bars represent 95% confidence intervals about r based on 1,000 bootstraps.

doi:10.1371/journal.pone.0162377.g007
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groupings (historically defined subspecies, JCUs, clusters identified by STRUCTURE)
(Table 5). Since AMOVA measures gene flow over evolutionary time scales, its results may
reflect high levels of historical gene flow or relatively recent demographic contractions in
Mesoamerican jaguars, which due to insufficient time did not develop regional genetic diver-
gence. In contrast, hierarchical Bayesian clustering analysis assessing contemporary gene flow
at large and fine spatial scales, grouped Mesoamerican jaguars roughly into four major genetic
clusters (Figs 2 and 4). However, some of the genetic clusters were not completely isolated with
varying levels of admixture, and part of the genetic differentiation detected could be explained
through simple isolation-by-distance patterns (Fig 6). The principal component analysis and
spatial autocorrelation analysis corroborated the presence of genetic substructuring (Figs 5 and
7). Spatial autocorrelation analysis approximated the extent of positive genetic structure
(‘genetic neighborhood’) at ~ 340km (Fig 7), suggesting that jaguar movements beyond this
distance are geographically restricted and nonrandom.

Genetic subdivision among Mesoamerican sites included in this study was most pro-
nounced between jaguars sampled at the Sierra Madre Oriental in northeastern Mexico and
Selva Maya (Fig 4A), and Selva Maya and Honduras (Fig 4B). This was not surprising because
these regions are either geographically isolated or separated by large areas of human-domi-
nated landscape. For instance, Sierra Madre Oriental jaguars occur in geographically isolated
and small forest patches surrounded by human-altered landscapes, including cattle pastures
and secondary vegetation (e.g., [84, 85]). Previous studies have identified the need to promote
connectivity of jaguar populations within this region [86–88]. Dueñas-López,Rosas [89]
assessed habitat connectivity for Sierra Madre Oriental jaguars, and classified 48% of the land-
scape as high-resistance for jaguar movement, while also identifying stepping stone habitat and
several dispersal routes with potential for southward jaguar movement to Oaxaca state. How-
ever, our pair-wise FST and Dest estimates (Table 4), PCA (Fig 5), and hierarchical STRUC-
TURE analysis (Fig 2) suggested that Sierra Madre Oriental jaguars showed unique genetic
signatures in comparison to other Mesoamerican sites included in this study. Nonetheless,
sample sizes were low and need to be interpreted carefully. We also found a positive correlation
between geographic distance and genetic differentiation for Sierra Madre Oriental and Selva
Maya jaguars (Fig 6B), indicating that the genetic subdivision in this data set could be an arti-
fact of the underlying IBD pattern and thus geographic distance among these sampling sites
may be partially driving the genetic divergence detected. Recently, Zanin, Adrados [90] also
reported beginning genetic divergence for jaguars studied in northwestern Mexico from south-
ern parts of the country, which represents another region of conservation concern regarding
genetic connectivitywithin Mexico. Our genetic analysis also identified a potential first-genera-
tion migrant (i.e. disperser) by genetically assigning the jaguar sampled outside of Totonpec
Villa de Morelos in the Sierra Mixe district of Oaxaca state to the Selva Maya region (Table 3),
indicating genetic connectivity between southern Mexico and northern Guatemala. However,
it is important to note here that the assignment of first-generation migrants to different locali-
ties may be biased due to our clustered sampling design and incomplete range coverage. Given
the small number of jaguar samples included for Mexico, these results need to be corroborated
using more comprehensive genetic surveys.

Jaguars studied across sampling sites in central Belize and northern Guatemala, which are
part of or located in close proximity to Selva Maya, formed one genetic cluster using Bayesian
clustering methods (Fig 4D) and PCA (Fig 5), indicating moderate to high levels of contempo-
rary gene flow among these localities. Belizean jaguars included in this study were sampled
within the Maya Mountain Massif in south-central Belize (CockscombBasin Wildlife Sanctu-
ary) and within or in close proximity to the Central Belize Corridor, which provides the last
remaining connection for dispersing jaguars between the northern forest block and the Maya
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Mountain Massif in Belize. Based on our analysis, we confirmedhigh gene flow among our
Selva Maya jaguars in Belize and Guatemala, but it is unclear if jaguars located in central- and
south-central Belize disperse to Guatemala and back through the Central Belize Corridor and
the northern forest block or if they more commonly cross over through the Maya Mountain
Massif. A previous conservation genetics study on Belizean jaguars [23], which also included
DNA samples from several other regions (north, north-central, central, south-central, south)
within Belize, reported moderate genetic subdivision of Belizean jaguars into a northern and
southern genetic cluster. These findings corresponded largely to patterns of habitat fragmenta-
tion and human disturbance in Belize, indicating that rapid human population growth, land
conversion, and expansion of agricultural areas across central Belize subtlety affect movements
in jaguars, even on a fine-spatial scale and in areas with large tracts of forest such as the Selva
Maya nearby. The study emphasized the importance of maintaining and increasing genetic
connectivity of jaguars on fine-spatial scales through strengthening formerly identifiedmove-
ment corridors (e.g., Central Belize Corridor) [23].

Genetic differentiation between Selva Maya and Honduran jaguars appeared to be more sub-
stantial than expected considering their close geographic proximity. Bayesian clustering (Figs 2
and 4B) and PCA (Fig 5) analyses indicated that jaguars sampled at protected areas in northern
(Jeanette Kawas National Park, Pico Bonito National Park) and southeastern (Río Plátano Bio-
sphere Reserve)Honduras are genetically differentiated from Selva Maya jaguars by forming
their own genetic cluster with high individualmembership probabilities. This suggested poten-
tially low levels of gene flow and genetic admixture among Selva Maya and Honduran jaguars.
Our results confirmed findings by two earlier studies [18, 91], which predicted that habitat con-
nectivity for jaguars across this region may be limited. Zeller, Rabinowitz [18] was unable to iden-
tifymovement corridors for jaguars between the Sierra de las Minas JCU in southern Guatemala
and the Pico Bonito/Texiguat JCU in north-centralHonduras using least-cost path corridor anal-
ysis. Calderon Quinonez [91] delimited a semi-continuous movement corridor in eastern Guate-
mala that connectedwith jaguar corridors in southern Belize and western Honduras, and stated
that only one-third of the potential Guatemala-Honduras connection is functional for jaguar
movement. In addition, Honduras has been facing rapid land cover changes and high deforesta-
tion rates, which have severely increased over the last two decades and are now among the high-
est in Latin America and the world [92], putting remaining stepping stone habitat for jaguars
across this region at further risk. The evidence of limited gene flow detected here is particularly
concerning since this region represents a critical link for jaguars dispersing through the Meso-
american Biological Corridor, connecting two areas of increased conservation importance: (1)
the tri-national Selva Maya spanning across protected areas in southernMexico, northernGuate-
mala, and central Belize, and (2) the Río Plátano Biosphere Reserve in southern Honduras, which
is part of La Moskitia (the largest wilderness area in Central America), and the transboundary
Corazón Biosphere JCU (~ 21,659 km2). Based on these results we declare this region of high
conservation concern and recognize the need to conduct further genetic sampling for jaguars
across eastern, central, southern Guatemala and most of Honduras to genetically ground-truth
functional connectivity of previously identifiedmovement corridors.

Interestingly, we detected a potential first-generation migrant (i.e. disperser) at the Río
Plátano Biosphere Reserve in southern Honduras (Table 3), which was genetically assigned to
Costa Rica. The Bayesian clustering analysis also suggested that Honduran jaguars exhibited
moderate levels of genetic admixture with Costa Rican jaguars (Figs 2 and 4C). However, it
is unclear how reliable these results are since our analysis did not include genetic data from
jaguars in Nicaragua. Nicaragua, which retains large portions of its native forest cover in the
eastern part of the country, has two JCUs (Corazón Biosphere, Cerro Silva-Indio Maíz-Tortu-
guero) connected by the longest movement corridor identified for jaguars within Central
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America (Bosawas-Wawashan and Wawashan-Cerro Silva Corridors) [75]. Large-scalemove-
ment of jaguars along the corridor has not yet been studied, but Petracca, Hernández-Potosme
[82] identified two areas of conservation concern within the corridor, and stated that agricul-
tural encroachment limited the presence of jaguars and several larger prey species at these sites.
Jaguar movement and resultant gene flow through Nicaragua is additionally threatened by the
construction of a navagable canal and other associated infrastructures (e.g., highways) connect-
ing the Atlantic and Pacific Oceans in southern Nicaragua (e.g., [16, 93]). A recent study [16]
stated that the proposed canal zone currently has low occupancy for jaguars and other large
mammals, and that the completion of this project has high potential to extirpate jaguars and
other species from this area, which would most likely also have ramnifications for jaguars
beyond the canal zone.

For Costa Rica, the Bayesian clustering analysis included DNA samples obtained across
northern, central, and southern Costa Rica, suggested no genetic subdivision of Costa Rican
jaguars (Figs 2 and 4E). Costa Rica has an extensive protected area system (26% of the coun-
try) [94], and our results implied that genetic connectivity levels for Costa Rican jaguars are
still relatively high. A previous genetic study on Costa Rican jaguars identified fine-scale
genetic structure within Costa Rica and described jaguars sampled at northeastern Tortu-
guero National Park as genetically differentiated from the remaining sampling sites [29].
Due to increasing levels of human impact (e.g., land conversion, human-wildlife conflict)
across Costa Rica, we recommend expanding current genetic monitoring efforts to include
areas previously not surveyed (e.g., Talamanca). In addition, expanding genetic monitoring
efforts across Costa Rica’s neighboring countries of Nicaragua and Panama would be highly
valuable and create a more complete picture of functional connectivity levels across southern
Central America.

As recommended by previous empirical studies (e.g., [51]), we employed hierarchical
genetic structure analysis to detect cryptic patterns of genetic divergence. However, larger and
more even sample sizes for some sites and more continuous sampling in general would be ben-
eficial to confirm moderate levels of genetic subdivision detected for jaguars across Mesoamer-
ica. In addition, we cannot rule out the possibility that patterns of genetic differentiation
detected here were biased due to clustered sampling or an uneven sex ratio of jaguars included
in the study (e.g., [52, 95]). To minimize these errors, we emphasize the importance of con-
ducting in-depth monitoring efforts at fine- and large- spatial scales, which also include areas
currently not represented in this study (e.g., most of Mexico; central and southern Guatemala;
Nicaragua; eastern Costa Rica; Panama).

Implications for conservation and management of Mesoamerican

jaguars

An accurate understanding of contemporary genetic connectivity is key to preserve genetic
health of wild jaguar populations existing across fragmented landscapes. This study detected
moderate to relatively high levels of genetic diversity and low to moderate genetic differentia-
tion in Mesoamerican jaguars at different hierarchical levels. The results presented here have
several important implications for conservation and management of wild jaguar populations
across Mesoamerica, and elsewhere within their range. First, since jaguars are starting to
exhibit genetic differentiation within Mesoamerica, attention should be given to keeping and
restoring functional connectivity between core jaguar populations by increasing structural con-
nectivity (e.g., wildlife corridors) and minimizing human disturbance. Our results suggested
that genetic connectivity is less certain across central regions of Mesoamerica (Honduras and
surrounding sites). More complete genetic sampling is needed to examine other regions of
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conservation concern (e.g., Mexico, Nicaragua). Second, since habitat loss and fragmentation
have been identified as primary global threats to mammals, interdisciplinary research efforts
combining large-scale genetic monitoring with landscape genetics methodologies need to be
conducted to examine if and how different landscape features, as well as varying levels of struc-
tural connectivity, shape patterns of contemporary gene flow in wide-ranging carnivores such
as jaguars. Third, while the landscape is of key importance with respect to functional connec-
tivity, ex- and intrinsic factors potentially impacting jaguar movement, including population
densities of jaguars, their prey, and other competing wildlife species, need to be examined
simultaneously with the genetic monitoring effort. In conclusion, we recommend comprehen-
sive regional conservation and management for threatened species such as jaguars, which inte-
grate interdisciplinary research efforts, including conservation and landscape genetic studies at
fine- and large spatial scales into their decision-making.
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(n = 43), (c) Guatemala and Belize (n = 65), and (d) Costa Rica (n = 36). SD, standard devia-
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(Q) the individual belongs to the genetic clusters (K) identified. (b) The optimal number of
genetic clusters (K) in was chosen based on posterior probabilities (mean L(K), A) and delta K
(ΔK, mean (|L”(K)|)/SD(L(K)), D) for each K value. SD, standard deviation; L’(K), mean rate of
change of the likelihooddistribution (B); |L”(K)|, absolute value of the 2nd order rate of change
of the likelihooddistribution (C).
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S1 Materials andMethods. PCR reactions and thermocyclingconditions for multiplex 1–5.
(DOCX)

S1 Table. Summary statistics of genetic diversity by locus for Mesoamerican jaguars. Esti-
mates of genetic diversity for jaguars (n = 115) detected across five Mesoamerican countries
(Belize, Costa Rica, Guatemala, Honduras, Mexico), including number of alleles (NA), rarified
allelic richness (AR), expected heterozygosity (HE), and inbreeding coefficient (FIS). n, number
of individual felids; SD, standard deviation.
(DOCX)

S2 Table. Hardy-Weinberg equilibrium and null allele analysis for Mesoamerican jaguars.
P-value for the Hardy-Weinberg equilibrium (HWE) test (PHW), and frequency of null alleles
(FNull) at 12 microsatellite loci for 115 jaguar samples collected across five Mesoamerican

Conservation Genetics of Mesoamerican Jaguars

PLOS ONE | DOI:10.1371/journal.pone.0162377 October 26, 2016 20 / 25

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0162377.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0162377.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0162377.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0162377.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0162377.s005


countries (Belize, Costa Rica, Guatemala, Honduras, Mexico). n, number of individuals.
(DOCX)

Acknowledgments

The authors are grateful for the assistance in labor of S. Chaves, A. Yang, S. Soto Fournier, A.
Menchaca, M. Giakoumis, C. Pomilla, E. Trimarco, S. Gaughran, K. Lake, and R. Hersch. We
would also like to thank all collaborators involved in scat collection: B. Harmsen, R. Foster, O.
Figueroa, A. Devlin (Belize); S. Soto Fournier, G. Gutiérrez & ConservationGenetics Labora-
tory, University of Costa Rica, R. Salom-Pérez, J. Carazo, R. Moreno, A. Bustamante, A. Arta-
via, E. Urbina, D. Corrales, C. Orozco, V. Orozco Blanco, scat detector dog Google,Quetzal
Education Research Center, S. Arroyo-Arce, SINAC, and GVI (Costa Rica); R. McNab, B.K.
McNab (Guatemala); F. Castañeda, S. Pereira, L. Herrera (Honduras); C.C. Cinta, O.C. Rosas-
Rosas, A.D. Hernandez, J. Fidel (Mexico).

Author Contributions

Conceived and designed the experiments:CW.

Performed the experiments:CW.

Analyzed the data: CW.

Contributed reagents/materials/analysis tools:GA.

Wrote the paper:CW AC HQ SR GA.

Conducted some of the laboratory analysis: IDF.

References
1. Nowell K, Jackson P. Wild cats: status survey and conservation action plan. International Union for

Conservation of Nature, Gland, Switzerland. 1996.

2. Sanderson EW, Redford KH, Chetkiewicz CLB, Medellin RA, Rabinowitz AR, Robinson JG, et al. Plan-

ning to save a species: the jaguar as a model. Conserv Biol. 2002; 16(1):58–72.

3. Seymour KL. Panthera onca. Mammalian Species. 1989; 340:1–9.

4. Sunquist ME, Sunquist F. Wild cats of the world. 1st ed. Chicago: University of Chicago Press; 2002.

5. Macdonald DW, Loveridge AJ. Biology and conservation of wild felids. New York: Oxford University

Press; 2010.

6. Rabinowitz A, Zeller KA. A range-wide model of landscape connectivity and conservation for the jag-

uar, Panthera onca. Biol Conserv. 2010; 143(4):939–45.

7. Urquiza-Haas T, Peres CA, Dolman PM. Regional scale effects of human density and forest distur-

bance on large-bodied vertebrates throughout the Yucatan Peninsula, Mexico. Biol Conserv. 2009;

142(1):134–48.

8. Crooks KR. Relative Sensitivities of Mammalian Carnivores to Habitat Fragmentation. Conserv Biol.

2002; 16(2):488–502.

9. Allendorf FW, Luikart G, Aitken SN. Conservation and the genetics of populations. 2nd ed. Oxford,

United Kingdom: Wiley-Blackwell; 2013.

10. Lacy R. Importance of genetic variation to the viability of Mammalian populations. J Mammal. 1997; 78

(2):320–35.

11. Frankham R. Genetics and extinction. Biol Conserv. 2005; 126(2):131–40.

12. Caso A, Lopez-Gonzalez C, Payan E, Eizirik E, de Oliviera T, Leite-Pitman R, Kelly M, Valderrama C.

Panthera onca. The IUCN Red List of Threatened Species 2008: IUCN Species Survival Commission.

Gland, Switzerland; 2008. Available: http://www.iucnredlist.org/details/15953/0

13. Swank WG, Teer J. Status of the jaguar—1987. Oryx. 1989; 23:14–21.

Conservation Genetics of Mesoamerican Jaguars

PLOS ONE | DOI:10.1371/journal.pone.0162377 October 26, 2016 21 / 25

http://www.iucnredlist.org/details/15953/0


14. Redo DJ, Grau HR, Aide TM, Clark ML. Assymetric forest transition driven by the interaction of socio-

economic development and environmental heterogeneity in Central America. Proceedings of the

National Academy of Sciences. 2012; 109(23):8839–44.

15. Harvey CA, Komar O, Chazdon R, Ferguson BG, Finegan B, Griffith DM, Martinez-Ramos M, Morales

H, Nigh R, Soto-Pinto L. Integrating agricultural landscapes with biodiversity conservation in the Meso-

american hotspot. Conservation Biology. 2008; 22(1):8–15. doi: 10.1111/j.1523-1739.2007.00863.x

PMID: 18254848

16. Jordan CA, Schank CJ, Urquhart GR, Dans AJ. Terrestrial Mammal Occupancy in the Context of Wide-

spread Forest Loss and a Proposed Interoceanic Canal in Nicaragua’s Decreasingly Remote South

Caribbean Region. PLoS ONE. 2016; 11(3):e0151372. doi: 10.1371/journal.pone.0151372 PMID:

27007122

17. DeClerck FAJ, Chazdon R, Holl KD, Milder JC, Finegan B, Martinez-Salinas A, et al. Biodiversity con-

servation in human-modified landscapes of Mesoamerica: Past, present and future. Biol Conserv.

2010; 143(10):2301–13.

18. Zeller KA, Rabinowitz A, Salon-Perez R, Quigley H. The Jaguar Corridor Initiative: A Range-Wide Con-

servation Strategy. In: Ruiz-Garcı́a M, Shostell J, editors. Molecular population genetics, evolutionary

biology and biological conservation of Neotropical carnivores. New York: Nova Science Publishers,

Inc.; 2013. pp. 629–59.

19. Zanin M, Palomares F, Brito D. What we (don’t) know about the effects of habitat loss and fragmenta-

tion on felids. Oryx. 2015; 49(1):96–106.

20. Schwartz MK, Luikart G, Waples RS. Genetic monitoring as a promising tool for conservation and man-

agement. Trends Ecol Evol. 2007; 22(1):25–33. doi: 10.1016/j.tree.2006.08.009 PMID: 16962204

21. Eizirik E, Kim JH, Menotti-Raymond M, Crawshaw PG, O’Brien SJ, Johnson WE. Phylogeography,

population history and conservation genetics of jaguars (Panthera onca, Mammalia, Felidae). Mol

Ecol. 2001; 10(1):65–79. PMID: 11251788

22. Ruiz-Garcı́a M, Vásquez C, Murillo A, Pinedo-Castro M, Alvarez D. Population genetics and phylogeo-

graphy of the largest wild cat in the Americas: an analysis of the jaguar by means of microsatellites and

mitochondrial gene sequences. In: Ruiz-Garcı́a M, Shostell J, editors. Molecular population genetics,

evolutionary biology and biological conservation of Neotropical carnivores. New York: Nova Science

Publishers, Inc.; 2013. pp. 413–64.

23. Wultsch C, Waits LP, Kelly MJ. A comparative analysis of genetic diversity and structure in jaguars

(Panthera onca), pumas (Puma concolor), and ocelots (Leopardus pardalis) in fragmented landscapes

of a critical Mesoamerican linkage zone. PLoS ONE. 2016; 11(3):e0151043. doi: 10.1371/journal.

pone.0151043 PMID: 26974968

24. Haag T, Santos AS, Sana DA, Morato RG, Cullen L, Crawshaw PG, et al. The effect of habitat frag-

mentation on the genetic structure of a top predator: loss of diversity and high differentiation among

remnant populations of Atlantic Forest jaguars (Panthera onca). Mol Ecol. 2010; 19(22):4906–21. doi:

10.1111/j.1365-294X.2010.04856.x PMID: 21040050

25. Kelly MJ, Betsch J, Wultsch C, Mesa B, Mills LS. Noninvasive sampling for carnivores. In: Boitani L,

Powell RA, editors. Carnivore Ecology and Conservation—A Handbook of Techniques. New York:

Oxford University Press; 2012. pp. 47–69.

26. Wultsch C, Waits LP, Hallerman EM, Kelly MJ. Optimizing collection methods for noninvasive genetic

sampling of Neotropical felids. Wildlife Society Bulletin. 2015; 39(2):403–12.

27. Pocock RI. The races of jaguar (Panthera onca). Novitates Zoologicae. 1939; 41:406–22.

28. Larson SE. Taxonomic Re-Evaluation of the Jaguar. Zoo Biology. 1997; 16(2):107–20.
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Southwestern Naturalist. 2010; 55(3):394–402.

88. Rodrı́guez-Soto C, Monroy-Vilchis O, Maiorano L, Boitani L, Faller JC, Briones MÁ, et al. Predicting
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