
1 3J. Indian Inst. Sci. | VOL 101:2 | 279–290 April 2021 | journal.iisc.ernet.in

Snow Leopard (Panthera uncia) Genetics: The 
Knowledge Gaps, Needs, and Implications 
for Conservation

1 Introduction
Snow leopards are an umbrella species and a 
conservation keystone for maintaining biodiver-
sity within their fragile High Asia habitat span-
ning 12  countries55. They prey primarily on wild 
sheep and goats, but also the livestock of the 
pastoralists who share the isolated, but increas-
ingly less remote habitat. This can create sig-
nificant human-snow leopard conflict, one of a 
myriad of anthropogenic  threats55(pp 59–136). They 
are keenly adapted to the extreme ruggedness, 
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Abstract | Conservation geneticists apply genetic theory and techniques 
to preserve endangered species as dynamic entities, capable of coping 
with environmental change and thus minimizing their risk of extinction. 
Snow leopards are an umbrella species of High Asia, and a keystone 
for maintaining biodiversity within this fragile ecosystem. A clear under-
standing of patterns of snow leopard genetic diversity is critical for guid-
ing conservation initiatives that will ensure their long-term persistence. 
Yet, a comprehensive analysis of snow leopard genetic variation is 
lacking. The number of published snow leopard genetic studies is far 
fewer than for other imperiled big cats. Here, I review the limited genetic 
work to date on snow leopards and the significant knowledge gaps to 
be filled. An emphasis must be placed on describing and understand-
ing population genetic dynamics within and among meta-populations 
to provide information about the interactions between landscapes and 
the micro-evolutionary processes of gene flow and genetic drift. These 
results can be used to evaluate the levels and dynamics of genetic and 
demographic connectivity. A lack of connectivity, particularly in the low 
density, small populations that typify snow leopards, can lead to mul-
tiple demographic and genetic consequences, including inbreeding 
depression, loss of adaptive potential, and heightened susceptibility to 
demographic and environmental stochasticity. New efforts in conserva-
tion research on snow leopards should focus on this line of inquiry, and 
the opportunities and challenges for that are outlined and discussed to 
encourage the required, and considerable, transboundary partnerships 
and collaborations needed to be successful.
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temperature, and hypoxic conditions of their 
mountain homes, yet much of their natural his-
tory remains  undocumented55. Basic questions 
regarding population size, distribution, and con-
nectivity remain unanswered, and much of their 
behavioral ecology can only be guessed at from 
anecdotal observations. There are few other large, 
charismatic species with such significant knowl-
edge gaps. These gaps are substantial enough that 
the lack of knowledge is often cited as one of the 
primary conservation challenges for the  species55. 
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This is due in part to the difficulties of studying 
them in their remote, harsh ecosystems, but also 
due to lack of funding for the research required. 
The snow leopard’s current distribution is uncer-
tain because much of its possible habitat has 
never been surveyed, or surveyed recently, using 
rigorous, standardized methods. Similarly, the 
size of the total snow leopard population is at best 
a rough estimate. Consistent range-wide scientific 
monitoring of snow leopards, their prey species, 
or of changes in habitat characteristics, has also 
been lacking, which hampers efforts to determine 
the effectiveness of conservation  interventions78. 
No publications currently available provide a 
comprehensive review of snow leopard cause-
specific mortality, and so among the challenges of 
poaching, retaliatory killings, loss of prey, habi-
tat fragmentation, and climate change, we can 
only guess at which threats are the most critical 
to snow leopard persistence, and how those are 
likely to change across the species’ range.

Genetic and genomic methods are power-
ful tools to study species ecology, evolution, and 
population dynamics, and inform and guide con-
servation efforts. Some recent felid examples uti-
lizing these tools include; Indian  tigers59,  jaguar48, 
puma and jaguar92,  lions15,53, lions and  cheetah10, 
and  leopards5,63. However, the body of published 
snow leopard genetic research follows the general 
theme of snow leopard research generally, with 
significant knowledge gaps and lack of attention 
as compared to other charismatic species. In an 
assessment of all the big cats of the world, a lit-
erature search in Web of Science (performed on 
January 3rd, 2021) demonstrated how far behind 
snow leopards are in pure volume of publications. 
In a topic-based search combining two terms, first 
each big cat species’ names (e.g. Panthera uncia, 
Panthera tigris, etc.) and then either “genetic*” or 
“genom*”. The combined number of manuscripts 
that mention genetic* and genom* was 634 for 
tiger (Panthera tigris), 579 for lion (P. leo), 513 for 
puma (Puma concolor), 417 for cheetah (Acinonyx 
jubatus), 340 for leopard (P. pardus), 225 for jag-
uar (P. onca), and only 134 for snow leopard (P. 
uncia), demonstrating the clear lack of attention, 
as compared to other cats, that snow leopards 
get across this broad research topic search. This 
lack of genetic and genomic-related citations on 
snow leopards is surprising considering that the 
identified major knowledge gaps in understand-
ing distribution, range, connectivity, and various 
ecological and evolutionary dynamics can all be 
addressed using genetics research methods and 
tools. Indeed, the field of conservation genetics 
was established, and continues to developed, as a 

discipline that provides the scientific approaches 
for understanding and harnessing knowledge on 
the dynamics of genes to inform conservation 
action and avoid extinction in species of concern 
(e.g.51). Herein, I explored how to define con-
servation genetics and needs for snow leopards, 
what limited genetic work has been done on these 
cats, and how the conservation community can 
promote and support an expanded utilization of 
this field of study and its related methods.

2  What is Conservation Genetics?  
A Theoretical Overview

To appreciate the context for how conservation 
genetics are poised to fill important knowledge 
gaps for snow leopards, we should first consider 
the origins and development of the field itself. 
Darwin12 acknowledged concerns that small, iso-
lated populations of deer in British wildlife parks 
could have detrimental losses in fitness. This was 
a nod towards the understanding of, if not in 
the molecular mechanics, how processes inher-
ent in declining populations lead to deleterious 
demographic consequences, a process described 
almost a century later as the extinction  vortex25. 
Our contemporary view of conservation genet-
ics did not coalesce until the 1970s. In a land-
mark publication titled “Genetic conservation: 
our evolutionary responsibility”,  Frankel20(p. 53) 
states that “…there is an urgent need for explora-
tion and clarification of the genetic principles of 
conservation…the possibility of a virtual end to 
the evolution of species of no direct use to man 
raises questions of responsibility and ethics.” To 
this end,  Frankel20 also acknowledges not only 
the necessity of utilizing genetic information as 
a research tool, but the importance of evolution-
ary processes and an evolutionary perspective in 
highlighting the grounds for conservation by pro-
viding a sense of permanence that other perspec-
tives (e.g. ecological) may fail to reinforce. In a 
lesser known review on principles of genetic con-
servation in wildlife management,  Greig26(p. 57) 
outlines the philosophical, historical, and theo-
retical basis for conservation genetics. An excerpt 
from his eloquently succinct abstract summa-
rizes a strategy that is still relevant four decades 
later: “…conservation of genetic variation should 
be the prime consideration in the implementa-
tion of nature conservation policy, for ecologi-
cal, taxonomic and aesthetic reasons. This is best 
achieved by conserving the genetic integrity of 
population units somewhere between the hier-
archical levels of deme and subspecies without 
unnecessary genetic admixture…The survival of 
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life in a changing world depends upon evolution 
which in turn is completely dependent upon the 
existence of a full spectrum of genetic variation.” 
This grounding in the tenets of evolution by both 
 Frankel20 and  Greig26 provides the foundation for 
the prominent theoretical field that informs con-
servation genetic principles, population genetics.

Population genetic research is derived from 
the study of micro-evolutionary forces, including 
gene flow, drift, selection, mutation and recom-
bination. In conservation, the focus is primarily 
on gene flow and drift, as they have immediate, 
measurable, impacts on the small populations 
that typify endangered species such as snow leop-
ards. Both in theory and in practice, the move-
ment of individuals and their genes in geographic 
space has many important implications on spe-
cies’ ecology and  evolution31. Gene flow deter-
mines the role of population structure in the 
evolutionary  process75,76,85,91. This consequence 
of population dynamics has led to an empha-
sis on estimating the magnitude of gene flow 
through both direct and indirect  methods19,68,75. 
Direct methods quantify the movement of genes 
by monitoring the means of gene flow, by either 
directly following marked individuals in space 
(e.g. radio-collaring), or through parentage anal-
yses. Indirect measures of gene flow (reviewed 
 in75,77) focus on the impact of gene flow on local 
differentiation of genetic markers.

Gene flow is generally regarded as an oppos-
ing force to  evolution8,54, with the premise that 
natural selection will tend to adapt a population 
to local environmental conditions, but immi-
grants from outside the population bring in 
new genes that are adapted to different environ-
ments, consequently controlling any differentia-
tion between  populations18,85,89,91. However, gene 
flow can also be a creative force in evolution. The 
movement of individuals, or even entire popula-
tions, can spread favorable genes throughout an 
entire species’ range.

Gene flow also helps to overcome the demo-
graphic and molecular consequences of genetic 
 drift17,76. Genetic drift is the random change in 
allele frequencies that occurs from one genera-
tion to the next because gametes transmit only 
a sample of the alleles present in the parental 
generation. Without the homogenizing effect of 
gene flow, isolated and fragmented populations 
can rapidly drift to significantly different allele 
 frequencies17. Small populations in particular are 
especially susceptible to the loss and reorganiza-
tion of genetic variation by  drift44. In these small 
populations, increased inbreeding and drift lead 
to a higher probability of fixation of deleterious 

alleles and a related reduction in fitness, the 
extinction vortex.

The role of gene flow, drift, and selection in 
the persistence of species of concern, including 
snow leopards, is inherent and so the inclusion of 
population genetics into conservation planning 
is  paramount22,23. To understand and evaluate 
population structures, interactions, or demog-
raphy, these micro-evolutionary forces must be 
addressed. With an emphasis on factors of isola-
tion, small population size, and reduced genetic 
variation, the field of population genetics pro-
vides a significant underlying body of theory to 
provision the application of conservation genetic 
methods in  practice1. Thus, with roots in evolu-
tion and a body of theory in population genet-
ics guiding it, conservation genetics in practice 
aims to understand (1) the deleterious effects 
of inbreeding (and conversely outbreeding) 
on survival, (2) the loss of genetic diversity and 
evolutionary potential, (3) fragmentation and 
gene flow, (4) defining conservation units, (5) 
applications in wildlife crime forensics, and (6) 
providing new insights into species ecology. See 
Frankham et al.21 and Allendorf et al.2, among 
others, for further insights and explanations on 
these topics. For the purposes of snow leopard 
conservation, I will define conservation genetics 
as the interdisciplinary field that aims to describe 
and understand the genetic dynamics of popula-
tions of concern to inform management and con-
servation policy action to prevent extinction.

3  Snow Leopard Research Needs and the 
Potential of Genetics

3.1  Non‑Invasive Genetics and Survey 
and Monitoring of Snow Leopards

In snow leopard survey and monitoring efforts, 
camera traps are by far the most ubiquitous 
research tool used in field data  collection90. The 
cameras are used primarily to identify occupancy 
in novel field sites, and to calculate density [e.g. 
spatial capture–recapture (SCR) approaches] in 
regions of particular interest. Non-invasive genet-
ics  methods80, where the DNA template for analy-
sis is acquired without direct interaction with the 
animal, provide similar information as camera 
traps, often with better precision and detail (e.g. 
sex determination). Further, surveys with camera 
traps require at least two trips into the field site, 
whereas a genetic survey can be done with a single 
site visit. In a study comparing camera trapping 
and non-invasive genetics methods for surveying 
tigers in Bhutan,  Dhenup14 found that, after con-
trolling for sampling effort, non-invasive genetics 
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performed better. However, in some cases, a non-
invasive genetics approach may require increased 
field effort and a larger effective sampling  area14. 
Additionally, the cold, arid environment of snow 
leopards likely allows for fecal material (the typi-
cal source for non-invasive DNA samples) to 
persist over a long time and aging a scat can be 
difficult or impossible. This has implications for 
analyses where there are assumptions of temporal 
closure (e.g. population estimates). Quantifying 
the decay rate of scats in the field would allow for 
correcting factors, but has yet to be calculated.

Non-invasive sampling of hair, feces, urine, 
saliva, and environmental DNA (eDNA) can be 
used to identify species presence, sex ID, and in 
some cases individual ID. The use of eDNA, DNA 
that is shed by an organism into the environment 
(inclusive of, but not limited to, other non-inva-
sive sources), has long been used in aquatic sys-
tems and is a rapidly developing tool in terrestrial 
 habitats45,70,84. Trace eDNA from snow tracks has 
been used to augment camera trapping efforts 
to more effectively distinguish between closely 
related, but rare cat species of management con-
cern in North America (lynx and bobcat,24. The 
use of eDNA sampling has also been shown to 
improve on the performance of camera trap 
efforts with regards to false negatives, detecting 
species missed by cameras (e.g.24,45). These, and 
other advances in the use of non-invasive DNA 
samples (e.g.41) have allowed for an increasingly 
high level of sophistication of research applica-
tions. In the use of SCR approaches for estimat-
ing population sizes, the accurate identification 
of individuals is vital. A genetic metric for deter-
mining the robustness of discriminating among 
individuals is called the probability of identity 
(PID). This value is defined as the probability 
that two distinct individuals would have the same 
genetic profile. Janjua et al.39 found that for a col-
lection of 12 moderately variable microsatellite 
loci, PID in a small population of snow leopards 
in the Gobi Desert of Mongolia was calculated 
at 2.35 ×  10–7. For those same individuals using 
a modest number of single nucleotide poly-
morphisms (SNPs) the PID was calculated to be 
1.55 ×  10–168. Both sets of genetic markers offer 
high confidence in discriminating the number 
of individuals in a dataset, and the sensitivity of 
SNPs is impressive. In contrast, the often subjec-
tive task of identifying individuals through spot 
patterns in camera trap photos can be less robust, 
with a recent study indicating even experts had a 
10% rate of misclassifying  individuals40.

Additionally, while genetic detections can 
function in the same way as camera trap image 

detections, the individual ID genetic data also 
allow for the calculation of effective population 
size (Ne). Ne is a parameter driving genetic drift 
that reflects changes to population dynamics and 
can roughly be translated as a calculation of the 
number of breeders in a population that con-
tribute genes across generations. Ne influences 
the rate of drift and evolutionary  potential49. In 
practical terms, Ne is the size of an ideal popula-
tion that loses genetic diversity at the same rate as 
the actual population being studied, yet, because 
wild populations typically depart from ideal con-
ditions, Ne is usually smaller than a census popu-
lation estimate (Nc). Measuring and monitoring 
changes in Ne and the Ne/Nc ratio is a powerful 
tool in conservation as a predictor of genetic 
diversity loss and population differentiation 
and detecting important changes in population 
 demographics49.

However, non-invasive samples are prone to 
some types of genotyping error, such as allelic 
dropout and null  alleles6,93. To counter these 
inherent problems, lab protocols must be rigor-
ous and results need to be demonstrated to be 
consistent across multiple independent replicates. 
When done properly, genetic approaches for snow 
leopard detections can be incredibly efficient for 
rapid assessments of snow leopard occupancy 
and abundance efforts (but  see79), notwithstand-
ing issues with temporal closure. Given the chal-
lenges of camera traps and genetics approaches, 
an idealized sampling scheme would combine 
both camera trap and genetic methods, where 
the benefit of two independent data sources, and 
their combined strengths, may overcome some of 
the collective shortcomings.

The individual IDs that go into calculations 
of effective population size and the inventory and 
monitoring uses above are calculated from the 
genetic profiles derived from microsatellite loci 
or SNPs. Of note, to date most individual IDs in 
non-invasive studies are done with microsatellites 
as achieving reliable SNP datasets from non-inva-
sive DNA sources is largely still in progress (but 
 see60). However, as noted earlier, the potential 
for SNPs is incredible, and SNPs data from other 
DNA sources have proven to provide incredible 
insights into carnivore population dynamics and 
connectivity (e.g.10). The same kind of genetic 
profiles, whether from microsatellites or SNPs, 
provide the fundamental units of information 
required to address avenues of hypothesis and 
application-driven research that can fill signifi-
cant knowledge gaps important for snow leopard 
conservation.
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3.2  Connectivity, Meta‑Population 
Dynamics, and Landscape Genetics

Snow leopards are a species that persists at low 
densities (in some habitats < 1 adult per 100 
 km273), and across the naturally fragmented land-
scapes of High Asia’s mountain ranges. Small, 
fragmented populations are predicted to be par-
ticularly sensitive to changes in connectivity and 
require specific attention in species conservation 
 planning64,65. Population genetics approaches 
provide a basis from which to evaluate gene 
flow, connectivity (or conversely, isolation), and 
genetic drift (e.g.5,48). A number of recent stud-
ies have modeled snow leopard habitat at the 
range-wide scale, and demonstrated a pattern of 
core habitat patches connected by narrow corri-
dors throughout the  range47,66. Li et al.46 modeled 
how the size and number of these patches would 
be expected to change under different climate 
scenarios, looking both back in time to the most 
recent Pleistocene glacial maximum and forward 
in time to various climate warming models. The 
implications of these results are significant for 
informing conservation management and pol-
icy for snow leopards as it relates to protected 
area designation, corridor network design, and 
predicting range shifts and habitat needs under 
global climate change (e.g. in  tigers82). Yet, while 
compelling and useful, the results are model out-
puts from a data-limited species, and may require 
validation and additional analysis to sufficiently 
embolden policy-makers and natural resource 
managers into appropriate action. Genetic data 
provides an ideal dependent variable against 
which to evaluate and test the model outputs, i.e. 
the models provide a series of testable hypoth-
eses. Among the most pertinent routes that this 
hypothesis testing can inform snow leopard 
conservation are (1) identifying patterns of vari-
ability that are consistent with core, source popu-
lations versus regions of recent colonization or 
demographic sinks, (2) characterizing range-wide 
patterns of genetic diversity (i.e. phylogeography) 
to define appropriate conservation units, includ-
ing important meta-populations (e.g. in  tigers58), 
(3) identifying functional routes of connectivity 
among meta-populations, and (4) insight into 
what geographic, abiotic, biotic, and anthropo-
genic factors influence snow leopard gene flow 
(i.e. landscape genetics, e.g.82). A recent review 
of the history of molecular studies of tigers pro-
vides an overview of how genetics and genomic 
approaches have informed many of these similar 
issues for that  species51.

Meta-population theory defines systems 
of evolutionary ephemeral and genetically 

subdivided populations (i.e. subpopulations or 
patches) that persist through time by coloniza-
tion and gene flow from neighboring  patches31,62. 
These populations are connected by rates of gene 
flow that are low enough for drift to create genetic 
differentiation among the subpopulations, but 
high enough to rescue local populations from 
 extinction31. The key point here being that this 
“rescue” effect depends on adequate connectiv-
ity and subpopulations with the demographic 
dynamics conducive towards dispersing indi-
viduals. Snow leopard populations have cycled 
through range contractions and expansions 
under large climatic events of the  past46, yielding 
a mosaic of habitat  patches47 threaded together 
into functioning meta-populations. As snow 
leopards face the ongoing, or impending, impacts 
of human infrastructure expansion, natural 
resource extraction, and anthropogenic climate 
change, the number of patches are predicted 
to  increase46 making connectivity all the more 
important, but increasingly challenged. When 
connectivity breaks down, the “rescue” effect fails, 
small populations become more isolated, genetic 
drift increases, and the demographic dynamics 
trend towards declining numbers and increased 
probability of local extirpation, the extinction 
 vortex25.

Amidst all of that, the questions remain, what 
is adequate connectivity for snow leopards, and 
what do those population demographics look 
like (e.g.5)? What are the underlying evolutionary 
and ecological mechanisms driving the patterns 
of connectivity that allow for population persis-
tence (e.g.48)? To answer these question, we can 
look towards the fields of population genetics and 
landscape ecology, and in the relatively recently 
emerged field of landscape genetics that com-
bines the theory and statistical tools of those two 
disciplines (e.g.57,83). Landscape genetics provides 
information about the interaction between land-
scape features and micro-evolutionary processes 
such as gene flow, genetic drift, and  selection52 
and can play an important role in the manage-
ment and conservation of  species71.

Given the precariousness of the fragile high 
elevation ecosystems where snow leopards persist, 
successful snow leopard conservation will require 
an understanding of meta-populations and land-
scape genetics. However, there remain significant 
knowledge gaps in these topics with fundamen-
tally no rigorous work yet published on snow 
leopards at meta-population and landscape scales 
(reviewed  in7,67, but see below). Filling those gaps 
must be a priority to insure wildlife managers 
and policy-makers have the scientific backing to 
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inform the scale-appropriate conservation meas-
ures needed to prevent snow leopard population 
declines.

4  Snow Leopard Genetics to Date
Caragiulo et al.7 reviewed the status of snow 
leopard genetics research up to 2015, summariz-
ing that the published work was largely focused 
on (1) the snow leopard’s place within the greater 
Felid phylogenetic history (e.g.13), (2) the devel-
opment of molecular tools and markers (e.g.36,86), 
and (3) the use of those tools for individual 
identification for occupancy and diet analyses 
(e.g.34,35,56). Caragiulo et al.7 noted that as of their 
publication date, there had been no well-sampled, 
rigorous studies addressing important conserva-
tion genetic issues such as population genetics, 
landscape genetics, or snow leopard phylogeogra-
phy. They called for an increased emphasis in fill-
ing those knowledge gaps for future snow leopard 
research programs. In the 5 years since the publi-
cation of Caragiulo et al.7, this call for increased 
research attention has largely gone unheeded.

In a literature review for snow leopard genet-
ics from 2016 to 2021 (using same search criteria 
as noted above), again genetic tools were more 
widely used for species and individual identi-
fication in support of diet analysis (e.g.28,74,88) 
and occupancy/density/distribution studies 
(e.g.9,30,42). Only four additional papers have been 
published that present data towards explaining 
population genetic  processes4,37,50,74. Only two 
of those clearly demonstrated the proper crite-
ria, multiple PCR replications of individual ID, 
required to be confident in the data produced 
and  analyzed37,74. Additionally, a common issue 
with many genetics studies, including these, is 
sampling design. A cluster sampling design with 
a small number of loci at low, or even moder-
ate, levels of allelic diversity has been modeled 
to perform poorly in successfully identifying the 
generating demographic or landscape processes 
responsible for observed patterns of genetic 
 diversity61, thus the results of these population, 
landscape, and connectivity analyses should be 
interpreted cautiously. Of those, only Janecka 
et al.37 used enough microsatellite loci to provide 
the statistical power required to have confidence 
in the results. Yet, whatever the shortcomings 
of the papers above, all of the efforts made to 
employ genetics approaches for snow leopard 
research is encouraging, and with improved 
funding, partnerships, and knowledge-sharing 
(see Sect. 5 below), the initial success of many of 
these pilot projects can be built upon with greater 

rigor in both field sampling and lab and data 
approaches.

Janecka et al.37 offered the first ever range-
wide analysis of snow leopard genetic diversity 
and incorporated the largest sample size, to date, 
of any snow leopard genetic research project. 
Many of the co-authors are representatives from 
snow leopard range countries, and the publi-
cation is a clear demonstration of how multi-
institutional collaborative efforts are key towards 
producing impactful and scale-appropriate stud-
ies on this low-density, wide-ranging mammal. 
In their study, Janecka et al.37 analyzed 70 indi-
viduals with 33 microsatellite loci and summa-
rized a variety of population genetic metrics that 
described patterns of snow leopard genetic vari-
ability across their range. Among the results, their 
primary conclusions were that (1) snow leopards 
experienced a population bottleneck ~ 8000 years 
ago, coinciding with post-Pleistocene warming in 
the Holocene epoch, and (2) snow leopard popu-
lations segregate into three distinct phylogenetic 
units representing distinct subspecies. The lat-
ter conclusion is quite controversial. Subspecies 
concepts in general are keenly debated and hotly 
 contested29, and the conservation implication of 
accepting their taxonomic revision of subspecific 
diversity for snow leopards is that each would 
require its own IUCN Red List  assessment33.

In a formal response to this controversy, Senn 
et al.72 cited, among other concerns, significant 
sampling gaps and lack of mitochondrial DNA 
(mtDNA) diversity, in addition to the uncer-
tainty that surrounds objective definitions of 
 subspecies29, as evidence against accepting the 
new classification. In response, Janecka et al.38 
counter-argued in support of their original claims 
of three subspecies by citing that their sampling 
was consistent with similar taxonomic revisions 
of other  felids43 and noting some of the potential 
shortcomings of mtDNA diversity and its use in 
taxonomy and phylogeography. Both responses 
make valid points and articulate strong argu-
ments, which is consistent with the pendulous 
nature of most debates on subspecies (e.g.11,87). 
Nevertheless, a strong argument can be made for 
improved  sampling61 and the utility of  mtDNA69, 
as well as the need for incorporation of other 
independent measurements for phylogenetic 
evaluation (e.g. morphology, behavior, genomic 
data). As such, Janecka et al.37 can best be utilized 
as a benchmark study of snow leopard phyloge-
ography and population genetics that provides 
a set of hypotheses (e.g. subspecific diversity) to 
be tested with increased sampling and alternative 
approaches.
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5  Challenges and Opportunities 
for Moving Forward

As noted previously, among the world’s high-
profile and charismatic species, the snow leopard 
remains significantly understudied with genetic 
approaches or otherwise. The lack of information 
and published studies can likely be attributed to 
the difficulty in undertaking direct study of snow 
leopards and their ecosystems. They persist in 
harsh and remote environments that are difficult 
to access logistically and sometimes politically. 
The remoteness and severity of their habitat has 
likely helped to isolate them from similarly signif-
icant losses of habitat and population pressures 
that other Asian distributed species have experi-
enced over the last century, for example, the tiger 
has lost over 90% of its historic range. The snow 
leopard has never been an abundant species, and 
although over time its IUCN Red List status may 
change up and down a spectrum of classifica-
tions, its natural history makes it a species always 
on the razor’s edge of extinction, with little mar-
gin for error. Consequently, as human popula-
tions expand (in numbers and in need for natural 
resources), even the nearly inhospitable climes 
where snow leopards dwell are experiencing new 
and amplified anthropogenic threats. The need 
to improve our knowledge of snow leopards is 
essential, and genetic approaches can be funda-
mental towards filling the knowledge gaps. We 
must then understand why the gaps in use of 
genetics remain, how to resolve those challenges, 
and what are the opportunities to  improve32.

The incorporation of genetics into conser-
vation planning has been a lost opportunity 
 globally65. In New Zealand, Taylor et al.81 sur-
veyed 148 conservation practitioners in the 
country’s Department of Conservation on their 
attitudes, knowledge, and experiences with genet-
ics in a conservation framework. Across con-
servation issues, they found that insufficient 
awareness, expertise, and funding were the pri-
mary barriers for increased application of genetic 
methods in conservation practice. It is likely these 
same challenges, and some unique to snow leop-
ards and their range countries, impede the use 
of genetics methods in rigorous, scale-appro-
priate snow leopard conservation efforts. Below, 
I outline some of these challenges and related 
opportunities.

(1) Challenge: lack of awareness of the applica-
tions of genetics methods to snow leopards

 Opportunity: the snow leopard conserva-
tion community must be educated on the 
value, efficacy, and power of genetic data 
and related analyses. The use of camera 
traps in snow leopard research has been 
revelatory in rapidly expanding our under-
standing of the species, and in the same 
vein that we cannot imagine studying snow 
leopards without camera traps, conservation 
organizations and range state wildlife agen-
cies must promote genetic tools as equally 
indispensable.

(2) Challenge: lack of expertise in design-
ing/implementing projects, analyzing data, 
and interpreting results

 Opportunity: there are potentially two 
opportunities to pursue to overcome this 
challenge

(a) Many snow leopard range countries 
have active and advanced molecular 
facilities and practitioners capable of 
doing the needed genetic work, but that 
expertise is focused on human health 
systems or academic pursuits on model 
organisms. Inroads, in both academic 
and government agency laboratories, 
must be made to promote wildlife and 
conservation genetics practices and take 
advantage of the expertise already in 
place. Fostering better communication 
among these institutes via workshops 
and interdisciplinary conferences could 
catalyze improvements in developing 
expertise and expand the scope of prac-
tice of genetic labs already in place.

(b) A concerted effort by the snow leop-
ard conservation community must 
be made to build in-country capacity 
for genetics practitioners. A common 
theme, to date, is that scientists from 
Western countries and institutions lead 
the majority of wildlife/snow leopard 
genetics projects. Long-term viability 
and acceptance of genetic methods will 
require that genetics research is done by 
scientists from range countries. They 
must first receive the proper training 
and skillsets with which to lead genet-
ics research and manage regional col-
laborations. The more established and 
experienced institutions and scientists 
(from range countries and abroad) may 
help to provide the training and facili-
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tate the exportation of their knowledge 
and skills.

(3) Challenge: inadequate funding to cover 
expensive lab analyses.

 Opportunity: conservation funding is always 
limited and remains a significant challenge 
that hinders progress along any research or 
mitigation activity. However, the molecu-
lar methods used for most genetic, and 
genomic, tools have significantly dropped in 
cost over the past 20 years, and continue to 
get cheaper, with more data coming out of 
the same unit of cost per lab effort. Survey 
costs, for example, can be the same or less 
than the camera trapping equivalent (with 
all the value added, as per above). Genet-
ics approaches also may allow for accessing 
novel sources of fundraising that were pre-
viously unavailable. Conservation organiza-
tions need to invest in genetic methods at 
equal, or increased, levels as their camera 
trap programs. In addition to these three 
challenges that are likely general to conser-
vation efforts irrespective of species, there 
are additional, sequential challenges specific 
to the needs for snow leopard conservation.

(4) Challenge: difficulty in obtaining repre-
sentative sampling range-wide and continu-
ous sampling at landscape levels.

 Opportunity: proper sampling is crucial for 
achieving suitable context and statistical 
power to fill the knowledge gaps described 
above. Getting that sampling is essentially 
impossible for a single individual or institu-
tion. Adequate sampling will require build-
ing and maintaining expansive collaborative 
networks among academic, government, and 
NGO institutions. Competitive or exclusion-
ary approaches to snow leopard conserva-
tion will always stymy progress and limit 
the potential to scale up research design and 
achievement. The complexities of these col-
laborative arrangements are notable, but it 
must be a priority of snow leopard conser-
vation leaders.

(5) Challenge: inability to export samples to 
labs outside of range countries.

 Opportunity: in the case where a range 
country does not have the capacity to per-
form the needed laboratory work on genet-
ics projects, samples are often shipped to 
outside labs (e.g. to the United States or 
Europe), however, there is increasing sensi-
tivity on the use and exportation of genetic 
materials, such that exporting samples, 
whether raw non-invasive material or even 

DNA extractions, is becoming prohibitive. 
This leads once again towards emphasizing 
in-country capacity building and improved 
collaborative efforts with in-country institu-
tions to organize, fund, and build appropri-
ate lab facilities.

(6) Challenge: standardizing datasets among 
labs to allow for meta-analysis at larger spa-
tial scales.

 Opportunity: in snow leopard non-invasive 
genetics work, microsatellite markers are 
used for producing the individual identifi-
cation data, but are inherently difficult to 
standardize between labs, thus challenging 
the prospects of reliably combining inde-
pendent datasets. An approach to mitigate 
this is having each lab use the same posi-
tive control samples; however, if samples 
cannot be exported this is not possible. 
Next generation sequencing (NGS) meth-
ods are increasingly available in non-model 
 organisms16,27 and utilize SNPs as a marker 
for individual ID. SNPs have the potential 
to provide considerably increased statistical 
power over  microsatellites39, and are more 
easily reproducible across labs, although 
they are not without their own  challenges3. 
Presently, reliably amplifying SNPs from 
non-invasively collected DNA templates 
(e.g. feces) remains a significant challenge, 
although there is some  progress60. Snow 
leopard research programs in molecu-
lar research should emphasize developing 
SNPs to improve analytical approaches, the 
capacity building for NGS technologies in 
snow leopard range states, and building of 
collaborative networks to standardize these 
approaches and allow for future meta-anal-
yses.

(7) Challenge: The feasibility of seizing on 
any of the opportunities above will vary 
greatly from one snow leopard range state 
to the next as well as across snow leop-
ard conservation organizations, both local 
and international, due to resource limita-
tions. Resources needed for conservation 
inevitably outstrip availability. Thus, adding 
molecular approaches to snow leopard con-
servation will require either new fundraising 
efforts or a redirection of resources already 
invested in other conservation activities. In 
the latter case, careful consideration must 
be made to ensure that the value added by 
incorporating genetics projects is not at 
a greater cost to important conservation 
needs.
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 Opportunity: Genetics and genomic tools 
are not a panacea to conservation challenges. 
As with any tool, only when used properly 
can it contribute to improving on knowledge 
and outcomes. Genetics approaches should 
be evaluated first in how they can comple-
ment or strengthen ongoing programs. 
Examples might include, camera trapping 
for occupancy and abundance, diet analysis 
to better understand human-snow leopard 
conflict, or validating connectivity of habi-
tat models. For some range countries, where 
the necessary technological infrastructure 
required for doing genetics/genomics work 
is not readily available, this may give moti-
vation to improve transboundary collabora-
tion and partnerships with other range states 
that already have those capabilities in place.

Publisher’s Note 
Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and insti-
tutional affiliations.

Acknowledgements
I would like to thank the many colleagues and 
conservationists who over the years have patiently 
discussed with me their thoughts on snow leop-
ards, research, and the value of genetics. I also 
thank J. Weckworth and two anonymous review-
ers for useful comments and suggestions on ear-
lier drafts of this manuscript.

Declarations

Conflict of interest 
The authors declare no conflict of interest.Ethics 
approval 
Not applicable.

Received: 24 February 2021   Accepted: 20 April 2021

Published online: 21 May 2021

References
 1. Allendorf FW (2017) Genetics and the conservation of 

natural populations: allozymes to genomes. Mol Ecol 

26:420–430

 2. Allendorf FW, Luikart G, Aitken SN (2013) Conservation 

and the genetics of populations. Wiley, West Sussex

 3. Andrews KR, Good JM, Miller MR, Luikart G, Hohenlohe 

PA (2016) Harnessing the power of RADseq for ecologi-

cal and evolutionary genomics. Nat Rev Genet 17:81–92

 4. Aruge S, Batool H, Khan FM, Abbas F, Janjua S (2019) 

A pilot study—genetic diversity and population struc-

ture of snow leopards of Gilgit-Baltistan, Pakistan, using 

molecular techniques. PeerJ 7:e7672. https:// doi. org/ 10. 

7717/ peerj. 7672

 5. Bhatt S, Biswas S, Karanth K, Pandav B, Mondol S (2020) 

Genetic analyses reveal population structure and recent 

decline in leopards (Panthera pardus fusca) across the 

Indian subcontinent. PeerJ 8:e8482. https:// doi. org/ 10. 

7717/ peerj. 8482

 6. Broquet T, Petit E (2004) Quantifying genotyping 

errors in noninvasive population genetics. Mol Ecol 

13:3601–3608

 7. Caragiulo A, Amato G, Weckworth BV (2016) The role 

of genetics: conservation genetics of snow leopards. In: 

McCarthy T, Mallon D (eds) Snow leopards. Elsevier, 

London, pp 368–374

 8. Cavalli-Sforza LL (1966) Population structure and 

human evolution. Proc R Soc Lond Ser B Biol Sci 

164:362–379

 9. Chetri M, Odden M, Sharma K, Flagstad O, Wegge P 

(2019) Estimating snow leopard density using fecal DNA 

in a large landscape in north-central Nepal. Glob Ecol 

Conserv 17:e00548

 10. Creel S, Spong G, Becker M, Simukonda C, Norman A, 

Schiffthaler B, Chifunte C (2019) Carnivores, competition 

and genetic connectivity in the Anthropocene. Sci Rep 

9:16339. https:// doi. org/ 10. 1038/ s41598- 019- 52904-0

 11. Cronin MA, Cánovas A, Bannasch DL, Oberbauer AM, 

Medrano J, Wolf F (2015) Subspecies: reply to Weckworth 

et al and Fredrickson et al. J Hered 106:417–419

 12. Darwin C (1896) The variation of animals and plants 

under domestication, vol II. D. Appleton & Co., New York

 13. Davis BW, Li G, Murphy WJ (2010) Supermatrix and 

species tree methods resolve phylogenetic relationships 

within the big cats, Panthera (Carnivora: Felidae). Mol 

Phylogenet Evol 56:64–76

 14. Dhendup T (2019) Tiger monitoring in Bhutan using 

non-invasive genetic tools. Graduate student theses, dis-

sertations, and professional papers, University of Mon-

tana. https:// schol arwor ks. umt. edu/ etd/ 11370

 15. Dures SG, Carbone C, Loveridge AJ, Maude G, Midlane 

N, Aschenborn O, Gottelli D (2019) A century of decline: 

loss of genetic diversity in a southern African lion-con-

servation stronghold. Divers Distrib 25:870–879

 16. Ekblom R, Galindo J (2011) Applications of next gen-

eration sequencing in molecular ecology of non-modal 

organisms. Heredity 107:1–15

 17. Ellstrand NC, Elam DR (1993) Population genetic conse-

quences of small population size - implications for plant 

conservation. Annu Rev Ecol Syst 24:217–242

 18. Endler JA (1977) Geographic variation, speciation and 

clines. Princeton University Press, Princeton

 19. Fenster CB, Vekemans X, Hardy OJ (2003) Quantify-

ing gene flow from spatial genetic structure data in a 

https://doi.org/10.7717/peerj.7672
https://doi.org/10.7717/peerj.7672
https://doi.org/10.7717/peerj.8482
https://doi.org/10.7717/peerj.8482
https://doi.org/10.1038/s41598-019-52904-0
https://scholarworks.umt.edu/etd/11370


288

B. Weckworth

1 3 J. Indian Inst. Sci.| VOL 101:2 | 279–290 April 2021 | journal.iisc.ernet.in

metapopulation of Chamaercrista fasciculata (Legumi-

nosae). Evolution 57:995–1007

 20. Frankel OH (1974) Genetic conservation—our evolu-

tionary responsibility. Genetics 78:53–65

 21. Frankham R, Ballou JD, Briscoe DA (2002) Introduc-

tion to conservation genetics. Cambridge University 

Press, Cambridge

 22. Frankham R (2005) Genetics and extinction. Biol Con-

serv 126:131–140

 23. Frankham R (2010) Challenges and opportunities of 

genetic approaches to biological conservation. Biol 

Conserv 143:1919–1927

 24. Franklin TW, McKelvey KS, Golding JD, Mason DH, 

Dysthe JC, Pilgrim KL, Squires JR, Aubry KB, Long RA, 

Greaves SE, Raley CM, Jackson S, MacKay P, Lisbon 

J, Sauder JD, Pruss MT, Heffington D, Schwartz MK 

(2019) Using environmental DNA methods to improve 

winter surveys for rare carnivores: DNA from snow 

and improved noninvasive techniques. Biol Conserv 

229:50–58

 25. Gilpin ME, Soule ME (1986) Minimum viable popula-

tions: processes of species extinction. In: Soule ME (ed) 

Conservation biology: the science of scarcity and diver-

sity. Sinauer, Sunderland, pp 19–34

 26. Greig JC (1979) Principles of genetic conservation in 

relation to wildlife management in southern-Africa. S 

Afr J Wildl Res 9:57–78

 27. Grover A, Sharma PC (2016) Development and use of 

molecular markers: past and present. Crit Rev Biotech-

nol 36:290–302

 28. Hacker CD, Jevit M, Hussain S, Muhammad G, 

Munkhtsog B, Munkhtsog B, Zhang Y, Li D, Liu Y, Far-

rington JD, Balbakova F, Alamanov A, Kurmanaliev O, 

Buyanaa C, Bayandonoi G, Ochirjav M, Liang X, Bian 

X, Weckworth B, Jackson R, Janecka JE (2021) Regional 

comparison of snow leopard (Panthera uncia) diet 

using DNA metabarcoding. Biodivers Conserv. https:// 

doi. org/ 10. 1007/ s10531- 021- 02118-6

 29. Haig SM, Beever EA, Chambers SM, Draheim HM, 

Dugger BD, Dunham S, Elliott-Smith E, Fontaine JB, 

Kesler DC, Knaus BJ et al (2006) Taxonomic considera-

tions in listing subspecies under the U.S. Endangered 

Species Act. Conserv Biol 20:1584–1594

 30. Hameed S, Din JU, Ali H, Kabir M, Younas M, Rehman 

EU, Bari F, Hao W, Bischof R, Nawaz MA (2020) Iden-

tifying priority landscapes for conservation of snow 

leopards in Pakistan. PLoS ONE 15:e0228832

 31. Hanski I, Gaggiotti OE (2004) Ecology, genetics, and 

evolution of metapopulations. Elsevier-Academic Press, 

San Diego

 32. Holderegger R, Balkenhol N, Bolliger J, Engler JO, 

Gugerli F, Hochkirch A, Nowak C, Segelbacher G, Wid-

mer A, Zachos FE (2019) Conservation genetics: link-

ing science with practice. Mol Ecol 28:3848–3856

 33. IUCN Standards and Petitions Committee (2019) 

Guidelines for Using the IUCN Red List Categories 

and Criteria. Version 14. Prepared by the Standards 

and Petitions Committee. http:// www. iucnr edlist. org/ 

docum ents/ RedLi stGui delin es. pdf.

 34. Janecka JE, Jackson R, Zhang Y, Diqiang L, Munkhtsog B, 

Buckley-Beason V, Murphy WJ (2008) Population moni-

toring of snow leopards using noninvasive collection of 

scat samples: a pilot study. Anim Conserv 11:401–411

 35. Janecka JE, Munkhtsog B, Jackson RM, Naranbaatar G, 

Mallon DP, Murphy WJ (2011) Comparison of noninva-

sive genetic and camera-trapping techniques for survey-

ing snow leopards. J Mammal 92(4):771–783

 36. Janecka JE, Jackson R, Munkhtsog B, Murphy WJ (2014) 

Characterization of 9 microsatellites and primers in 

snow leopards and a species-specific PCR assay for iden-

tifying noninvasive samples. Conserv Genet Resour 

6(2):369–373

 37. Janecka JE, Zhang Y, Li D, Munkhtsog B, Munkhtsog 

B, Galsandorj N, Wangchuk TR, Karmacharya D, Li J, 

Lu Z, Uulu KZ, Gaur A, Kumar S, Kumar K, Hussain S, 

Muhammad G, Jevit M, Hacker C, Burger P, Wultsch C, 

Janecka MJ, Helgen K, Murphy WJ, Jackson R (2017) 

Range-wide snow leopard phylogeography supports three 

subspecies. J Hered 108(6):597–607

 38. Janecka JE, Janecka MJ, Helgen KM, Murphy W (2018) 

The validity of three snow leopard subspecies: response 

to Senn et al. Heredity 120:586–590

 39. Janjua S, Peters J, Weckworth BV, Bahn V, Johans-

son Ö, Rooney T (2019) Improving our conservation 

genetics toolkit: ddRADseq for SNPs in snow leop-

ards. Conserv Genet Resour. https:// doi. org/ 10. 1007/ 

s12686- 019- 01082-2

 40. Johansson O, Samelius G, Wikberg E, Chapron G, Mishra 

C, Low M (2020) Identification errors in camera-trap 

studies result in systematic population overestimation. 

Sci Rep. https:// doi. org/ 10. 1038/ s41598- 020- 63367-z

 41. Khan A, Patel K, Bhattacharjee S, Sharma S, Chugani AN, 

Sivaraman K, Hosawad V, Sahu YK, Reddy GV, Ram-

akrishnan U (2020) Are shed hair genomes the most 

effective noninvasive resource for estimating relation-

ships in the wild? Ecol Evol 10:4583–4594

 42. Khanal G, Poudyal LP, Devkota BP, Ranabhat R, Wegge 

P (2020) Status and conservation of the snow leopard 

Panthera uncia in Api Nampa Conservation Area, Nepal. 

Oryx 54:421–428

 43. Kitchener AC, Breitenmoser-Würsten Ch, Eizirik E, Gen-

try A, Werdelin L, Wilting A, Yamaguchi N, Abramov AV, 

Christiansen P, Driscoll C, Duckworth JW, Johnson W, 

Luo S-J, Meijaard E, O’Donoghue P, Sanderson J, Sey-

mour K, Bruford M, Groves C, Hoffmann M, Nowell K, 

Timmons Z, Tobe S (2017) A revised taxonomy of the 

Felidae. The final report of the Cat Classification Task 

Force of the IUCN/SSC Cat Specialist Group. Cat News 

Special Issue 11:1–80

 44. Lande R (1988) Genetics and demography in biological 

conservation. Science 241:1455–1460

https://doi.org/10.1007/s10531-021-02118-6
https://doi.org/10.1007/s10531-021-02118-6
http://www.iucnredlist.org/documents/RedListGuidelines.pdf
http://www.iucnredlist.org/documents/RedListGuidelines.pdf
https://doi.org/10.1007/s12686-019-01082-2
https://doi.org/10.1007/s12686-019-01082-2
https://doi.org/10.1038/s41598-020-63367-z


289

Snow Leopard (Panthera uncia) Genetics

1 3J. Indian Inst. Sci. | VOL 101:2 | 279–290 April 2021 | journal.iisc.ernet.in

 45. Leempoel K, Hebert T, Hadly EA (2020) A comparison 

of eDNA to camera trapping for assessment of terres-

trial mammal diversity. Proc R Soc Ser B. https:// doi. 

org/ 10. 1098/ rspb. 2019. 2353

 46. Li J, McCarthy TM, Wang H, Weckworth BV, Schaller G, 

Mishra C, Lu Z, Beissinger S (2016) Climate refugia of 

snow leopards in high Asia. Biol Conserv 203:188–196

 47. Li J, Weckworth BV, McCarthy T, Liang X, Liu Y, Xing R, 

Li D, Zhang Y, Xue Y, Jackson R, Xiao L, Cheng C, Li S, 

Xu F, Ma M, Yang X, Diao K, Gao Y, Song D, Nowell K, 

He B, Li Y, McCarthy K, Paltsyn MY, Sharma K, Mishra 

C, Schaller GB, Lu Z, Beissinger SR (2020) Defining 

priorities for global snow leopard conservation land-

scapes. Biol Conserv. https:// doi. org/ 10. 1016/j. biocon. 

2019. 108387

 48. Lorenzana G, Heidtmann L, Haag T, Ramalho E, Dias G, 

Hrbek T, Farias I, Eizirik E (2020) Large-scale assessment 

of genetic diversity and population connectivity of Ama-

zonian jaguars (Panthera onca) provides a baseline for 

their conservation and monitoring in fragmented land-

scapes. Biol Conserv 242:108417

 49. Luikart G, Ryman N, Tallmon DA, Schwartz MK, Allen-

dorf FW (2010) Estimation of census and effective pop-

ulation sizes: the increasing usefulness of DNA-based 

approaches. Conserv Genet 11:355–373

 50. Lukarevskiy VS, Vereshchagin AP, Lukarevskiy SV (2020) 

The spatial structure of a snow leopard population (Pan-

thera uncia, Felidae, Carnivora) in east Kyrgyzstan. Ecol 

Montenegrina 33:17–28

 51. Luo S, Liu Y, Xu X (2019) Tigers of the world: genomics 

and conservation. Annu Rev Anim Biosci 7:521–548

 52. Manel S, Schwartz MK, Luikart G, Taberlet P (2003) 

Landscape genetics: combining landscape ecology and 

population genetics. Trends Ecol Evol 18:189–197

 53. Manuel M, Barnett R, Sandoval-Velasco M, Yamaguchi N, 

Vieira FG, Mendoza MLZ, Liu S, Martin MD, Sinding MS, 

Mak SST, Caroe C, Liu S, Guo C, Zheng J, Zazula G, Bary-

shnikov G, Eizirik E, Koepfli K, Johnson WE, Antunes A, 

Sicheritz-Ponten T, Gopalakrishnan S, Larson G, Yang H, 

O’Brien SJ, Hansen AJ, Zhang G, Marques-Bonet T, Gil-

bert MTP (2020) The evolutionary history of extinct and 

living lions. Proc Natl Acad Sci 117:10927–10934

 54. Mayr E (1963) Animal species and evolution. Harvard 

University Press, Cambridge

 55. McCarthy T, Mallon D (2016) Snow Leopards Biodiver-

sity of the world: conservation from genes to landscape. 

Elsevier, London

 56. Mccarthy KP, Fuller TK, Ming M, Mccarthy T, Waits LP, 

Jumabaev K (2008) Assessing estimators of snow leopard 

abundance. J Wildl Manag 72:1826–1833

 57. Menchaca A, Rossi NA, Froidevaux J, Dias-Freedman I, 

Caragiulo A, Wultsch C, Harmsen B, Foster R, Torre JA, 

Medellin RA, Rabinowitz S, Amato G (2019) Popula-

tion genetic structure and habitat connectivity for jaguar 

(Panthera onca) conservation in Central Belize. BMC 

Genet. https:// doi. org/ 10. 1186/ s12863- 019- 0801-5

 58. Mondol S, Karanth KU, Ramakrishnan U (2009) Why the 

Indian subcontinent hold the key to global tiger recovery. 

PLoS Genet 5(8):e1000585

 59. Natesh M, Atla G, Nigam P, Jhala YV, Zachariah A, 

Borthakur U, Ramakrishnan U (2017) Conserva-

tion priorities for endangered Indian tigers through a 

genomic lens. Sci Rep 7:9614. https:// doi. org/ 10. 1038/ 

s41598- 017- 09748-3

 60. Natesh M, Taylor RW, Truelove NK, Hadly EA, Palumbi 

SR, Petrov DA, Ramakrishnan U (2019) Empowering 

conservation practice with efficient and economical gen-

otyping from poor quality samples. Methods Ecol Evol 

10:853–859

 61. Oyler-McCance SJ, Fedy BC, Landguth EL (2013) Sam-

ple design effects in landscape genetics. Conserv Genet 

14:275–285

 62. Pannell JR, Obbard DJ (2003) Probing the primacy 

of the patch: what makes a metapopulation? J Ecol 

91(3):485–488

 63. Pečnerová P, Garcia-Erill G, Liu X, Nursyifa C, Waples 

RK, Santander CG, Quinn L, Frandsen P, Meisner J, 

Stæger FF, Rasmussen MS, Brüniche-Olsen A, Jørgensen 

CHF, Fonseca RR, Siegismund HR, Albrechtsen A, Heller 

R, Moltke I, Hanghøj K (2021) High genetic diversity and 

low differentiation reflect the ecological versatility of the 

African leopard. Curr Biol. https:// doi. org/ 10. 1016/j. cub. 

2021. 01. 064

 64. Pierson JC, Coates DJ, Oostermeijer JGB, Beissinger SR, 

Bragg JG, Sunnucks P, Schumaker NH, Young AG (2016) 

Genetic factors in threatened species recovery plans on 

three continents. Front Ecol Environ 14(8):433–440

 65. Ralls K, Ballou JD, Dudash MR, Eldridge MDB, Fenster 

CB, Lacy RC, Sunnucks P, Frankham R (2017) Call for a 

paradigm shift in the genetic management of fragmented 

populations. Conserv Lett 11(2):e12412

 66. Riordan P, Cushman SA, Mallon D, Shi K, Hughes J 

(2016) Predicting global population connectivity and 

targeting conservation action for snow leopard across its 

range. Ecography 39(5):419–426

 67. Robinson H, Weckworth BV (2016) Landscape ecology: 

linking landscape metrics to ecological processes. In: 

McCarthy T, Mallon D (eds) Snow leopards. Elsevier

 68. Rousset F (2000) Genetic differentiation between indi-

viduals. J Evol Biol 13:58–62

 69. Rubinoff D, Holland BS (2005) Between two extremes: 

mitochondrial DNA is neither the panacea nor the nem-

esis of phylogenetic and taxonomic inference. Syst Biol 

54(6):952–961

 70. Sales NG, Kaizer MDC, Coscia I, Perkins JC, Highlands A, 

Boubli JP, Magnusson WE, Da Silva MNF, Benvenuto C, 

McDevitt AD (2020) Assessing the potential of environ-

mental DNA metabarcoding for monitoring Neotropical 

mammals: a case study in the Amazon and Atlantic For-

est, Brazil. Mammal Rev 50:221–225

https://doi.org/10.1098/rspb.2019.2353
https://doi.org/10.1098/rspb.2019.2353
https://doi.org/10.1016/j.biocon.2019.108387
https://doi.org/10.1016/j.biocon.2019.108387
https://doi.org/10.1186/s12863-019-0801-5
https://doi.org/10.1038/s41598-017-09748-3
https://doi.org/10.1038/s41598-017-09748-3
https://doi.org/10.1016/j.cub.2021.01.064
https://doi.org/10.1016/j.cub.2021.01.064


290

B. Weckworth

1 3 J. Indian Inst. Sci.| VOL 101:2 | 279–290 April 2021 | journal.iisc.ernet.in

 71. Segelbacher G, Cushman SA, Epperson BK, Fortin M, 

Francois O, Hardy OJ, Holderegger R, Taberlet P, Waits 

L, Manel S (2010) Applications of landscape genetics in 

conservation biology: concepts and challenges. Conserv 

Genet 11:375–385

 72. Senn H, Murray-Dickson G, Kitchener AC, Riordan 

P, Mallon D (2018) Response to Janecka et al. 2017. 

Heredity 120:581–585

 73. Sharma K, Bayrakcismith R, Tumursukh L, Johansson 

O, Sevger P, McCarthy T, Mishra C (2014) Vigorous 

dynamics underlie a stable population of the endan-

gered snow leopard Panthera uncia in Tost Mountains, 

South Gobi, Mongolia. PLoS ONE 9(7):e101319

 74. Shrestha B, Aihartza J, Kindlmann P (2018) Diet and 

prey selection by snow leopards in the Nepalese Hima-

layas. PLoS ONE 13:e0206310

 75. Slatkin M (1985) Gene flow in natural populations. 

Annu Rev Ecol Syst 16:393–430

 76. Slatkin M (1987) Gene flow and the geographic struc-

ture of natural populations. Science 236:787–792

 77. Slatkin M, Barton NH (1989) A comparison of 3 indi-

rect methods for estimating average levels of gene flow. 

Evolution 43:1349–1368

 78. Snow Leopard Working Secretariat (2013) Global snow 

leopard and ecosystem protection program Bishkek, 

Kyrgyz Republic. https:// globa lsnow leopa rd. org/ wp- 

conte nt/ uploa ds/ 2020/ 09/2_ GSLEP_ Ocober- 2013_ 

Annex. pdf

 79. Suryawanshi KR, Khanyari M, Sharma K, Lkhagvajav P, 

Mishra C (2019) Sampling bias in snow leopard popu-

lation estimation studies. Popul Ecol 61:268–276

 80. Taberlet P, Luikart G (1999) Non-invasive genetic 

sampling and individual identification. Biol J Lin Soc 

68:41–55

 81. Taylor HR, Dussex N, van Heezik Y (2017) Bridging 

the conservation genetics gap by identifying barriers to 

implementation for conservation practitioners. Glob 

Ecol Conserv 10:231–242

 82. Thatte P, Joshi A, Vaidyanathan S, Landguth E, Ram-

akrishnan U (2018) Maintaining tiger connectivity and 

minimizing extinction into the next century: insights 

from landscape genetics and spatially-explicit simula-

tions. Biol Conserv 218:181–191

 83. Thatte P, Chandramouli A, Tyagi A, Patel K, Baro P, 

Chhattani H, Ramakrishnan U (2019) Human foot-

print differentially impacts genetic connectivity of four 

wide-ranging mammals in a fragmented landscape. 

Divers Distrib 26:299–314

 84. Thomsen PF, Willerslev E (2015) Environmental 

DNA—an emerging tool in conservation for moni-

toring past and present biodiversity. Biol Conserv 

183:4–18

 85. Wade MJ (1992) Sewall Wright: gene interaction and the 

shifting balance theory. Oxf Surv Evol Biol 8:35–62

 86. Waits L, Buckley-Beason V, Johnson W, Onorato D, 

Mccarthy T (2007) A select panel of polymorphic micro-

satellite loci for individual identification of snow leop-

ards (Panthera uncia). Mol Ecol Notes 7:311–314

 87. Weckworth BV, Dawson N, Talbot S, Cook J (2015) 

Genetic distinctiveness of Alexander Archipelago wolves 

(Canis lupus ligoni): reply to Cronin et al. J Hered 

106(4):412–414

 88. Weiskopf SR, Kachel SM, McCarthy KP (2016) What are 

snow leopards really eating? Identifying bias in food-

habit studies. Wildl Soc Bull 40:233–240

 89. Whitlock MC, McCauley, DE (1999) Indirect measures of 

gene flow and migration: FST ≠ 1/(4Nm + 1). Heredity 

82:117–125

 90. Wong W, Kachel S (2016) Camera trapping: advancing 

the technology. In: McCarthy T, Mallon D (eds) Snow 

leopards. Elsevier, London, pp 368–374

 91. Wright S (1977) Evolution and the genetics of popu-

lations, vol 3. Experimental results and evolutionary 

deductions. University of Chicago Press, Chicago

 92. Zanin M, Gonzalez-Borrajo N, Chávez C, Rubio Y, Harm-

sen B, Keller C, Villalva P, Srbek-Araujo AC, Costa LP, 

Palomares F (2021) The differential genetic signatures 

related to climatic landscapes for jaguars and pumas on a 

continental scale. Integr Zool 16:2–18

 93. Zhang X, Xu Y, Liu H, Guangshun J (2018) Risks involved 

in fecal DNA-based genotyping of microsatellite loci in 

the Amur tiger Panthera tigris altaica: a pilot study. J For 

Res 29:525–531

Dr. Byron Weckworth joined Panthera in 
2012 following studies in conservation and 
biology through his undergraduate degree 
at the University of Montana, a M.S. at 
Idaho State University, and his Ph.D. at the 
University of Calgary. His research experi-

ence has involved fieldwork across a variety of ecosystems 
from North Carolina swamps to the mountains of High 
Asia, on an equally varied number of species, including 

wolves, black bears, caribou, moose, and, of course, wild 
cats. His research aims to address a wide spectrum of eco-
logical and evolutionary questions pertinent to successful 
conservation. Byron’s goals are to help produce rigorous 
scientific research and to work collaboratively to make such 
research accessible and applicable to the people and partner 
organizations that have the influence to impact 
conservation.

https://globalsnowleopard.org/wp-content/uploads/2020/09/2_GSLEP_Ocober-2013_Annex.pdf
https://globalsnowleopard.org/wp-content/uploads/2020/09/2_GSLEP_Ocober-2013_Annex.pdf
https://globalsnowleopard.org/wp-content/uploads/2020/09/2_GSLEP_Ocober-2013_Annex.pdf

	Snow Leopard (Panthera uncia) Genetics: The Knowledge Gaps, Needs, and Implications for Conservation
	Abstract | 
	1 Introduction
	2 What is Conservation Genetics? A Theoretical Overview
	3 Snow Leopard Research Needs and the Potential of Genetics
	3.1 Non-Invasive Genetics and Survey and Monitoring of Snow Leopards
	3.2 Connectivity, Meta-Population Dynamics, and Landscape Genetics

	4 Snow Leopard Genetics to Date
	5 Challenges and Opportunities for Moving Forward
	Acknowledgements
	References




