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ABSTRACT 

 

The projected growth in human population, rapid urbanization, and expansion 

of structures like highways and canals pose a major threat to the future survival 

of wildlife, particularly large terrestrial mammals.  In many cases, wild animal 

populations have been restricted to fragmented habitat islands due to 

anthropogenic developments, endangering them to local extinction.  Current and 

future wildlife conservation and management strategies are leading to the 

implementation of mitigation measures such as creation of wildlife habitat 

corridors.  In this light, novel and interdisciplinary research methods such as 

approaches in the field of landscape genetics are proving to be increasingly 

useful and necessary for assessing the status of wildlife populations and 

furthering efficacy of conservation programs and management efforts.   In this 5-

year research study, I review literature in the field of landscape genetics, 

highlighting studies and their applications toward wildlife conservation over the 

past decade (2005-2014).  I then use a landscape genetic approach to understand 

the potential impact of natural and human-made barriers in and around the 

northern Sonoran Desert on one of the widest-ranging mammals in the world, 

the mountain lion (Puma concolor).  I employ recently developed genetic tools to 

assess the current population genetic status of mountain lions in this region and 

Geographic Information Systems (GIS) tools to relate observations to landscape 

features through interpretive maps.  I further investigate the utility of GIS and 

expert-based models in connectivity conservation and suggest validating them 

with information on genetic relatedness and functional connectivity among 

mountain lions.  Lastly, in many parts of this document, I emphasize the use of 

these methods and data sharing in conservation planning as well as wildlife 

management. 
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INTRODUCTION 

 

Landscape genetics and study context 

Fragmentation of habitat can restrict gene flow and create small 

populations leading to inbreeding, loss in genetic diversity and local extinction 

(Rodriguez & Delibes 2003; Frankham et al. 2004).  Wildlife managers, 

stakeholders, and conservationists in southwestern US are concerned about the 

impact of anthropogenic developments, particularly interstate highways, on 

habitat connectivity for big game species’ populations (AGFD 2009).  

Additionally, recent documentation of mountain lions (Puma concolor) and a 

concurrent decline in desert bighorn sheep (Ovis canadensis mexicana) in the same 

area of southwestern Arizona (Smythe 2008; Naidu et al. 2011) led to 

investigating the potential source of these mountain lions.  In light of 

management of mountain lions in southwestern US, three major questions 

remain unanswered:  What is the effect of anthropogenic modifications to the 

landscape on mountain lions? How are mountain lion subpopulations connected 

across the landscape?  In addition, what is the potential source of mountain lions 

inhabiting potentially isolated mountain ranges in southwestern Arizona? 

 Answering these questions not only requires a comprehensive 

understanding of species biology, but also the use of best available scientific 

resources and techniques.  Of the available scientific resources to date, methods 

in the field of landscape genetics have gained immense popularity in wildlife 

management over the last decade because of their interdisciplinary nature and 

robust scientific underpinnings (Manel & Holderegger 2013).  Additionally, 

recent advances in genetics such as the development of high-throughput DNA 

extraction, next-generation DNA sequencing technologies, and identification of 

novel genetic markers such as Single Nucleotide Polymorphisms (SNPs), are 
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providing a means to accurately analyze genetic variation at the species, 

population, and individual levels (Allendorf et al. 2010; Ouborg et al. 2010; Fitak 

2014).  Studies using these techniques and markers can provide us with insight 

on population structuring, kinship, ancestry, and robust evidence for 

investigative questions requiring landscape-level relatedness and source 

population identification. 

 Conducting periodic genetic surveys for mountain lions in southwestern 

US can be helpful to wildlife managers and stakeholders who have an interest in 

the population status of these mountain lions.  This is particularly relevant 

considering the impact of highways on mountain lions and their prey 

populations, and how current and future adaptive management actions will 

benefit from information generated through the application of recent scientific 

advances in genetics.  With this project, I attempt to provide insight on the 

genetic structure and the potential relatedness of mountain lions occurring in 

southwestern Arizona to the larger regional population. Data from this project 

are based on a five-year sampling effort of mountain lions (2008–2012) in 

southwestern Arizona, and are placed in the context of mountain lions sampled 

from other areas of Arizona, California, southern Nevada, western New Mexico, 

and northern Sonora, Mexico.  Information from this project will be critical for 

regional mountain lion management decisions and useful in preparing and 

implementing adaptive management approaches toward managing predators 

and their prey (e.g. AGFD 2010). 
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Dissertation goals 

1. Review literature pertinent to the application of landscape genetics for 

wildlife conservation  

2. Test a set of 14 microsatellite genetic markers and 23 recently developed 

puma-specific single nucleotide polymorphism (SNP) markers (Fitak 

2014) on mountain lions sampled in and around the northern Sonoran 

Desert  

3. Determine population structure and identify potential barriers restricting 

gene flow among mountain lions in a study area, mainly in and around 

the northern Sonoran Desert 

4. Identify the potential source of mountain lions occurring in southwestern 

Arizona by comparing their genetic relatedness with mountain lions in 

surrounding areas 

5. Develop habitat-based landscape connectivity models for mountain lions 

with the use of spatial analyses and associate results with gene flow and 

genetic relatedness among mountain lions to discuss connectivity. 

 

Description of the dissertation format 

 This dissertation document is formatted to introduce science readers to a 

relatively novel and interdisciplinary field, landscape genetics, and its 

application toward management and conservation of wildlife, particularly 

mountain lions in southwestern US and northwestern Mexico.  The bulk of this 

dissertation rests in three independent appendices (A, B and C), which have been 

formatted for near-future publication of three scientific manuscripts in peer-

reviewed journals.  Although multiple co-authors, people and organizations are 

included on these manuscripts for their help during these studies, the work I 
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present in this entire dissertation represents my original ideas and research 

including data collection, analyses, results and discussions. 

 

APPENDIX A: LANDSCAPE GENETICS FOR WILDLIFE MANAGEMENT 

AND CONSERVATION.  Formatted for submission to the journal Conservation 

Letters, this manuscript introduces the development of landscape genetics from 

phylogeography and reviews literature explaining the various interdisciplinary 

tools available to address research needs for wildlife management and 

conservation. 

 

APPENDIX B: SPATIALLY EXPLICIT POPULATION STRUCTURE ANALYSES 

REVEAL POTENTIAL BARRIERS TO GENE FLOW AMONG MOUNTAIN 

LIONS.  Formatted for submission to the journal Molecular Ecology, this 

manuscript provides an application of widely used and recently developed 

genetic markers to elucidate the current population genetic status of mountain 

lions in and around the northern Sonoran Desert.  The manuscript further 

presents relatively novel visualization tools to place population genetic data in a 

spatial context and emphasizes the potential impact of specific anthropogenic 

barriers. 

 

APPENDIX C: LINKING GIS-BASED MODELS OF HABITAT CONNECTIVITY 

WITH GENETIC RELATEDNESS AMONG MOUNTAIN LIONS.  Formatted for 

submission to the journal PLoS ONE, this manuscript describes the utility of GIS 

and expert-based models in generating maps of habitat suitability and 

connectivity for mountain lions.  Expert-based model outputs are tested with 

information on genetic relatedness among mountain lions sampled in the study 

area.  This manuscript reveals potential for linking GIS and expert-based models 
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with estimates of ‘functional connectivity’ to increase confidence in their use for 

conservation planning. 

 

APPENDIX D: EXAMINATION OF HISTORICAL VERSUS RECENT 

POPULATION STRUCTURE FOR SOUTHWESTERN MOUNTAIN LIONS.  This 

section describes the results of additional analyses in support of the results and 

discussions in Appendices B and C in the context of recent anthropogenic 

developments potentially responsible for the observed contemporary genetic 

patterns observed among mountain lions. 
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PRESENT STUDIES 

 

Focal species: mountain lion (Puma concolor) 

 Mountain lions, also popularly known as pumas, cougars, catamounts and 

panthers, are a large-sized member of the cat family (Felidae) and the most wide-

ranging mammal species in the western hemisphere (Iriarte et al. 1990; Shaw et 

al. 2007).  Historically, in North America, mountain lions suffered a severe range 

contraction during the Pleistocene era, and then followed a post-glacial 

recolonization from South America and Central America about 10,000 years ago 

(Culver et al. 2000).  In more recent times, there have been several instances of 

further recolonization by mountain lions, especially in the United States (Larue et 

al. 2012; see also article by National Geographic Magazine: 

http://ngm.nationalgeographic.com/2013/12/cougars/spreading-east-map).   

 Mountain lions are most closely related to the jaguarundi (Puma 

yagouaroundi) and the cheetah (Acinonyx jubatus), all of which evolutionarily 

belong to the Puma Lineage (Johnson et al. 2006).  Originally recognized as 

having 32 subspecies, including 16 subspecies in North America, mountain lions 

are currently recognized as having six subspecies, with only one present in North 

America (Puma concolor couguar) (Culver et al. 2000). 

Given their widespread distribution and evolutionary adaptability, 

mountain lions occupy a variety of habitat types, from deserts to evergreen 

forests, and from low to high elevation landscapes (reviewed by Nowell & 

Jackson 1996; Sunquist & Sunquist 2002).  Mountains lions also prey on a variety 

of species throughout their range.  In North America, their prey-base mainly 

includes ungulates such as deer and bighorn sheep, and they may often prey on 

feral and domestic animals such as horses and cattle (Turner Jr & Morrison 2001; 
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De Azevedo 2008; Clemenza et al. 2009; Monroy-Vilchis et al. 2009; Villepique et 

al. 2011).   

 The IUCN (World Conservation Union) lists the mountain lion as a ‘Least 

Concern’ species, but most countries throughout the mountain lion’s range list it 

as a protected species.  Regulated hunting of mountain lions is legal in some 

countries like the United States, but their populations are currently declining in 

many parts of their range due to excessive hunting of their prey-base, retaliatory 

killing in response to livestock depredation (De Azevedo & Murray 2007) and 

anthropogenic developments (IUCN Red List: 

http://www.iucnredlist.org/details/full/18868/0).   

 Management of mountain lions has been emphasized in many parts of the 

United States due to their ecological impacts on other species, their harvest as a 

game animal, and implications in human-wildlife conflicts (Wehausen 1996; 

Sweanor et al. 2000; Mattson & Ruther 2012).  Mountain lions have also been a 

model species for landscape-level conservation due to their role as a top predator 

(Pierce et al. 2012; Dickson et al. 2013).  As anthropogenic development can 

potentially cause fragmentation of mountain lion populations (Ernest et al. 2014), 

it is important to assess and implement measures to restore connectivity among 

mountain lion populations throughout their range. 

 

Spatially explicit population structure analyses reveal major barriers to gene 

flow among mountain lions 

It is widely known that natural and human-made landscape structures 

affect populations of mountain lions (and many other wildlife species in general).  

These structures can include biogeographic features such as major rivers, 

grasslands, deserts and mountainous landscapes, and artificial structures such as 

major highways and fenced canals (e.g. McRae et al. 2005; Loxterman 2011; 
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Elbroch & Wittmer 2012).  Based on research over the last decade, experts and 

wildlife managers studying mountain lions in southwestern US have speculated 

that several such landscape features could be affecting mountain lion 

populations.  Whether these landscape features, specifically the Colorado River, 

the Grand Canyon, interstate highways, the Central Arizona Project (CAP) canal, 

were affecting genetic diversity among mountain lions remained subject to 

investigation.   

In this study, we provide findings from a landscape genetic investigation 

of mountain lions spanning a major portion of southwestern US and 

northwestern Mexico.  We obtained genetic material for this study mainly from 

hunter-harvested mountain lions in Arizona from the Arizona Game and Fish 

Department, ongoing non-invasive genetic and GPS-telemetry research on 

mountain lions in southwestern Arizona and northern Sonora in Mexico, and 

from Culver et al. (2000), who obtained samples from southern California, 

Nevada, Arizona, New Mexico and Mexico.  Our approach involved genetic 

analyses employing widely-utilized genetic markers for the domestic cat (Felis 

catus) – FCA microsatellites (Menotti Raymond et al. 1999) and recently 

developed genetic markers for mountain lions – single nucleotide 

polymorphisms (SNPs) part of the PumaPlex (Fitak 2014).  We then performed 

multiple spatially explicit analyses to visualize population genetic data and 

describe patterns relating to potential barriers limiting gene flow among 

mountain lions in our study area.  We believe the spatial analyses we performed 

are intuitively utilizable by wildlife managers and conservation practitioners in 

their management action plans.  These analyses include mapping the output of 

the program STRUCTURE with the programming language R, georeferencing 

the output of the program GENELAND with the program ArcGIS, and 
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performing an Inverse Distance Weighted (IDW) interpolation of the output 

from STRUCTURE. 

Our analyses reveal that multiple sections of interstate highways in our 

study area could be potential barriers to gene flow among mountain lions, 

especially in combination with other barriers such as the CAP canal and habitat 

transition zones.  We also highlight that distance between our samples could be 

playing a role in defining population structure among mountain lions, but 

observations of clinal and barrier-specific genetic discontinuities provide support 

to our conclusions on the potential barriers responsible for genetic structuring 

among mountain lions.  Previous research on mountain lion movements and 

behavior also support our conclusions. 

We highlight the significance of our findings in view of the projected 

growth in urbanization and anthropogenic developments over the next 50 years.  

Related studies on other wildlife species could potentially identify trends similar 

to our findings, and collectively guide conservation measures such as the design 

and implementation of wildlife corridors. 

 

Linking GIS-based models of habitat connectivity with genetic relatedness 

among mountain lions 

 Identifying habitat connectivity for mountain lions, known and referenced 

in several studies as top-predators requiring large geographic areas of connected 

habitat or wide-ranging and ‘umbrella’ species with significant ecological 

impacts on many other wildlife species, can be ideal for designating corridors for 

conservation at the landscape-level.  A significant amount of research has gone 

into identifying suitable habitat for mountain lions and guiding management to 

preserve critical habitat linkages threatened by anthropogenic impacts.  Much of 

this research has combined the known biology of mountain lions with landscape 
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ecology approaches.  However, the investigation of ‘functional connectivity’ 

among populations, with the use of individuals sampled across the landscape 

under investigation, can significantly enhance the applicability of these 

approaches.    

 In this study, we use widely accepted GIS and expert-based 

methodologies together with tools to model habitat suitability and connectivity 

for mountain lions occurring in southwestern Arizona in the context of the larger 

regional mountain lion population.  Specifically, we used a corridor modeling 

approach outlined by Beier et al. (2007) to model habitat suitability, and an 

electronic circuit theory approach created by Shah & McRae (2008) to model 

connectivity (in terms of current flow) among particular habitat patches.  We 

then test the model output with genetic relatedness among individual mountain 

lions.   

Our analyses of habitat-based and genetics-based patterns reveal 

important areas of connectivity.  Based on our findings, we also shed light on the 

potential source of mountain lions occurring in southwestern Arizona.  We then 

mention how such findings can enhance the applicability of existing habitat 

models toward habitat connectivity and conservation efforts.  

 

Conclusions 

Landscape genetics has created an opportunity for collaboration among several 

fields of study related to wildlife conservation.  This dissertation describes the 

application of numerous tools and methods in landscape genetics that can be 

used toward fulfilling research needs for wildlife management.  Knowledge on 

how mountain lion populations are connected across the landscape is useful for 

wildlife managers when making decisions affecting the maintenance of habitat 

connectivity and genetic diversity, not just among mountain lions, but also 
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among several other large mammals and wildlife threatened by habitat 

fragmentation due to anthropogenic developments.  As the field continues to 

grow, we expect novel genetic markers to more accurately identify populations 

(and subpopulations) and appropriate statistical and spatial parameters to refine 

models of habitat connectivity.  Results from such landscape genetic studies can 

provide a strong basis for the design and implementation of conservation 

infrastructure such as habitat corridors for wildlife. 
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Abstract 

Research on examining genetic variation for the conservation of wild animals has 

advanced from defining taxonomy based on genetic variability at large 

biogeographic scales (phylogeography), to detecting fine-scale population 

structure, identifying barriers to gene flow, and describing adaptive genetic 

variation at relatively small landscape scales (landscape genetics).  In relation to 

phylogeography, landscape genetics comprises an interdisciplinary set of tools 

and techniques that require advanced knowledge in a range of disciplines.  

While population geneticists and landscape ecologists could benefit most from 

collaboration in landscape genetics, the outcomes of this field are widely 

applicable beyond genetics and ecology, especially for use by wildlife and 

natural resources conservation biologists, managers, policy makers, land use 

planners, and more.  Applying the best available scientific resources to meet 

goals of wildlife conservation requires better communication about trending 

fields such as landscape genetics.  In this review, we outline the important 

components of landscape genetics and explain how some landscape genetic 

studies have been advancing conservation science in recent years.  We then 

provide some future directions that we believe will enhance communication 

among scientific professionals related to wildlife management and conservation, 

who are interested in implementing landscape genetic approaches toward their 

research needs. 

 

Context of landscape genetics in conservation 

Habitat fragmentation is globally considered to be one of the main causes of loss 

of biological diversity (Lindenmayer & Fischer 2013), and the maintenance or 

creation of movement corridors for wild animals is a conservation strategy for 

reducing the negative effects of habitat fragmentation (Krauss et al. 2010; Hanski 
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2011).  In a habitat matrix, adaptation by species, populations and individuals 

can be influenced by dispersal, global change, and shifts in migration caused by 

barriers that are natural or human-made, historic or relatively recent (Hoffmann 

& Sgrò 2011; Beck 2013).  In this context, phylogeography is a unique field that 

analyzes genetic data from species, populations, or individuals (phylogenetic 

data) in a geographic framework from where correlations can be identified 

between processes such as speciation and gene flow to specific biogeographic 

patterns.  Improvements in technology over the last half-century have 

transitioned phylogeography into a finer scale and more contemporary field of 

investigation, now called landscape genetics (Figure A.1, adapted from Manel et 

al. 2003).  Much like phylogeography, landscape genetics is a field that focuses 

on investigating the causes of, and changes in, the distribution of genetic 

variation, but emphasizes combining population genetic data with spatial data 

on terrestrial, aquatic, or other environmental features to identify those 

responsible for bringing about the changes (Chan et al. 2011). 

 Technological improvements behind the evolution of landscape genetics 

as a field can be classified into two segments.  First, advances in molecular 

genetics have made available novel genetic markers for numerous species now 

widely used in the study of wild animal populations; from allozyme markers and 

mitochondrial DNA (mtDNA) sequences, to microsatellite markers or Short 

Tandem Repeats (STRs) and genome-wide Single Nucleotide Polymorphisms 

(SNPs) (Allendorf et al. 2010).  Added to this is the distinction between adaptive 

and neutral genetic variation.  Neutral markers (genetic loci unaffected by 

natural selection) have successfully been used for the estimation of population 

structure, gene flow, demographic and evolutionary history.  Adaptive markers 

(genetic loci under selection) are useful for investigating patterns of local 

adaptation and adaptive potential of populations and species occupying unique 
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ecological niches (Holderegger et al. 2006; Holderegger & Wagner 2008; 

Gebremedhin et al. 2009).  Second, advances in Geographic Information Systems 

and Science (GIS) and spatial statistics have enabled the correlation of patterns 

observed based on genetic data with that of landscape structure or 

environmental features (Storfer et al. 2007).  At the species-level, the transition 

from phylogeography to landscape genetics is well exemplified by contrasting 

two genetic studies on the puma (Puma concolor).  Culver et al. (2000) examined 

sub-speciation patterns throughout the puma’s geographic range and historical 

dispersal events in contrast to a fine-scale contemporary genetic study of one 

puma subspecies (Puma concolor couguar) by McRae et al. (2005) who examined 

population structure and barriers to gene flow among individuals in 

southwestern United States.  On the other hand, an example of a combined 

phylogeography and landscape genetic study is that of Lind et al. (2010) on the 

foothill yellow-legged frog (Rana boylii) to identify potential habitat barriers 

responsible for genetic variation among its populations.  Such data on landscape 

features and habitat barriers limiting gene flow are key to identifying habitat 

corridors and can help in defining management or conservation units (MUs or 

CUs), especially for long-term conservation and management planning, and 

restoration of habitat for species survival. 

 Several literature reviews have put forward useful definitions of 

landscape genetics, consolidations of its components, and its applications (Table 

A.1).  In essence, landscape genetics is interdisciplinary, and involves rapidly 

advancing tools and techniques of multiple disciplines, chiefly landscape 

ecology, population genetics, spatial analysis, and statistical modeling.  With 

respect to wildlife conservation, it is established that landscape genetics can 

generate powerful datasets, such as fine-scale population genetic substructure of 

a species in relation to human-made landscape features, which can be used to 
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guide necessary management actions and conservation policies (Segelbacher et 

al. 2010).  Over the last decade, the numbers of landscape genetic studies 

pertaining to conservation have been significantly increasing (Figure A.2).  Being 

a notably progressive field, we must recognize that landscape genetics 

intrinsically boasts a plethora of scientific specialties and resources that can 

easily become overwhelming to professionals not specializing in landscape 

genetics, especially wildlife biologists, managers, and conservation planners, 

needing to use these resources in addressing their research needs for 

implementing wildlife management and conservation actions.  To readily apply 

landscape genetic data to aid species conservation, wildlife professionals require 

a robust understanding of landscape genetics and how these datasets can help 

define MUs, identify Evolutionarily Significant Units (ESUs), and what 

populations and habitats are important for conservation – collectively called CUs 

(see “Conservation Unit”, from Glossary in Manel et al. 2003).  Segelbacher et al. 

(2010) describe some key components of landscape genetics and their 

applications in conservation; in this literature review, we extend a similar 

approach.  First, we outline the important components of landscape genetics. 

Then we discuss some salient, recently published landscape genetic studies and 

their applications towards conservation. Finally, we present ideas and future 

directions to enhance communication among professionals, specifically for 

applying landscape genetic approaches for wildlife conservation and 

management. 

 

Methods in landscape genetics: an interdisciplinary approach 

The objectives of landscape genetic studies can vary from understanding ecology 

and evolutionary biology of species, to improving species-specific genetic 

resources and applying genetic data towards management and conservation of 
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species and their habitats.  To address these objectives, landscape genetics brings 

together methods and tools primarily from population genetics, landscape 

ecology and spatial analyses (including spatial statistics) within a general 

methodological framework (Figure A.3).  

 

Genetic markers, analyses and models 

 Landscape genetic studies require the use of highly polymorphic genetic 

markers, often with high mutation rates capable of generating large datasets with 

substantial statistical potential.  Hence, in general, mtDNA sequences and STRs, 

markers that are common with phylogeography studies are complemented with 

data common for landscape genetic studies (e.g. STRs and SNPs) to examine 

genetic variation at smaller spatial scales and more contemporary timescales 

(Wang 2011).  With recent advances in Next-Generation Sequencing technologies 

(NGS), the identification of highly polymorphic STRs and genome-wide SNPs is 

becoming more efficient and cost-effective (Ekblom & Galindo 2011; Fitak 2014).  

Although mtDNA sequences and STRs have been the most widely used and 

accepted markers to date for landscape genetic studies, SNPs offer several 

advantages over these markers.  They are more numerous throughout the 

genome, easier to score in a high-throughput fashion, are analytically simpler for 

investigations in population genetics, and provide highly reproducible data that 

can be shared among investigators and laboratories (Garvin et al. 2010; Ouborg 

et al. 2010; Fitak 2014).  With the emphasis on investigating the importance of 

adaptive genetic variation for conservation (Gebremedhin et al. 2009; Parisod & 

Holderegger 2012), the use of adaptive markers, such as some SNPs and many 

other markers based on NGS techniques, in conjunction with neutral markers to 

define CUs is also gaining popularity (Funk et al. 2012).  Landscape genomic 

approaches are being employed to identify genes associated with ecological, 
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climate and environmental gradients, and adaptive and evolutionary significance 

of populations (Schwartz et al. 2010; Sork et al. 2013). 

 A common conservation genetic study objective is detecting genetic 

differentiation between sampled individuals or populations of any species of 

concern through an examination of allele frequencies.  Allele frequencies can be 

shared among two or more populations if genotypes (individual genetic 

signatures) are admixed (i.e. consist genotypes of other individuals from other 

populations).  Analyses of allele frequencies among individuals, across a 

landscape, can generate populations (or clusters) based on allele frequencies 

derived from an appropriate genetic marker panel (Pritchard et al. 2000).  Core 

statistical concepts of maximum likelihood and Bayesian inference, usually 

coupled with Markov Chain Monte Carlo (MCMC) techniques (Yang & Rannala 

2012), are employed in these analyses.  This process is exemplified in studies 

using the software STRUCTURE (Pritchard et al. 2000) that enables the 

identification of populations, hybrid zones, and migrants based on genotypes, 

and accepts multi-locus genotype data from different marker types (mainly 

RFLPs, AFLPs, STRs and SNPs).  Over the last decade, several other modeling 

algorithms, in addition to STRUCTURE, have been published based on the 

Bayesian inference framework, and are available as downloadable software 

packages (Table A.2).  Of these, computer programs that use genetic and spatial 

data to perform statistical analyses are becoming popular with landscape genetic 

studies applicable for conservation, e.g. GENELAND, which uses multilocus 

genotypes and geographic coordinates associated with samples as input to the 

infer number of populations and identify locations of genetic discontinuities 

(Guillot et al. 2005a,b).  Another expedient program is CIRCUITSCAPE, which 

uses electronic circuit theory to estimate landscape resistance and model 

connectivity (gene flow) among populations (McRae et al. 2008) but does not use 
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genetic data as an input.  Optimizing this approach though can be accomplished 

with the use of alternate model parameters, including the use and validation of 

expert opinion as a data source, and information-theoretic approaches to identify 

the most important variables that influence gene flow (Shirk et al. 2010; 

Garroway et al. 2011).  

 

GIS tools, spatial analyses and models 

 Spatial referencing of genetic (or genomic) data on populations forms the 

crux of landscape genetic investigations whereby both species and habitat 

components are placed in a single framework to estimate connectivity among 

populations, and identify important habitat patches, movement corridors, MUs 

and ESUs for conservation (Vasconcelos et al. 2012; Dade et al. 2014).  Over the 

last decade, GIS tools have become crucial in modeling habitat suitability for a 

species, georeferencing genetic data, and identifying potential corridors for 

animal movements.  Newly developed software applications have aided the 

integration of genetic analyses with GIS and new output visualizations display 

genetic data in the context of landscape (habitat) data (Table A.2).  GIS is also 

used in landscape ecology to implement, process, and automate models 

describing habitat connectivity, such as resource selection function (RSF) and 

least-cost path (LCP) models between individuals and populations for 

identifying corridors and connectivity (Jones 2012; Poor et al. 2012; Peters et al. 

2015).  Based on known ecology of a species, a ‘cost of movement’ value is 

assigned to landscape features occurring within the known distribution of the 

species.  The RSF and LCP models have been widely adopted for predicting the 

shortest distance between patches of habitat using ‘permeability’ maps for 

diverse transient species.  RSF models illustrate habitat suitability for animal 

movement, whereas LCP models illustrate the cheapest route relative to all the 
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cost units as a function of the original input data layer in a GIS consisting of 

values that can be used to calculate the cost of movement across the surface 

(Chetkiewicz & Boyce 2009; Rayfield et al. 2009; Pullinger & Johnson 2010).  

These models are comparable with results of genetic data, delineating potential 

populations and gene flow patterns, but do not directly incorporate genetic data.  

A key objective of many landscape genetic investigations, relating to 

conservation planning, is to estimate ‘functional connectivity’ – modeled 

connectivity validated by observations such as movement or gene flow – 

between habitat patches (Graves et al. 2007; Braunisch et al. 2010; Walpole et al. 

2012).  Toward this objective, GIS models are able to represent several 

parameters relevant to the ecology of a species as spatial variables (e.g. 

vegetation type, elevation, distance from roads, urban areas, human population 

densities, water locations, prey distributions [for predatory animals], 

temperature gradient, precipitation, and genetic data sampled from putative 

populations of the species).  Another exemplary landscape connectivity 

modeling approach is the mapping of habitat suitability and permeability, 

wherein each cell of the landscape map grid is assigned a value (based on 

ecology of the species) indicating the ‘cost’ for the animal to move across that 

cell, and extrapolating the cost-of-movement data throughout the species’ range 

(Rabinowitz & Zeller 2010; Kaminski et al. 2013). 

 Although ecological models of landscape connectivity provide a 

framework for conservation, features such as habitat corridors, identified or 

prioritized as being important for the long-term conservation of species, need to 

be validated.  Stevens et al. (2006) used a cost-distance algorithm to evaluate 

‘effective distances’ – distances corrected for the costs involved in moving 

between habitat patches, to make predictions on connectivity estimates; their 

model was parameterized based on observations of dispersal and analysis of 
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movements of toads.  These predictions were then compared with genetics-based 

dispersal rates between populations.  They concluded that cost-distances 

(generated based on habitat preferences) explained the genetics-based dispersal 

estimates better than Euclidean distances.  Hokit et al. (2009) present similar 

findings based on LCP and pairwise isolation metrics.  Research needs on 

modeling and describing functional connectivity for conservation and 

management of species are being accomplished with landscape genetic studies 

providing spatially explicit information on gene flow (Braunisch et al. 2010).  

Where data on gene flow are unavailable, and conservation policies are 

dependent on estimates of functional connectivity among habitat patches in 

fragmented landscapes, the use of indicators such as probability of functional 

connectivity is warranted (Watts & Handley 2010). 

 

Spatial statistics from genetic data 

 A big challenge when interpreting results from the analysis of a 

population genetic dataset is arriving at a consensus on population structure.  

Questions that can arise during interpretation of results from population genetic 

studies include, but are not limited to, 1) what is the threshold for defining a 

population vs. a subpopulation (a subset of a population with distinct 

properties)?  2) Are sampled individuals (and alleles) spatially autocorrelated?  

3) Is the estimated population structure an artifact of isolation by distance (IBD)?  

To answer these questions, it is important to use complementary tests to 

corroborate or negate results of genetic population structuring (Safner et al. 

2011).  One such test is the statistical analysis of Eigen vectors or ‘Eigen analysis’ 

– which includes methods such as Principal Component Analysis (PCA) and 

Sparse Factor Analysis (SFA) to visualize locations of an individual’s genetic data 

relative to each other in space (Engelhardt & Stephens 2010).  PCA summarizes 
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the data into several components (the eigenvectors) that explain varying 

proportions of variation in a multivariate dataset (e.g. Schmid-Holmes & 

Drickamer 2001).  A recent method describes spatial principal component 

analysis (sPCA) in which genetic data (allele frequencies) of individuals and 

populations are used in describing genetic variation over space (Jombart et al. 

2008).  In approaches of clarifying population structure vs. IBD, the Mantel test 

serves as a reference point for models that may better describe population 

structure in landscape genetic studies (Jenkins et al. 2010).  Meirmans (2012) 

provides recommendations on the rigorous statistical analyses of genetic data to 

interpret IBD in datasets susceptible to spatial autocorrelation. 

 Finally, it is important to identify which models best explain the spatial 

and genetic data.  Model selection and information theoretic approaches such as 

Akaike’s Information Criteria (AIC) and Bayesian Information Criteria (BIC) are 

commonly used to identify models that best describe habitat suitability and 

genetic connectivity for a particular species based on a location data set.  Spear et 

al. (2005) identified dispersal corridors for blotched tiger salamanders 

(Ambystoma tigrinum melanostictum) in a GIS-based study where they correlated 

genetic data (FST) with landscape variables based on hypothesis tests of models 

selected by AIC.  Inman et al. (2013) modeled RSF for wolverines (Gulo gulo) as 

part of a study to develop landscape-level conservation priorities; they used BIC 

to identify a best-fit model from a candidate set of biologically pertinent models.  

Van Strien et al. (2012) described a combined model of LCP and transect analyses 

where the use of AIC was not suitable; hence they used the R2 statistic (Edwards 

et al. 2008) to identify the best-fit model and explanatory variables.  Computer 

simulations are now becoming popular to identify suitable models that 

incorporate complex environmental and demographic variables to explain as 

well as predict landscape-level processes such as gene flow and genetic structure 
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(Epperson et al. 2010; Van Strien et al. 2014).  The aforementioned approaches 

use common statistical analyses that are widely applicable in scientific research, 

and have been used as part of landscape genetic investigations (Table A.3).  It is 

essential for almost every landscape genetic study to identify questions 

thoroughly and then use the appropriate spatial and statistical tools to 

complement basic population and spatial genetic analyses (e.g. Ball et al. 2010). 

 

Landscape genetic data as applied to conservation and management  

Knowledge on how landscape features affect genetic diversity, gene flow, and 

population structure is important to aid designating units for conservation and 

management of species (Allendorf & Luikart 2009).  As landscape genetic 

approaches are relatively new, a careful examination of study design, sampling, 

empirical analyses and modeling approaches will be important to assess the 

feasibility of implementing such studies for conservation planning (Storfer et al. 

2006, Sommer et al. 2013).  With the use of novel approaches in GIS and spatial 

statistical modeling, performing such studies will enhance our understanding of 

the dynamics of gene flow, local adaption, and population substructure.  This in 

turn will benefit conservation strategies, particularly the designation of corridors 

to preserve movement (or migration) patterns and genetic diversity for 

threatened and endangered species (Segelbacher et al. 2010).  Here, we 

summarize components of selected species-based landscape genetic studies that 

have addressed conservation and management strategies in recent years (Table 

A.4). 

 

Future directions 

Future analyses can take advantage of existing datasets that have not been 

utilized to their full potential.  At the classical population genetics and 
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multilocus genome-scales, data used in conjunction with GIS in the context of 

ecology and conservation, and older genetic datasets from studies that did not 

make use of these advanced genetic and spatial analyses resources, can now be 

reinvestigated using the landscape genetic approach.  The reach of landscape 

genetics also extends beyond a species-based focus, for example, it can be used to 

understand the spread of infectious diseases via host-parasite relationships (Biek 

& Real 2010), and to integrate large genomic datasets with climate variables to 

elucidate genetic variation linked with local adaptation (Allendorf et al. 2010; 

Schoville et al. 2012). 

 New methods being developed in landscape genetics can also help fill the 

knowledge gap between specialists from different areas as newly developed 

tools and software packages are assisting landscape genetic analyses to become 

more accessible.  Non-specialists in GIS are now able to employ user friendly 

landscape genetic analysis software and tools to perform spatial statistic and 

geographic analyses to obtain visualizations of their data (Etherington 2011; 

Rosenberg & Anderson 2011).  These specialized tools would otherwise require a 

high level of expertise and substantial computer-based coding and 

customization.  Just as wildlife managers and conservation biologists can 

compare historical phylogeographic and population structure data (when and 

where available) to present day data, they can also use current information on 

populations generated through landscape genetic approaches as a baseline for 

future studies, provided location information (such as GPS coordinates) for 

sampled individuals and populations are available.  Spatial genetic databases can 

prove to be very useful for this purpose (Naidu et al., in prep). 

 Since landscapes, species distributions, and investigative methods are 

constantly changing, Anderson et al. (2010) highlight the importance of scale in 

landscape genetics, provide cautionary notes on sampling, and how difference in 
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spatial and temporal scales can introduce or reduce landscape features that can 

have an effect on gene flow.  In the use of landscape genetic approaches to 

quantify the impact of landscape features on a particular species, Cushman & 

Landguth (2010) emphasize the importance of testing multiple hypotheses using 

a causal modeling approach, as opposed to simple correlations, to identify what 

features precisely limit gene flow and are responsible for genetic discontinuities 

among populations.  Further, Short Bull et al. (2011) highlight the importance of 

replication in landscape genetic studies through their tests of several alternate 

hypotheses on the effect of landscape features on gene flow among American 

black bears (Ursus americanus).  In some cases, landscape genetic structure may 

not be detectable due to highly connected habitat that may not be restricting gene 

flow among populations; Cushman et al. (2012) provide simulation modeling 

and regression equations to contrast the effects of isolation by landscape 

resistance with IBD to explain landscape genetic variation. 

 Landscape genomics has established itself as a central approach for the 

identification of ESUs in enabling the investigation of local adaptation in isolated 

or admixed populations (or hybridizing species) occurring in heterogeneous 

landscapes, and seascapes, undergoing divergent selection due to competition 

for resources.  Genome-wide studies (NGS) are now able to provide much more 

detailed information on population genetics than before.  Hence, in conjunction 

with spatial analysis resource, are providing a finer resolution for drawing 

inferences about population demography, ecology, evolutionary biology, and 

adaptive potential.  But this information also warrants careful assessments of 

errors in statistical analysis of data that may stem from sample failures, 

genotyping errors and misleading signals of population structure (Teo 2008; 

Davey et al. 2011).  It is important to assess the applicability of SNPs, and other 

NGS approaches, for landscape genetics and whether they outweigh the need to 
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use other markers (such as microsatellites) based on analytical power and cost of 

analyses (Glover et al. 2010; Fitak 2014).  Several methods in landscape genetics, 

particularly models that incorporate many demographic parameters, assume 

some parameters (such as migration, and population sizes) to be constant.  

Moreover, genetic equilibrium (no mutation, migration, selection, assortative 

mating, and drift) is also assumed by many of these approaches.  This limits the 

application of these approaches on metapopulations, which are inherently 

structured dynamic populations with extinctions and recolonizations, and 

usually violate demographic and genetic parameters, such as constant 

population size and non-overlapping generations set up by the Hardy-Weinberg 

equilibrium.  In this case, gravity models taken from transportation geography 

can show promise towards explaining gene flow among metapopulations 

(Murphy et al. 2010), and unique approaches such as estimation of directional 

migration rates can resolve source-sink dynamics at the landscape-level 

(Andreasen et al. 2012; Holderegger & Gugerli 2012) 

 The literature in landscape genetics suggests the need for collaboration 

between population geneticists and landscape ecologists.  We recognize that 

landscape genetics is constantly providing new insights, and collaborative teams 

of professionals placing genetic, demographic, statistical and geographic data of 

species and populations in a meaningful conservation context can use all its 

components effectively.  There is an increasing scientific attractiveness of 

landscape genetics and we hope that professionals related to wildlife 

conservation can use guidelines from this article towards applying landscape 

genetic (and genomic) approaches to fulfill current research needs in applied 

conservation science.   
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Table A.1 Reviews published on landscape genetics to date 

Reference Review Focus 

Manel et al. 

2003 

Provided the first review on landscape genetics, its history and available 

tools and techniques, from a population genetics perspective 

Storfer et al. 

2007 

Provided a definition for landscape genetics, reviewed and addressed 

bridging the knowledge gap between specialists in related fields (e.g. 

population genetics, ecology) 

Holderegger  

et al. 2006 

Contrasted the use of neutral and adaptive genetic variation data in 

landscape genetics 

Holderegger & 

Wagner 2006 

Reviewed landscape genetics and discussed the knowledge gap between 

population geneticists and landscape ecologists, from a landscape ecology 

perspective 

Holderegger & 

Wagner 2008 

Discussed how neutral and adaptive genetic variation can be utilized for 

landscape genetic studies.  Emphasized the importance of understanding 

evolutionary history of populations in the context of global change, and the 

application of landscape genetics in examples of global change 

Balkenhol et al. 

2009 

Provided an outline of research needs and discussed how to address major 

challenges being encountered in landscape genetics  

Storfer et al. 

2010 

Provided a statistical review of papers published in landscape genetics. 

Discussed guidelines and future directions for authors and reviewers of 

studies in landscape genetics 

Segelbacher  

et al. 2010 

Outlined developments in landscape genetics and their applications in 

conservation biology 

Holderegger  

et al. 2010 

Discussed the application of landscape genetics to study gene flow and 

adaptation in plants  

Sork & Waits 

2010 

Summarized landscape genetics, its contributions, and future directions in 

an introductory article to a special issue on landscape genetics by the journal 

Molecular Ecology 

Sommer et al. 

2013 

Provided a foreword on conceptual framework of landscape genetics and its 

empirical applications in conservation biology and management, in an 

editorial article for a special issue on landscape genetic research in the 

journal Conservation Genetics  

Manel & 

Holderegger 

2013 

Summarized significant findings in landscape genetics over the last decade 

and provide recommendations for future work in landscape genetics 

Keller et al. 

2014 

Used examples of past studies and addressed how results from landscape 

genetics can be more successfully applied in conservation and management 
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Table A.2 A summary of downloadable software packages used in landscape 

genetic studies 

Software Functions Key Outputs Reference 

Structure Analysis of population 

structure based on multi-

locus genotype data 

Graphical display of genetic 

differentiation and 

assignment of individuals to 

(sub)populations 

Pritchard et al. 

2000, Falush et 

al. 2003 

SPAGeDi Analysis of genetic 

differentiation, and 

correlation with spatial 

distance, between 

individuals and 

populations 

Pairwise relatedness between 

individuals in relation to 

geographic distance between 

individuals, and spatial 

genetic population structure 

Hardy & 

Vekemans 

2002 

Geneland Identification of number of 

populations and 

geographic locations of 

genetic discontinuities 

between populations 

Graphical output of 

individual assignments to 

populations based on their 

multi-locus genotypic data 

Guillot et al. 

2005a, 2005b 

Alleles In 

Space 

Spatial analyses of genetic 

data and interpolations of 

'Genetic Landscape Shape' 

Graphical output of Mantel 

test, Spatial autocorrelation, 

Monmonier's algorithm, and 

Allelic Aggregation Index 

analyses  

Miller 2005 

Circuitscape Prediction of connectivity 

and gene flow among 

populations in 

heterogeneous landscapes 

Maps of 'critical habitat 

linkages' complementary to 

least-cost path analysis 

outputs 

McRae & Shah 

2009 

Genetic 

Landscapes 

GIS Toolbox 

Analysis in ArcGIS 

software to create 'genetic 

landscapes' from genetic 

diversity and genetic 

distance data on sampled 

locations 

Maps of genetic divergence 

and genetic diversity across 

landscapes 

Perry et al. 

2010 

CDPOP Modeling gene flow among 

individuals in landscapes 

over time 

Comparable landscape genetic 

models based on life-history 

and landscape resistance 

parameters 

Landguth & 

Cushman 2010 

Python based 

tools 

Landscape genetic analyses 

in ArcGIS software to 

measure landscape 

connectivity 

Maps of least-cost paths and 

genetic relatedness (kinship 

links) among sampled 

individuals 

Etherington 

2011 
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Python based 

tools 

Landscape genetic analyses 

in ArcGIS software to 

measure landscape 

connectivity 

Maps of least-cost paths and 

genetic relatedness (kinship 

links) among sampled 

individuals 

Etherington 

2011 

PASSaGE Identification of patterns 

via spatial statistical 

analyses 

Networks and tessellation 

maps of point data, and 

correlograms for various 

scattered data analyses 

Rosenberg & 

Anderson 

2011 
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Table A.3 Common spatial statistics methods applied in landscape genetic 

studies 

Question Analysis Method/Test Description Software 

Genetic structuring 

due to Isolation by 

distance (IBD) 

between individuals 

Mantel's test Regression of 

geographic distance 

with genetic distance 

between individuals 

Multiple 

packages* 

Occurrence of clines, 

IBD, random 

patterns 

Spatial autocorrelation Correlation of samples 

over space to identify 

similarities or 

dissimilarities 

SPAGeDi 

Genetic boundaries, 

population 

substructure, 

assignment of 

individuals to 

populations 

Bayesian 

clustering/assignment 

Probabilistic 

assignment of 

individuals to clusters 

based on allele 

frequencies 

STRUCTURE, 

GENELAND, 

BayesAss+ 

Significance of the 

contribution of 

landscape or 

environmental 

variables towards 

population genetic 

patterns 

Canonical 

Correspondence 

Analysis (CCA) 

Correlation of genetic 

diversity and 

structuring with 

landscape variables 

through two-way 

matrices 

XLSTAT (with 

Microsoft Excel), 

CCA (an R 

package) 

Visualization of 

clines, population 

structure, and 

synthesis maps 

Multivariate analysis, 

Principal Component 

Analysis (PCA) 

Encapsulation of 

genetic variability 

across space in simple 

graphical formats  

GENALEX, 

adegenet and 

gstudio (R 

packages) 

Locations or zones of 

sharp changes in 

allele frequencies and 

their gradients in 

space 

Wombling Generation of systemic 

function maps based on 

allele gradients to 

identify allelic 

zones/boundaries. 

WOMBSOFT (R 

package) 

Genetic ancestry in 

interstitial or 

unsampled 

landscapes 

Inverse Distance 

Weighting (IDW), 

Spline, Kriging 

Interpolation of genetic 

ancestry values from 

sampled areas into 

unsampled landscapes 

Spatial Analyst 

in ArcGIS 
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Table A.4 Examples of landscape genetic studies that have assisted in wildlife 

conservation and management since 2010 

Reference 
Species and 

context 

Major Landscape Genetic Approaches Key findings and 

conservation 

implications 
Genetic 

Analyses 

GIS 

Modeling 

Statistical 

Analyses 

Castilho  

et al. 2010 

Mountain lion 

(Puma 

concolor); 

landscape 

genetic 

investigation 

Microsatellite 

genotyping; 

population 

structure 

Circuit theory: 

Isolation-by-

Resistance 

modeling 

Mantel test, 

Parentage and 

Kinship 

analyses 

No landscape barriers 

causing isolation of sampled 

areas detected. Important to 

preserve connectivity among 

protected areas to counter 

pressures of illegal hunting 

and potential loss of genetic 

diversity. 

Murphy  

et al. 2010 

Western toad 

(Bufo boreas); 

connectivity 

based on 

landscape 

genetics 

Microsatellite 

genotyping; 

population 

structure (and 

substructure) 

Connectivity 

models based 

on ecological 

process metrics 

Metric 

selection, model 

fit and 

significance 

tests based on 

regression 

Strong correlation of toad 

connectivity with habitat 

permeability, topography, 

and temperature–moisture 

regime explaining toad 

distribution.  Novel method 

of quantifying connectivity at 

fine-scales. 

Richter  

et al. 2011 

Gopher 

tortoise 

(Gopherus 

polyphemus); 

conservation 

genetic status 

Microsatellite 

genotyping, 

population 

structure (and 

substructure) 

Bayesian 

clustering 

(spatial 

genetics) 

Unpaired t-tests 

to examine 

relationship 

between habitat 

quality and 

genetic 

variation 

Detection of weak population 

genetic structure among 

tortoise colonies.  Low 

genetic diversity in one 

tortoise colony. Management 

recommended for one unit 

and surrounding forest area 

to alleviate human-tortoise 

conflicts. 

Meeuwig 

et al. 2010 

Bull trout 

(Salvelinus 

confluentus); 

landscape 

genetics 

Microsatellite 

genotyping, 

genetic 

differentiation 

Linear statistic 

modeling of 

genetic 

differentiation 

in relation to 

landscape 

variables* 

Information-

theoretic 

comparison of 

dispersal 

models 

associated with 

landscape 

features 

Genetic differentiation was 

strongly correlated with the 

presence of barriers that 

limited dispersal. Further 

research into effects of 

microhabitat features on 

genetic variability needed to 

complement such analytical 

methods. 

Mucci et al. 

2012 

Italian roe deer 

(Capreolus 

capreolus 

italicus); 

hybridization 

identification 

Mitochondrial 

DNA 

sequencing, 

microsatellite 

genotyping; 

population 

structure 

Bayesian 

clustering over 

space; 

geographic 

mapping of 

genetic data 

Alternate 

individual to 

population 

assignment 

tests, spatial 

autocorrelation  

Evidence for 

introgression/hybridization 

of introduced (non-native) 

European roe deer (Capreolus 

capreolus capreolus) with 

native Italian roe deer. 

Creation of sanctuaries or 

translocation to historic 

ranges for maintenance of 

Italian roe deer subspecies. 
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Blair et al. 

2013 

Leaf-toed 

gecko 

(Phyllodactylus 

tuberculosus); 

landscape 

genetic 

investigation 

Microsatellite 

genotyping, 

population 

structure 

analysis 

Least-cost 

paths; circuit 

theory 

modeling for 

connectivity 

Multiple 

regression 

analysis, AIC-

based model 

selection 

Functional connectivity is 

influenced by landscape and 

environmental factors 

(forests, streams, slope, and 

temperature). Further 

landscape genetic studies 

required to identify other 

similar (or common) features 

to set conservation priorities. 

Vincent  

et al. 2013 

Atlantic 

salmon (Salmo 

salar); 

landscape 

genomics 

SNP 

genotyping, 

genome scans, 

adaptive vs. 

neutral genetic 

divergence  

Multivariate 

landscape 

genetic 

analysis on 

genetic and 

environmental 

variables 

Multivariate 

landscape 

genetic analysis 

on genetic and 

environmental 

variables 

Both adaptive and neutral 

genetic variation correlated 

with temperature, 

precipitation and geographic 

variables. Novel candidate 

loci identified in adaptation 

at the regional level could be 

used in future conservation 

and management. 

Goedbloed 

et al. 2013 

Wild boar (Sus 

scrofa); 

introgression 

effects on 

population 

structure 

SNP 

genotyping, 

population 

structure 

analysis  

Multivariate 

analysis of 

genetic 

variation 

among wild 

boars and 

domestic pigs* 

PCA plots, IBD, 

Neighbor 

Network and 

Kinship 

analyses 

Multiple causative forces for 

genetic clusters detected 

including natural river, and 

human-caused 

reintroductions and 

hybridization. Expansion and 

admixture of previously 

isolated wild boar 

populations expected in near 

future. 

Emel & 

Storfer 

2014 

Southern 

torrent 

salamander 

(Rhyacotriton 

variegatus); 

landscape 

genetic 

structure 

identification 

Microsatellite 

genotyping, 

population 

structure 

analysis 

Least-cost 

paths; circuit 

theory 

modeling for 

landscape 

resistance 

Linear mixed 

models, 

information-

theoretic 

comparisons, 

maximum-

likelihood 

population 

effects  

High level of genetic 

structuring identified with 

stream and canopy cover and 

temperature variations as 

causal factors restricting gene 

flow.  Recommend 

maintenance of dense cover 

corridors to allow dispersal 

and counter effects of 

urbanization. 

      

*No specific GIS tool or 

modeling used.   
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Figure A.1 An illustration of the transition between phylogeography and 

landscape genetics 
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Figure A.2 The significant trend (r = 0.98, n = 13) in scientific articles relating to 

landscape genetics in conservation and management during 2002-2014.  These 

data were drawn from a search in Google Scholar for articles (excluding citations 

and patents) with the use of search terms - ”Landscape Genetics” AND 

“Conservation” (LG & C), and “Landscape Genetics” AND “Conservation” AND 

“Management” (LG & C & M). 
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Figure A.3 The general methodological framework of landscape genetics 
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Abstract 

Natural and anthropogenic landscape features that restrict movement of wide-

ranging terrestrial species can potentially restrict gene flow among their 

populations, which may ultimately be detrimental to the persistence of the 

species and its habitat.  We used spatially explicit Bayesian clustering models to 

investigate contemporary population genetic structure of mountain lions (Puma 

concolor) in southwestern U.S. and northwestern Mexico, and to explore the 

potential impact of major landscape features such as rivers and interstate 

highways.  We performed spatial genetic analyses on 401 DNA samples 

genotyped at 15 well-utilized Felis catus (FCA) microsatellite loci, and 395 DNA 

samples genotyped at 26 puma-specific Single Nucleotide Polymorphisms 

(SNPs) from the PumaPlex – a recently developed SNP genotyping panel for 

genetic monitoring of North American pumas.  Our analyses based on 

microsatellite data revealed a substantial level of genetic structuring among 

mountain lions with maximum statistical support for the occurrence of four 

subpopulations, whereas SNP data did not resolve discernable population 

genetic structure possibly due to the low number of SNPs used for these 

analyses.  Geographic visualization of the four subpopulations identified based 

on microsatellite data suggested that major highways, specifically Interstate-10 

between the metropolitan areas of Phoenix and Los Angeles, Interstate-40 

running east and west of Flagstaff in Arizona, and Interstate-17 between Phoenix 

and Flagstaff, might be potential barriers restricting gene flow among mountain 

lions.  We comment on the possibility of combined effects of natural and 

anthropogenic barriers, and isolation-by-distance, being the underlying cause of 

observed population genetic structure.  These data reveal potential consequences 

of anthropogenic impacts on mountain lions and their habitat.  Wildlife 

managers, stakeholders, and conservation planners can use this information in 
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guiding management decisions for mountain lion populations, and in 

prioritizing corridors that may restore habitat connectivity and gene flow for 

wildlife. 

 

Running Title: Barriers to gene flow among mountain lions 

 

Introduction 

Natural and anthropogenic landscape features such as desert basins, rivers, 

major roadways and urban areas are known to impact movements and gene flow 

among mountain lions (Puma concolor) (Ernest et al. 2003; Dickson et al. 2005, 

2013; McRae et al. 2005b; Wheeler & Waller 2012; Andreasen et al. 2012) as well as 

other wide-ranging terrestrial species (Proctor et al. 2005; Pérez-Espona et al. 

2008; Neaves et al. 2009).  Fragmentation of habitat by barriers to gene flow can 

create disconnected populations with increased risk of inbreeding, genetic drift, 

and loss of genetic diversity that can potentially lead to inbreeding depression 

and local extinction (e.g. Rodriguez & Delibes 2003; Frankham et al. 2004; Burkey 

& Reed 2006; Crooks et al. 2011).  Therefore, the projected growth in human 

population, urbanization, and expansion of highways poses a major threat to the 

persistence of wide-ranging species and their habitats (Johnson & Klemens 2005).  

With recent investigations pointing to the impact of urbanization on mountain 

lions in southwestern US, wildlife managers, stakeholders, and conservationists 

are concerned about the impact of anthropogenic developments, specifically 

interstate highways and major canals, on habitat connectivity for wildlife and 

management of big game species (Mattson 2007; Markovchick-Nicholls et al. 

2008; Schweinsburg 2009; Ernest et al. 2014).  Adaptive management of wildlife 

as a resource requires periodic input from research to implement the best 

possible actions for the maintenance of ecological and evolutionary processes.  
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For adaptive management of wildlife, managing agencies can benefit from 

information on the current levels of genetic diversity in mountain lions and its 

distribution across the landscape to influence decisions on preservation of 

habitat connectivity, setting hunter harvest quotas, managing predation on 

vulnerable prey species, and maintenance of genetic diversity within populations 

(Franklin et al. 2007; Brewer et al. 2012). 

 Over the last decade, landscape genetics has revolutionized interpretation 

of population genetic data for conservation through the accurate identification of 

landscape features and processes responsible for population subdivision 

(Segelbacher et al. 2010; Manel & Holderegger 2013).  The use of novel genomic 

approaches in studying wildlife populations also shows promise towards 

enhancing accuracy in estimating population genetic structure (Seddon et al. 

2005; Fitak 2014).  Strategies available for the maintenance of genetic connectivity 

can be exercised in areas where the impact of anthropogenic barriers on genetic 

subdivision is the greatest.  Therefore, identifying barrier effects on mountain 

lions, and other wide-ranging species sensitive to landscape modifications, 

followed by periodic monitoring of population genetic structure can aid in the 

implementation of conservation practices such as construction of wildlife 

crossings across highways (Ng 2004; Schwartz et al. 2007; Lewis et al. 2011).  

 We examined the contemporary genetic variation among mountain lions 

through sampling of a wide range of habitats encompassing a number of 

anthropogenic structures in Arizona and surrounding geographic areas.  With 

the use of a landscape genetic approach, we provide insight into the current 

population genetic structure and the landscape features potentially responsible 

for genetic structuring among mountain lions.  Since natural and anthropogenic 

landscape features are often spatially autocorrelated, we attempt to infer spatial 

population structure in close reference to cautionary notes recently provided for 
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landscape genetic studies (Frantz et al. 2009; Anderson et al. 2010; Cushman & 

Landguth 2010) and we perform multiple analytical approaches to compare our 

findings.  We also implement visualization of population genetic data, 

particularly the output from population structure analyses, in a spatial context 

that help in informing our inferences on barriers potentially restricting gene flow 

among mountain lions. 

 

Materials and Methods 

Sample collection and DNA extraction 

We obtained 474 samples of mountain lions in Arizona during 2008–2012.  A 

majority of these samples (~80%) were dried tissues from hunter-harvested 

mountain lions, whereas the remaining samples included tissue and blood 

samples from GPS-collared mountain lions in central, southern and 

southwestern Arizona sampled as part of other studies (AGFD 2009, Nicholson et 

al. 2011).  We also obtained 36 scat samples from southwestern Arizona and 10 

scat samples from Sonora, Mexico between 2008 - 2013, genetically identified to 

be of mountain lion in origin (Naidu et al. 2011; Clemons & Cassaigne, 

unpublished data).  We also included 8 tissue samples from southern California 

collected during 1988–1992 for a range-wide genetic study on mountain lions 

(Culver et al. 2000).  DNA was extracted from a total of 528 samples, quantified, 

and diluted to 5 ng/uL (except for scat DNA, which was used directly from 

extraction and undiluted), in a high throughput robotic standardized service 

pipeline at the University of Arizona Genetics Core (UAGC; 

http://uagc.arl.arizona.edu/services/high-throughput-dna-extraction, Tucson, 

Arizona, USA). 
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Genotyping and screening of genotypic data 

We PCR-amplified all 528 mountain lion DNA samples with 15 microsatellite 

markers, which were chosen from among those developed for the domestic cat 

(Felis catus; Menotti-Raymond et al. 1999) and included FCA026, FCA035, 

FCA043, FCA052, FCA057, FCA077, FCA082, FCA090, FCA096, FCA132, 

FCA144, FCA176, FCA221, FCA229, and FCA290.  These markers are known to 

be highly polymorphic in Puma concolor based on their use in previous studies 

(McRae et al. 2005b; Castilho et al. 2011).  We performed PCRs for all FCA loci 

with conditions described in Menotti-Raymond et al. (1999) except for primer 

modifications.  We used forward primers fluorescently labeled with M13 at the 5’ 

end to reduce costs and time associated with labeled primers for genotyping 

(Schuelke 2000).  We also used 5’ end “PIG-tailing” on reverse primers to 

enhance adenylation of PCR amplifications and overall genotyping accuracy 

(Brownstein et al. 1996).  Fragment analyses were performed at the UAGC on an 

ABI 3730 analyzer (Applied Biosystems).  We used GENOTYPER 3.7 (Applied 

Biosystems) to call allele sizes and record genotype data.  For scat samples, we 

genotyped each DNA sample in triplicate to screen for false alleles and allelic 

dropout (Waits & Paetkau 2005).  We defined a consensus genotype for each 

allele based on two matching calls.  Two authors (Amirsultan and Naidu) 

independently verified allele size calls for all samples on GENOTYPER; allele 

size calls and consensus genotypes with disagreements were excluded from 

further analyses.  We also genotyped these 528 samples for 25 SNPs on the 

PumaPlex as a subset of samples analyzed by Fitak (2014).  We screened 

microsatellite genotypes for missing data due to low amplification quality, and 

replicates (samples with matching genotypes), which included duplicate samples 

that served as positive controls.  We excluded markers with allelic data 

containing greater than 20% missing data across all 528 samples; we removed 
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data from FCA035, FCA090, FCA221, and FCA290 from our dataset based on this 

criterion.  We then excluded individual samples that contained >20% missing 

data across the remaining 11 FCA markers, i.e., each individual genotype in our 

final dataset consisted of allelic data from at least 9 out of 11 FCA markers; we 

removed 127 samples from our dataset based on this criterion. 

 

Population genetics 

We consulted experts on mountain lion biology in our study area to identify 

specific landscape features potentially influencing mountain lion movements and 

gene flow (see Appendix E).  We grouped samples into six regions based on 

expert-opinion of potential barriers to gene flow across the landscape.  These 

barriers included major highways (interstate highways in the U.S. numbered 8, 

10, 17 and 40) and the Colorado River.  We labeled these six regions with 

nomenclature indicating their boundaries and used those as pre-defined a priori 

subpopulations for further population genetic and statistical analyses (Table B.1). 

To determine the suitability and reliability of the genotypic data for 

further analyses, we used GENALEX 6.5 (Peakall & Smouse 2012) to calculate 

Hardy-Weinberg equilibrium (HWE) for each locus within each subpopulation, 

and average heterozygosity for each subpopulation.  We used GENEPOP 4.2 

(Raymond & Rousset 1995) to estimate linkage disequilibrium (LD) and test for 

independence among microsatellite loci.  For each SNP locus, we calculated 

summary statistics in GENALEX, including allele frequencies, observed 

heterozygosity, and expected heterozygosity.  We used GENALEX to test each 

SNP locus for significant deviations from HWE and screened our data for the 

presence of null alleles.  Before using Bayesian models to identify and describe 

population structure, spatial genetic datasets need to be tested for Isolation-By-

Distance (IBD) and spatial autocorrelation (Frantz et al. 2009; Meirmans 2012).  
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We used GENALEX to perform global spatial autocorrelation and a Mantel test 

to identify any significant relationships between geographic distance and genetic 

distance among samples in both our microsatellite and SNP datasets (Smouse & 

Peakall 1999; Peakall & Smouse 2012). 

 

Population structure analyses 

With both microsatellite and SNP datasets, we used GENALEX to calculate 

pairwise FST values between putative subpopulations and tested for significant 

deviations from 0 based on 999 permutations.  We used both datasets separately 

to estimate population structure with a model-based Bayesian clustering method 

implemented by the software STRUCTURE 2.3 (Pritchard 2010).  The software 

probabilistically assigns (or clusters) individuals to populations based on allele 

frequencies, which can be shared among two or more populations if their 

genotypes are admixed, while maximizing for HWE and minimizing LD within 

populations (Pritchard et al. 2000; Hubisz et al. 2009).  Models in STRUCTURE 

also assume that loci are unlinked, and missing alleles do not contribute to the 

models under HWE.  We examined population structure by defining two 

parameter sets in the program STRUCTURE.  In the first set, we did not include a 

priori information on sample locations and called this set the ‘no prior’ model.  In 

the second set, we included sample locations and provided putative populations 

of origin based on the six pre-defined regions as a priori information, and called 

this set the ‘LOCPRIOR’ model, after the LOCPRIOR setting in the program.  In 

cases of low levels of genetic differentiation and weak genetic structure that may 

not be detected by basic models in STRUCTURE, the LOCPRIOR model allows 

for more accurate detection of population structure (Hubisz et al. 2009).  Since 

mountain lions have large overlapping home ranges (e.g. Nicholson et al. 2011) 

and significant dispersal abilities (e.g. Stoner et al. 2008), we expected that there 
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may be a low level of genetic differentiation among putative subpopulations in 

our study area.  Hence, we also used the ‘correlated allele frequencies’ and 

‘admixture’ model options along with our two prior sets (Falush et al. 2003; 

François & Durand 2010).  We varied the number of putative subpopulations (K) 

from 1 through 14 and performed 10 independent runs of STRUCTURE for each 

value of K.  In each run, we used a Markov chain Monte Carlo (MCMC) burn-in 

period of 100,000 iterations followed by a posterior distribution sampling space 

of 400,000 iterations.  We used STRUCTURE HARVESTER 0.6 (Earl & vonHoldt 

2011) to visualize likelihood values of each K.  We used the output from 

STRUCTURE HARVESTER in the programs CLUMPP 1.1 (Jakobsson & 

Rosenberg 2007) and DISTRUCT 1.1 (Rosenberg 2004) to statistically summarize 

and visualize results from STRUCTURE. 

 We further used the microsatellite dataset in the program GENELAND 2.3 

(Guillot et al. 2005), which incorporates GPS locations of sampled individuals as a 

prior to estimate assignment probabilities of individuals in populations based on 

a Bayesian clustering method.  Although similar to STRUCTURE in the Bayesian-

MCMC framework, GENELAND enhances the prior probability that individuals 

closer to each other in geographic space will be assigned to the same cluster, thus 

is sensitive to IBD.  Both STRUCTURE and GENELAND base analyses on purely 

input data, and have no prior information of any landscape features.  We 

performed three independent runs of GENELAND by varying the number of 

putative populations from 1 through 14.  We set the number of nuclei at 430, an 

MCMC sampling space of 1,000,000 iterations with a ‘thinning’ of 1,000 (i.e. 

saving the sample from every 1000th step), the ‘allele frequency model’ to 

‘correlated’, and the ‘spatial model’ and ‘null alleles’ to ‘true’ in the program 

options.  To factor in mobility of mountain lions, we used a coordinate 

uncertainty of 0.2 on the samples’ GPS-locations (Format: Longitude/Latitude in 
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decimal degrees; Datum: WGS84) in the program options. This uncertainty value 

corresponds to the square of a side of approximately 28 km around each 

coordinate location, which closely matches with the minimum range identified 

for mountain lions in Arizona by Nicholson et al. (2014).  We chose this value to 

factor minimum individual mountain lion home ranges, and to allow individuals 

sampled at the same location, or in close proximity to each other, to be assigned 

to different clusters by GENELAND.  We used a pixel-space of 250x250 and a 

burn-in of 500 steps in the post-processing options of the program. 

 

Spatial visualization of population structure 

We placed the most probable (statistically supported) observation of K from the 

‘no prior’ and LOCPRIOR models in a spatial context to visualize barriers to gene 

flow among the sampled mountain lions.  For this we used the summarized 

output from CLUMPP on individuals’ proportion of ancestry in each K (the Q 

values; also inferred as population/cluster membership values) along with their 

sampling location (GPS coordinates) to visualize population structure in a spatial 

context.  We used the programming language R (www.R-project.org, Vienna, 

Austria) with a customized code (Supplementary Material S.3) to perform pie-

chart graphing and map overlay.  To visualize genetic structure in relation to 

landscape features, we used ArcGIS 10.1 (ESRI, California, USA) to georeference 

the population membership (map) output of GENELAND onto a map of major 

canals and major highways within our study area.  We also used ArcGIS to 

perform an Inverse Distance Weighting (IDW) analysis to interpolate 

subpopulation (or cluster) membership values across the sampled landscape.  

We used each individual’s proportion of ancestry for each K, and performed an 

IDW analysis using ‘Spatial Analyst’ in ArcGIS, to create an IDW surface (or 

landscape). 
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Results 

Genotypic data 

Our final microsatellite dataset contained genotypic data for 401 mountain lion 

samples across 11 FCA markers (FCA026, FCA043, FCA052, FCA057, FCA077, 

FCA082, FCA096, FCA132, FCA144, FCA176, FCA229), with 5.2 % missing 

genotype data.  We compiled spatial and temporal sample distributions of our 

final dataset (Figures B.1 and B.2) to serve as a reference for further analyses and 

interpretation of results.  For the SNP genotype dataset, we excluded samples 

that contained >20% missing genotypes and trimmed our final dataset to match 

as closely as possible with the same mountain lion samples obtained for 

microsatellite data.  Our final SNP dataset contained genotypic data for 395 

samples across 23 SNP loci, with 0.9 % missing genotype data.  Both of our raw 

genotypic datasets, and details of excluded samples, along with associated 

sample and location information, are available via an online database (see S.1).  

 

Population genetics 

We included data from all 11 FCA loci in further analyses because we observed 

no deviations from HWE, (p<0.05) after Bonferroni correction.  We found five 

pairs of loci linked in the SWAZ region, and one pair of loci linked in the WNCR 

region.  We observed no consistent pattern of linked loci across all populations, 

and hence included data from 11 loci in further analyses.  Mean observed 

heterozygosity ranged between 0.49 (SWAZ) to 0.65 (N10E) (Table B.2).  For the 

SNP dataset, only three loci (PP05, PP08, and PP19) showed deviations from 

HWE, (p<0.05) after Bonferroni correction, and there were no observations or 

evidence for the presence of linked loci and null alleles (Fitak 2014).  Mean 

observed heterozygosity ranged between 0.26 (WNCR) to 0.36 (N10E) (Table 

B.3).  We included data from 23 SNP loci in further analyses. 
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 The final datasets generated for 11 microsatellite and 23 SNP markers 

were useful in generating estimates of FST that provided us with a preliminary 

understanding of the level of population structure (Tables B.4 and B.5).  Both 

datasets showed maximum differentiation between the WNCR and SWAZ 

regions (FST > 0.1).  The microsatellite dataset showed least differentiation 

between S10M and N10E (FST = 0.017) and the SNP dataset showed least 

differentiation between N10W and N10E.  

 

Population structure and spatial visualization 

Population structure analyses using Bayesian models provided further resolution 

into the number of genetic subpopulations and clustering of samples based on 

genetic ancestry.  All three independent runs of STRUCTURE for both model 

parameter sets (‘no prior’ and LOCPRIOR) yielded consistent values for K.  We 

present results summarized by outputs of STRUCTURE HARVESTER: for the 

‘no priors’ model output, we obtained maximum statistical support for K = 4 for 

the microsatellite dataset, and K = 2 for the SNP dataset, as shown by the highest 

peaks for Delta K (ΔK) estimate from Evanno et al. (2005) (Figure B.3).  For the 

LOCPRIOR model, we obtained maximum statistical support for K = 3 for the 

microsatellite dataset, and K = 3 for the SNP dataset, again as shown by the 

highest peaks for Delta K (ΔK) estimate (Figure B.4). 

 We selected the best-supported population numbers (values of K) for 

post-processing STRUCTURE results into bar plots that summarize each 

individual’s proportion of ancestry in the context of our predefined regions.  The 

resultant bar plots from DISTRUCT provided a discernable genetic clustering 

pattern among our microsatellite dataset at K = 4 for the ‘no prior’ model and K = 

3 for the LOCPRIOR model.  We observed no discernible genetic clustering 

pattern among our SNP dataset at K = 2 for the ‘no prior’ model and some 



 

 70

genetic clustering, slightly matching with microsatellite data, at K = 3 for the 

LOCPRIOR model (Figure B.5). 

 For further analyses, we chose the result at K = 4 from the ‘no prior’ model 

based on the microsatellite dataset.  We chose this output since it was the best-

supported result according to its ΔK value, which was the highest among all 

model outputs.  This model output also has the advantage of being unbiased 

towards a priori designations (as seen labeled in the bar plots).  Based on results 

from our ‘no prior’ microsatellite dataset, we observed differentiation between 

N10E and N10W (separated by Interstate-17), and between N40E and both N10E 

and N10W (separated by Interstate-40).  We also observed differentiation 

between SWAZ and N10W (separated by Interstate-10 west of Phoenix), and 

between SWAZ and WNCR (separated by the Colorado River, the Sonoran and 

Mojave Deserts west of the Colorado River, and a large geographic distance 

relative to other regions).  Potential barriers to gene flow are discernable when 

results from the ‘no prior’ model, are visualized spatially together with major 

highways and rivers in the U.S. and Mexico (Figure B.6).   A significant amount 

of shared ancestry is observed between N40E and WNCR (shown as red in 

Figure B.6), N10E and S10M (shown as green in Figure B.6), and SWAZ and 

S10M (shown as purple in Figure B.6). 

 From our analyses of spatial genetics to test for IBD, we observed a 

slightly significant positive spatial autocorrelation for all distance classes in our 

dataset.  The centerline of the autocorrelation coefficient (r) falls outside the 95% 

confidence interval (Figure B.7).  Similarly, the results of a Mantel test showed a 

slightly positive but minimally significant correlation (R = 0.249) between the 

genetic and geographic distances of individuals (Figure B.8). 

 Exploration of population genetic structure in GENELAND, biasing prior 

probabilities based on sampling location of individuals, provided a consistent 
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output of K = 8 as the most likely number of subpopulations estimated from 

three independent runs of the program.  We present the outputs from 

GENELAND for the run with the highest average posterior probability (Figures 

B.7 and B.8).   We find that population subdivisions based on these results 

corroborate results from STRUCTURE with the exception of three new potential 

barriers, which we identified with the help of georeferencing GENELAND’s map 

output (Figure B.10) into a GIS layer of major canals and major roads in the U.S. 

and Mexico (Figure B.11). 

GENELAND’s designation of these subpopulation areas (Figure B.11) 

coincides with the area west and east of the intersection of Highways 93 and 60 

in west central Arizona (Figure B.11).  These two state highways, west of the 

town of Wickenburg, further subdivide N10W into two potential genetic 

subpopulations (Figure B.11).   

 Contrasting IDW landscape interpolations of the results from 

STRUCTURE provides a visualization of ancestry kernels among genetic 

subpopulations that further support these results (Figure B.12).  The interpolated 

landscape and ancestry kernel hotspots surrounding individuals in Clusters 1 

and 2 closely dissipate into boundaries described for sample groups N10E and 

N10W.  The ancestry hotspot (based on values of proportion of ancestry) for 

Cluster 3 appears to be divided between samples from northern Arizona and 

southern California.  The ancestry hotspot for Cluster 4 centers on individuals 

from SWAZ, but also includes individuals from S10M occurring west of 

Interstate-19 in Arizona and northern Sonora. 

 

Discussion 

Our study provides a snapshot of the contemporary population genetic 

substructure of mountain lions occurring in Arizona in relation to samples from 
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surrounding areas in southern California and northern Sonora, Mexico.  Based 

on movement data gathered through GPS-collared mountain lions in Arizona 

(Mattson 2007; AGFD 2009), interstate highways seemed to be restricting 

movements of mountain lions and were hypothesized by experts of mountain 

lion biology to be barriers potentially restricting gene flow among mountain 

lions (see Appendix E for expert-opinion survey questions).  Evidence and expert 

opinion from previous studies has repeatedly supported this hypothesis (Ernest 

et al. 2003, 2014; McRae et al. 2005a; Dickson et al. 2013) but needed further 

investigation within our study area.  We included both traditional microsatellite 

markers and novel SNP markers to study population structure of mountain lions.  

We were able to detect moderate genetic differentiation (average FST = 0.05) based 

on PumaPlex (25 SNPs), which exceeded our expectation from Morin et al. (2009), 

who suggested that ~30 SNPs would only be able to detect moderate 

differentiation (FST = 0.01), whereas we suggest that at least 80 SNPs would be 

necessary to characterize demographic independence (FST < 0.005).  Despite 

estimates of FST being congruent among both microsatellite and SNP datasets, 

our results from STRUCTURE, using data from 23 SNPs (of 26 SNPs in the 

PumaPlex) did not provide resolvable genetic structure.  This suggests that more 

SNPs may be needed for high-resolution analyses of population structure based 

on SNP data, as supported by previous studies (Morin et al. 2009; Glover et al. 

2010). 

Based on microsatellite data, our results from mountain lion population 

substructure analyses support expert opinions and present evidence for 

restricted gene flow by interstate highways of southwestern U.S.  Genetic 

differentiation was highest (FST = 0.16) between SWAZ and WNCR indicating 

limited gene flow, and lowest (FST = 0.017) between N10E and S10M indicating a 

high level of gene flow relative to other pairwise population comparisons.  The 
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lowest statistically probable level of structuring based on results from 

STRUCTURE ‘no priors’ model (K = 4) correlate with all interstate highways as 

barriers in Arizona, except Interstate-19 south of Tucson and the section of 

Interstate-10 occurring east of Tucson.  Initially, to map population structure, we 

considered using results from both the ‘no prior’ and the LOCPRIOR models 

since we expected weak population structure among mountain lions.  Our 

expectation was based on a high-level of relatedness observed among mountain 

lions in North America (Culver et al. 2000), and weak genetic structure  observed 

in further studies (Anderson et al. 2004; McRae et al. 2005a).  This is most likely 

due to a high probability of migration prevalent among mountain lions given 

their wide-ranging behavior (Logan & Sweanor 2001; Stoner et al. 2013). 

 We infer that the Colorado River and the Grand Canyon in northern 

Arizona may not be significant barriers to gene flow because we did not find 

support for all of our six pre-defined regions from our microsatellite dataset.  

This inference could be supported by studies using GPS-tracking of mountain 

lion movements that have provided information on mountain lions moving 

across the Grand Canyon and rivers 

(http://www.nps.gov/grca/naturescience/puma-research.htm; Elbroch et al. 2010).  

Mountain lions occurring north of Interstate-40 in Arizona share most of their 

ancestry with samples collected in southern California.  Combined barrier effects 

such as the Interstate-10 in combination with the major canals west of Phoenix 

and the northern Sonoran Desert west of the Colorado River in southern 

California appear to be enhancing the significance of genetic differentiation 

between sampled regions in west central Arizona, southern California and 

southwestern Arizona.  We also see that the ancestry of individuals belonging to 

S10M have a disproportionately high shared ancestry with N10E and SWAZ, 

from the ‘no prior’ model.  This suggests that Interstate-10 east of Tucson and the 
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Sonoran Desert in southwestern Arizona and northwestern Sonora (Mexico) may 

not be significantly restricting gene flow when compared to the other interstate 

highways in our study area.  This could be a result of lower traffic volumes 

between Phoenix and New Mexico when compared to traffic between Phoenix 

and California (see Highway System Performance: 

http://www.fhwa.dot.gov/policy/2013cpr/chap5.htm; Average Annual Daily 

Traffic: http://azdot.gov/planning/DataandAnalysis/average-annual-daily-

traffic).  The observed structure between individuals in eastern Arizona (N10E) 

and individuals in southern Arizona and Mexico (S10M) could be clinal and 

more likely to coincide with the presence of other landscape features, desert 

environment regimes or habitat heterogeneity east of the Phoenix and Tucson 

metropolitan areas, or even IBD.  The observed genetic discontinuity between 

southern California and west central and southwestern Arizona could be due to 

a lack of sampling of the areas in between and the significant difference in time 

span of tissue samples collected from southern California (1988–1992) when 

compared to samples from Arizona and northwestern Mexico.  Similarly, due to 

a lack of samples from areas in southwestern Arizona bordering Mexico, and 

northwestern and northern Sonora, we cannot conclusively interpret the actual 

reasons for genetic differentiation.  Supporting reason for these genetic 

discontinuities comes from estimates of population substructure from 

GENELAND (K = 8) potentially due to the joint IBD effect of samples from 

southern California and northern Sonora in Mexico (Guillot et al. 2005b; Frantz et 

al. 2009).  Conversely, within our sample set in Arizona, an investigation of this 

higher level of population substructure (from the GENELAND output of K = 8) 

revealed that two state routes, US Highway-93 and US Highway-60, may be 

causing genetic subdivision of individuals in west central Arizona (N10W). 

However, several other regions consist of similar highways bisecting them but 
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we observed no apparent effect on clustering.  Hence, again, traffic volumes on 

these highways need to be further investigated, and could be relatively higher 

when compared to other major highways and state routes given the near-future 

developmental plans for the Interstate 11 and CANAMEX corridor (see: 

http://i11study.com; http://canamex.org).  Samples from southern California and 

Sonora are identified as separate subpopulations most likely owing to their 

distance relative to other subpopulations and GENELAND’s sensitivity towards 

IBD.  Other factors may also be responsible for this differentiation, including, but 

not limited to: 1) the northern Sonoran Desert may be low quality habitat for 

mountain lions potentially causing genetic differentiation (Sweanor et al. 2000b; 

Ernest et al. 2003; Dickson et al. 2013). 2) The combined effect of the Sonoran 

Desert, major canals and distance between samples in southern California and 

other subpopulations. 3) The combined effect of the northern Sonoran Desert, 

major highways, and distance between samples in Mexico and the 

subpopulations in southern Arizona. 4) In general, the non-random location of 

major roads and highways coinciding with locations of natural, biogeographic 

barriers.  Given the spatial designation of samples as part of the input, 

GENELAND is known to detect fine-scale structure among populations 

exhibiting a low level of genetic differentiation (e.g. Coulon et al. 2006).  We 

suspect that the additional subpopulation designations in the GENELAND 

output map (Figures B.8 and B.9) based on unsampled areas in the upper left and 

lower left regions of the map are due to GENELAND’s occasional output of 

“ghost” clusters.  This is known to occur in cases of K being larger than the 

number of clusters present in the map of samples and their geographical 

locations (Guillot et al. 2005a). 

 Our estimates of pairwise FST values from microsatellite data (Table B.4) 

corroborate results from the software programs STRUCTURE and GENELAND, 
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affording greater confidence to our findings.  Of all genetically identified 

subpopulations, individuals from SWAZ and WNCR were the most (genetically) 

isolated in relation to each other as well as other subpopulations.  We suspect 

that this could be due to the presence of linked loci combined with a low level of 

genetic diversity and high levels of relatedness among individuals within these 

subpopulations.  Low genetic diversity, linked loci and high relatedness between 

individuals are characteristics that are associated with founder effects or 

population genetic bottlenecks (e.g. Hansson et al. 2000; Zachos et al. 2009).  Our 

study provides a baseline dataset to further investigate and monitor the 

population genetic structure of mountain lions in our study area.  Collection of 

samples in the future from areas in southeastern California and northwestern 

Sonora could further elucidate gene flow among samples in SWAZ and 

surrounding areas.  Assessments of other factors on major features potentially 

restricting gene flow, such as traffic volumes, noise, lights, and pollution from 

major roads and highways, can further support genetic structuring.  Finally, 

roads in many parts are not placed randomly on the landscape and so they are 

perhaps correlated with other features that might be barriers, such as cities, 

canals, rivers, and other natural ecotones and geological features. 

 Both the spatial autocorrelation and Mantel tests for IBD accounted for 

genetic distance being positively correlated with geographic distance and hence 

IBD could be playing a role in spatial genetic structure within our study area.  

However, IBD could be a signature of past connectivity now overlaid by the 

differentiation we are seeing due to relatively recent fragmentation caused by a 

combination of anthropogenic and natural features (see Appendix D for a 

discussion of historical population structure).  On the other hand, given the 

home ranges and dispersal abilities of mountain lions (Sweanor et al. 2000a; 

Stoner et al. 2008; Nicholson et al. 2011), the observation of non-clinal genetic 
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discontinuities in several parts of our study area provides further reason to 

emphasize barrier effects other than IBD.  The sheer scale of the sampling area 

may imply some observations of genetic structure determined by distance, but 

the heterogeneity in mountain lion sampling distribution, even under 

undisturbed conditions, suggests a nonlinear relationship between pairwise 

comparisons of genetic and geographic distance. 

 Due to a significant amount of missing information on the age, sex 

composition, and dispersing vs. resident individuals within our sample set (see 

S.1), we are unable to account for any biases that could be present in our dataset 

due to over-sampling or under-sampling of certain classes of samples.  Since 

much of our data was based on samples from hunter-harvested mountain lion 

samples, it is prudent to assume that dispersing individuals and males may have 

been more vulnerable to harvest than resident individuals and females 

(especially females with kittens; see AGFD Hunting Regulations: 

http://www.azgfd.gov/regs/mainregs.pdf).  However, dispersing individuals and 

males most likely contribute more to gene flow than resident individuals and 

females (Sweanor et al. 2000; Elbroch et al. 2009).  If this is the case, it may also be 

prudent for us to accept that our estimates of population structure are rather 

conservative and genetic structuring may be more pronounced when using only 

residents and non-migrants for analyses.  

 With respect to conservation and management recommendations, our 

observations infer four subpopulations as a genetically appropriate description 

of population differentiation reflecting gene flow across the southwestern U.S. 

and northwestern Mexico landscape in our study area.  The following barriers to 

gene flow define these four subpopulations: Interstate-10 west of Phoenix, 

Interstate-17, and Interstate-40 in Arizona (Figure B.6).  This finding is significant 

because of the projected growth in urbanization within Arizona 
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(http://azconservation.org/projects/natural_infrastructure) and impact of 

highways on the genetic viability of vulnerable big game species (e.g. Epps et al. 

2005).  Our approach with this study highlights spatial visualization of 

population structure and illustrates the potential use of this information by 

wildlife managers, stakeholders, and conservation planners in making regional 

or statewide management decisions for mountain lions, and designating wildlife 

corridors. 
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Table B.1 Regions (a priori subpopulations) defined after expert identification of 

potential barriers (boundaries) to gene flow and respective sample sizes after 

screening of samples.  Abbreviations correspond to North of Interstate 10 east of 

Phoenix and south of Interstate 40 (N10E), North of Interstate 40 east and south 

of the Grand Canyon (N40E), South of Interstate 10 and Interstate 8 including 

Mexico (S10M), Southwestern Arizona north of Interstate 8, east of the lower 

Colorado River and south and west of Interstate 10 (SWAZ), and West and North 

of the Colorado River (WNCR).  Note: We treat our entire sample set as a 

statistical population, and hence we use ‘subpopulation’ here for defining sample 

subgroups. 

 

Region / 

A priori sub-

population 

Sample 

size 

Boundaries 

North East South West 

N10E 176 Interstate-40 − Interstate-10 

Interstate-17 

and Interstate-

10 

N10W 108 Interstate-40 Interstate-17 Interstate-10 Colorado River 

N40E 47 * − Interstate-40 Colorado River 

S10M 36 

Interstate-10 

and 

Interstate-8 

− − − 

SWAZ 15 Interstate-10 Interstate-10 Interstate-8 Colorado River 

WNCR 19 − 
Colorado 

River 
** − 

* Partially bounded by the Grand Canyon and Colorado River to the Northwest 

** Partially bounded by the Grand Canyon and Colorado River to the South (for samples in Arizona) 

− No defined boundary 
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Table B.2 Descriptive statistics averaged over 11 microsatellite loci for each 

population (SE).  N = number of samples excluding samples with missing data 

(averaged across all loci), Na = number of alleles, Ne = number of effective 

alleles, Ho = observed heterozygosity, and He = expected heterozygosity. 

 

Region N Na Ne Ho He 

N10E 172.50 6.50 3.22 0.65 0.67 

 (1.92) (0.65) (0.24) (0.03) (0.03) 

N10W 110.30 6.00 3.13 0.64 0.65 

 (0.70) (0.54) (0.27) (0.04) (0.04) 

N40E 44.00 4.90 2.83 0.63 0.62 

 (0.54) (0.35) (0.22) (0.02) (0.03) 

S10M 37.00 5.70 3.31 0.62 0.66 

 (0.56) (0.42) (0.32) (0.06) (0.05) 

SWAZ 20.80 3.20 2.10 0.49 0.50 

 (1.04) (0.29) (0.16) (0.10) (0.04) 

WNCR 20.00 4.00 2.58 0.50 0.58 

 (0.39) (0.33) (0.21) (0.07) (0.04) 
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Table B.3 Descriptive statistics averaged over all SNP loci for each population 

(SE).  N = number of samples excluding samples with missing data (averaged 

across all loci), Ho = observed heterozygosity, and He = expected heterozygosity. 

 

Region N Ho He 

N10E 171.52 0.36 0.36 

 (1.26) (0.03) (0.03) 

N10W 105.13 0.35 0.34 

 (0.61) (0.03) (0.03) 

N40E 46.74 0.35 0.36 

 (0.22) (0.03) (0.03) 

S10M 35.30 0.33 0.35 

 (0.52) (0.03) (0.03) 

SWAZ 13.70 0.33 0.33 

 (0.22) (0.04) (0.04) 

WNCR 19.00 0.26 0.29 

 (0.00) (0.04) (0.03) 
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Table B.4 Pairwise FST values between putative subpopulations estimated from 

microsatellite data are shown below the diagonal; the probability, proportion of 

randomizations P(rand ≥ data) based on 999 permutations, is shown above the 

diagonal. 

 

 N10E N10W N40E S10M SWAZ WNCR 

N10E 0.000 0.001 0.001 0.001 0.001 0.001 

N10W 0.026 0.000 0.001 0.001 0.001 0.001 

N40E 0.054 0.047 0.000 0.001 0.001 0.001 

S10M 0.017 0.039 0.058 0.000 0.001 0.001 

SWAZ 0.093 0.123 0.114 0.063 0.000 0.001 

WNCR 0.086 0.069 0.030 0.093 0.160 0.000 
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Table B.5 Pairwise FST values between putative subpopulations estimated from 

SNP data are shown below the diagonal; the probability, proportion of 

randomizations P(rand ≥ data) based on 999 permutations, is shown above the 

diagonal. 

 

 N10E N10W N40E S10M SWAZ WNCR 

N10E 0.000 0.001 0.001 0.001 0.001 0.001 

N10W 0.013 0.000 0.001 0.001 0.001 0.001 

N40E 0.038 0.029 0.000 0.001 0.001 0.001 

S10M 0.018 0.026 0.040 0.000 0.001 0.001 

SWAZ 0.066 0.078 0.080 0.039 0.000 0.001 

WNCR 0.056 0.049 0.036 0.070 0.113 0.000 
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Figure B.1 Spatial distribution of final microsatellite genotype sample dataset 

(n=401) and sample sizes within regions (a priori subpopulations) defined by 

convex polygon boundaries drawn around sample locations. WNCR is defined 

by two polygons due to significant separation among sampling locations. 
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Figure B.2 Temporal distribution of samples (n=401) in final microsatellite 

genotype dataset used for further population genetic analyses. 
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Figure B.3 Results of the ‘no prior’ parameter analysis: (A) Number of inferred 

populations based on the ΔK estimate across 10 replicates for each K. (B) Mean 

posterior probability lnP(D|K)(SD) across 10 replicates for each K.  (C) Number 

of populations based on the ΔK estimate across 10 replicates for each K.  (D) 

Mean posterior probability lnP(D|K)(SD) across 10 replicates for each K.  (A) and 

(B) are estimated from microsatellite data, whereas (C) and (D) are estimated 

from SNP data. 
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Figure B.4 Results of the ‘LOCPRIOR’ parameter analysis: (E) Number of 

inferred populations based on the ΔK estimate across 10 replicates for each K. (F) 

Mean posterior probability lnP(D|K)(SD) across 10 replicates for each K.  (G) 

Number of populations based on the ΔK estimate across 10 replicates for each K.  

(H) Mean posterior probability lnP(D|K)(SD) across 10 replicates for each K.  (E) 

and (F) are estimated from microsatellite data, whereas (G) and (H) are estimated 

from SNP data. 
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Figure B.5 Bar plots of STRUCTURE results with maximum statistical support, 

following ΔK of Evanno et al. (2005).  Results processed with CLUMPP and 

DISTRUCT showing individual ancestry by colored K in the context of 

predefined populations: (A) K = 4 and (B) K = 2 estimated from the ‘no priors’ 

model for microsatellite and SNP datasets; respectively, and (C) K = 3 and (D) K 

= 3 estimated from the LOCPRIOR model for microsatellite and SNP datasets; 

respectively. 
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Figure B.6 Maps of individual ancestries colored according to the ‘no prior’ 

model result at K = 4, plotted using a custom code written in the programming 

language R (Supplementary Material S.3). 
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Figure B.7 Correlogram showing test for Isolation-By-Distance generated using 

GENALEX for global spatial autocorrelation.  Distance classes (encompassing all 

samples in the study) shown on the x-axis, are plotted against pairwise genetic 

similarities (r) shown on the y-axis.  Lower and upper dotted red lines represent 

the 95% confidence interval.  Probability, P(rand ≥ data) = 0.01 for the 

correlogram, based on 999 permutations of comparisons. 
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Figure B.8 Mantel test showing correlation between geographic and genetic 

distances among 401 mountain lion samples.  Correlation coefficient, Rxy = 0.228; 

P(Rxy-rand ≥ Rxy-data) = 0.01, based on 99 permutations of 80200 pairwise 

comparisons. 
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Figure B.9 Results of population structure analyses in GENELAND.  (A) Index of 

MCMC chain iterations showing convergence.  (B) Number of clusters along the 

MCMC chain after a burn-in period of 500 (iterations) ×1000 (thinning).  The 

MCMC chain convergence occurs at K = 8. 
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Figure B.10 GENELAND output map of estimated population membership in K 

= 8 clusters as symbolized by colors.  Each color represents a ‘subpopulation’ and 

black dots represent sampled mountain lion individuals and their spatial 

locations relative to each other (Coordinates: Decimal Degrees, Datum: WGS84).  
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Figure B.11 Georeferenced image of GENELAND output map combined with 

major canals and secondary highways in southwestern U.S. and northwestern 

Mexico. 
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Figure B.12 Results of IDW analyses in ArcGIS showing ancestry kernels 

(symbolized by a color ramp of the proportion of ancestry) for each of the four 

clusters (K = 4). 
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Abstract 

Estimating habitat connectivity for mammals with large migration and 

movement capabilities such as mountain lions (Puma concolor) can assist in 

identifying and designating corridors for conservation.  Several studies have 

indicated the need to protect critical habitat linkages that function toward 
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maintenance of genetic connectivity among potentially subdivided populations.  

Combining expert-based estimates of habitat connectivity based on ecological or 

landscape variables with information about sampled genetic relatedness can 

assist in the identification of potential sites for habitat corridors.  In this study, 

we modeled habitat suitability and connectivity for mountain lions in 

southwestern United States and northwestern Mexico with the use of expert-

opinion, GIS, and circuit theory.  We tested the model’s output of landscape 

resistance against estimates of genetic relatedness and genetic distance among 

individual mountain lions in the entire study area.  Then, using southwestern 

Arizona and the surrounding landscape as a candidate study area, we mapped 

estimates of pairwise relatedness among individual mountain lions sampled in 

the area to display functional connectivity.  We juxtapose this result with models 

of habitat suitability and landscape connectivity.  Our analyses reveal that 

sampled genetic relatedness supports modeled habitat connectivity and provide 

insights into potential habitat corridors that can enhance gene flow.  These 

results also have the potential to optimize expert opinion and GIS-based corridor 

modeling for strengthening prioritization of regions for connectivity 

conservation. 

 

Introduction 

Estimating connectivity among wildlife populations, especially for large 

mammals is a useful approach to identify habitat corridors that allow for gene 

flow and the maintenance of genetic diversity among potentially subdivided 

populations [1–3].  The negative effects of habitat loss and fragmentation on 

species and populations, especially of large carnivores, can be reduced by the 

preservation or construction of movement corridors at the landscape level [4–8].  

In this context, a fast growing concern of wildlife managers and stakeholders, 
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especially in the western United States (US), is the potential negative effects of 

anthropogenic developments on mountain lion (Puma concolor) and other large 

mammal populations.  The persistence of mountain lions is essential in the 

maintenance of healthy and diverse ecosystems since they have a relevant impact 

on many biotic interactions, especially with their major prey, mule deer 

(Odocoileus hemionus), white-tailed deer (Odocoileus virginianus), desert bighorn 

sheep (Ovis canadensis mexicana) and javelina (Pecari tajacu), in southwestern US 

and northwestern Mexico [9–12]. 

 Geographic Information Systems and Science (GIS) are well developed 

and now widely used for modeling wildlife habitat and identifying potential 

corridors for animal movements [13–17].  Species-specific models of habitat 

connectivity have been developed from information on landscape and habitat 

variables (natural and non-natural) known to influence a species’ movement; 

these models are increasingly being validated by observations of movement or 

gene flow, termed ‘functional connectivity’ [18–21].  Models such as Least Cost 

Path (LCP) have been widely adopted for predicting the shortest distance and 

movement of individuals between patches of habitat for diverse transient species 

[22–24].  LCP and similar models have been complemented by additional 

methods that take into consideration species’ biology and landscape variability, 

and aim to generate metrics such as habitat suitability and landscape 

permeability [25].  These models are also being supplemented by methods based 

on electronic ‘circuit theory’ that represent landscape connectivity for movement 

of animals based on their known biology [26,27]. 

 While GIS-based models and analyses can be used to estimate the 

potential for animal movements across a landscape or to predict gene flow 

patterns, data on actual animal movements and their genetic connectivity, which 

relate more to functional connectivity (e.g. genetic relatedness among 
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individuals), can be used to validate these GIS-based estimates [18,28–30].  

Geographic information combined with genetic data in landscape-genetic 

studies, when placed in the context of habitat fragmentation, can yield useful 

insights into functional connectivity and aid in prioritizing connectivity areas in 

conservation planning [31,32].  Improvements in the field of landscape genetics 

over the last decade are enabling such applications of habitat connectivity 

models [33].  

 As modifications to landscapes caused by human activities create 

environmental stochasticity and dynamic ecosystems, ecological expert-opinion 

and GIS-based modeling of habitat suitability and connectivity can benefit from 

observations of functional connectivity.  For the purposes of this study, we infer 

functional connectivity based on a measure of genetic relatedness among 

individuals, which relates to gene flow and migration, across a landscape.  We 

perform a test to validate GIS-based estimates of habitat suitability and 

connectivity, and present maps of genetic relatedness among mountain lions 

sampled in southwestern Arizona to mountain lions occurring in the 

surrounding landscape.  

 

Materials and Methods 

Study Area 

The full extent of our study area encompassed areas in southwestern US and 

northwestern Mexico where we previously obtained mountain lion samples from 

and performed various genetic analyses (see Appendix B: Figures B.1 and B.6).  

This area spanned ~651,650 sq. km. of landscape, covering the entire state of 

Arizona, a major portion of northwestern Mexico, southern California and 

Nevada, and minor portions of southern Utah, southwestern Colorado, and 

western New Mexico.  This landscape consists of diverse eco-regions including 
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significant areas of the Sonoran, Chihuahuan and Mojave Deserts, the Arizona 

mountain forests, and the Colorado Plateau shrublands. 

 

Habitat Covariates 

Based on information from previous studies, we used ArcGIS v10.1 (ESRI, 

California, USA) to map spatial data available on major habitat types and 

landscape features expected to influence mountain lions at the landscape level 

[23,34–37].  We were unable to obtain GIS data layers for some features deemed 

important in predicting mountain lion habitat such as prey species and their 

densities [38–41] due to their unavailability for our study area.  Since our study 

area spanned an international boundary, availability of consistent GIS data layers 

covering the entire study area, for each of our habitat covariates of interest, was 

also limited.  To maintain consistency in spatial scale, resolution and attribution 

of layers across our entire analysis, and for ease of replication of this study in the 

future, we used spatial data layers globally spanning our entire study area, and 

available for public use from the online GIS community in ArcGIS Online 

(www.arcgis.com, ESRI, California, USA).  The data layers we chose for our 

analyses were primarily common to North America.  In situations where we 

could not obtain data layers spanning our entire study area, we combined data 

layers specific to countries and states (e.g. urban areas in US and Mexico; Table 

C.1). 

 

Expert information 

We used guidelines on habitat suitability modeling, and the use of biologically 

meaningful habitat suitability scales and thresholds, provided by an expert 

group on connectivity conservation (see: http://www.corridordesign.org/).  We 

assembled eight important habitat covariates based on our GIS layers; we labeled 
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these – Elevation, Topographic Position Index (TPI; derived from elevation), 

Waters (features with perennial water), Major roads, Major canals, Interstate 

highways, Urban areas, and Landcover.  We created a questionnaire to consult 

with six independent experts who have been studying mountain lion biology in 

the region and rank our habitat covariates for mountain lions based on their past 

observations of mountain lion occurrence, movement, behavior and potential 

habitat preferences (Supplementary Material S.2). 

 In our questionnaire, we asked each expert to assign suitability scores on a 

scale of 0 to 100 to each class of habitat covariates, where 0 corresponded to least-

suited habitat (or non-habitat) and 100 corresponded to best-suited habitat for 

mountain lions.  We also provided experts with a reference for habitat suitability 

score interpretation (see S.2) to use in their decision-making about suitability 

score assignments.  All experts whom we chose for our survey included 

members who had previously studied mountain lions and possessed significant 

knowledge on their locations and behavior within in our study area.  These 

experts were also well versed with information collected by regional wildlife 

managers and researchers on ecology and behavior of mountain lions via 

sign/spoor surveys, camera-trap surveys, radio-telemetry/GPS-collar tracking, 

non-invasive genetics, and game management. 

 To allow assignment of suitability scores, we classified the values of each 

quantitative habitat covariate into (n=variable) expert-defined biologically 

meaningful classes.  For example, since major roads were not expected to have a 

significant impact on mountain lion behavior or movements beyond 1000 meters, 

we divided ‘Distance to major roads’ into five classes.  These included four 

classes less than 1000 meters, wherein we expect influence of major roads to 

increase significantly with reduction in distance, and one class greater than 1000 

meters, wherein we expect minimal to no influence of major roads on mountain 
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lion activity.  Two habitat covariates (TPI and Landcover) contained pre-defined 

qualitative classes.  We then averaged all expert-assigned suitability scores across 

each of the classes for a final suitability score to represent each class for each 

habitat covariate.  Experts then also weighted the importance of these habitat 

covariates, overall, on a scale of 0 to 1, based on their potential influence relative 

to each other toward defining mountain lion habitat. 

 

Habitat suitability modeling 

Based on a weighted linear combination technique [42], we used ‘Model Builder’ 

in ArcGIS to input raster data, perform spatial analysis functions, and construct a 

habitat suitability map.  A weighted linear analysis allows the combination of 

several input rasters that are assigned relative weights based on their importance 

to produce an integrated output [43,44].  We first used the ‘Euclidean Distance’ 

tool in the ‘Spatial Analyst’ extension of ArcGIS to compute ranges for five 

continuous variables (Distance to urban areas, Distance to interstate highways, 

Distance to major roads, Distance to waters, and Distance to major canals).  Then, 

to create normalized model (input) rasters for all the habitat covariates, we used 

the ‘Reclassify’ tool in the ‘Spatial Analyst’ extension wherein we assigned the 

average expert-assigned suitability scores for each class and covariate.  We then 

used the ‘Weighted Sum’ tool in the ‘Spatial Analyst’ extension to overlay the 

reclassified input rasters, multiply each raster with its expert-assigned 

importance or weight, and generate a habitat suitability output.  Considering 

habitat heterogeneity and mountain lion preferences, discrete levels of habitat 

suitability delineated by defined boundaries may not be biologically meaningful; 

hence we symbolized this habitat suitability output to represent suitability as a 

‘stretch’ or spectrum of low to high suitability values. 
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Validating habitat suitability 

We used the program CIRCUITSCAPE v4.0 [45], which uses electronic circuit 

theory, to estimate landscape resistance among focal points.  In our analyses, we 

used locations of mountain lions sampled within the study area as the focal 

points.  We used our habitat suitability map layer as the input ‘Resistance’ raster 

and set the raster values to denote ‘Conductance’ since higher values in the 

habitat suitability map indicated a greater ease of movement for mountain lions.  

We then ran CIRCUITSCAPE in ‘pairwise mode’ and set the ‘Cell connection 

scheme’ to ‘Connect EIGHT neighbors’ to estimate and output pairwise 

resistances among focal points [47].  To test the habitat suitability model’s 

strength in predicting functional connectivity, we performed correlations among 

estimated pairwise resistances and estimates of pairwise genetic relatedness as 

well as genetic distance among mountain lions, which we describe further on. 

 

Connectivity modeling 

To model connectivity between mountain lion habitat in southwestern Arizona 

and surrounding areas, we first attempted delineation of high-suitability habitat 

patches for mountain lions.  We used the ‘Spatial Analyst’ extension in ArcGIS to 

calculate focal statistics and delineate habitat patches.  We considered mountain 

lions in the Desert Southwest to use an average perceptual distance of ~2 km. 

surrounding them to make their decisions about moving across a landscape 

(based on pers. comm. with experts in S.2).  Hence, in our calculations of focal 

statistics, to average the habitat suitability map to account for mountain lions’ 

perceptual range, we set the circular neighborhood radius = 2 km., which was 

approximately equal to 5 cell units, where each cell unit = 462.5 m. (length of 

side), the cell size of the raster with the highest resolution (Landcover).  This 

resulted in a suitable habitat patch map.  To delineate the highest suitable habitat 
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patches, we used the ‘Reclassify’ tool to classify suitability values into 3 classes, 

and used the 66th percentile as the lowest limit defining best-suited habitat.  We 

then performed the ‘Calculate Areas’ operation in ‘Spatial Statistics’ and used the 

‘Select’ analysis tool to create a best-suited habitat patch map for mountain lions 

specifically in southwestern Arizona and immediate surrounding areas. 

 We used CIRCUITSCAPE to model connectivity among habitat patches in 

a heterogeneous landscape to represent potential for migration or gene flow.  

Habitat patches are referred to as ‘focal nodes’ when using CIRCUITSCAPE, and 

for this study, to complement modeled connectivity with information on 

relatedness among mountain lions, we only used habitat patches identified in 

southwestern Arizona and immediate surrounding areas as our candidate area.  

Hence, we identified all best-suited habitat patches within this area and created 

an input ‘Focal node raster’ in CIRCUITSCAPE for ArcGIS [46].  We ran 

CIRCUITSCAPE with the same parameters as we used for validating habitat 

suitability, and set the program to output a ‘Cumulative current map’; this 

output represents the summation of current from all pairwise calculations and 

displays important areas of connectivity among multiple habitat patches [47]. 

 

Genetic relatedness 

For testing the habitat suitability model, we first estimated pairwise genetic 

relatedness and genetic distance among all mountain lion samples genotyped 

within our study area (n=401, final sample set in Appendix B).  We used the 

Lynch and Ritland (LRM) [48] and Genetic Distance (GD) estimators in the 

spreadsheet-based software GENALEX v6.5 [49] to estimate pairwise relatedness 

and pairwise genetic distance between individuals.  For estimating genetic 

relatedness among the individuals sampled in southwestern Arizona with 

samples in immediate surrounding areas, we used a sample subset consisting of 
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339 samples, with 15 samples from southwestern Arizona (see SWAZ in 

Appendix B) and 324 samples from areas surrounding samples in southwestern 

Arizona.  These samples were mainly from in and around the candidate area that 

we used for connectivity modeling.  We used GENALEX to estimate pairwise 

relatedness values (LRM).  We then used these LRM values in a matrix along 

with a geographic sample location matrix in ‘Kinship links’, a python script-

based tool developed to run in ArcGIS to map relatedness links between 

individuals across a landscape [50].  Kinship links enables the spatial 

visualization of genetic relatedness between individuals.  We divided and 

symbolized the kinship links to display the highest values of relatedness (>0.7 on 

a scale of -0.51 to 1, where -0.51 was the least level of pairwise relatedness and 1 

was the greatest level of pairwise relatedness among mountain lions within the 

sample set).  Finally, to link the results of our analyses, we created a map overlay 

between the outputs of pairwise relatedness-based kinship links and mountain 

lion habitat suitability. 

 

Results 

Expert information 

Expert-based scores of habitat variables were consistent throughout the survey 

results with some exceptions.  We observed least variation in suitability scores 

among experts for the covariates ‘TPI’ and ‘Distance to interstates’ (  15), and 

maximum variation in suitability scores among experts for the covariates 

‘Distance to urban areas’ and ‘Landcover’ (  19) (Table C.2).  Expert weights on 

the relative importance of habitat covariates resulted in ‘TPI’ and ‘Landcover’ 

receiving the highest importance with a value of 1.  This was followed by 

‘Elevation’ with a value of 0.75, and then by ‘Distance to waters’, ‘Distance to 

major canals’, ‘Distance to interstate highways’ and ‘Distance to urban areas’ 
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with values of 0.5.  The least importance was assigned to ‘Distance to major 

roads’ with a value of 0.4. 

 

Habitat suitability and validation 

We obtained a final habitat suitability raster dataset with a cell size = 462.5 sq. m. 

(length of side = 21.5 m.) and values of habitat suitability ranging from a 

minimum of 145.85 (lowest-suited habitat) to a maximum of 432.1 (best-suited 

habitat) (Figure C.1).  Both pairwise relatedness (LRM) and pairwise genetic 

distance (GD) estimates were significantly correlated with the estimated pairwise 

landscape resistance (RES), which ranged from 0.00067 to 0.00537 over 80200 

pairwise observations (Figure C.2).  

 

Habitat connectivity 

We obtained a best-suited habitat patch map with 52 patches ranging in size 

from 77.55 sq. km. (a disconnected habitat patch) to 257555 sq. km. 

(contiguous/connected habitat) within our entire study area.  Consistent with the 

habitat suitability map (Figure C.3), we observed smaller, fragmented patches 

around southwestern Arizona (our candidate area for modeling connectivity 

among individual mountain lions), and larger, more contiguous, patches in other 

areas directly north, northeast, east and southeast of our candidate area.  To 

model habitat connectivity, we considered best-suited habitat patches (n=11) 

within southwestern Arizona and surrounding areas that were not connected to 

other larger contiguous habitat patches in the remaining study area.  These best-

suited habitat patches for mountain lions within our candidate area ranged from 

440.5 sq. km. to 1727 sq. km. 

 The cumulative current output map from CIRCUITSCAPE highlighted 

areas of high versus low connectivity among the 11 habitat patches within our 
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candidate area, with cumulative current flow values ranging 0 to 0.2 (Figure C.3).  

We then overlaid major features potentially affecting gene flow among mountain 

lions (based on results from Appendix B) and other landscape labels onto this 

map.  Here, we present the cumulative current map output with highways for 

our discussion on important areas of habitat connectivity (Figure C.3) and later 

present the same cumulative current map with major canals such as the Central 

Arizona Project (CAP) canal, which we present for discussion later (Figures D.3 

and D.4 in Appendix D). 

 

Genetic relatedness 

We obtained genetic relatedness and genetic distance values for all pairwise 

observations (N=80200).  Values of LRM ranged from -0.57 (least related) to 1.21 

(most closely related).  Values of GD ranged from 2 (least distant) to 39 (most 

distant, or genetically isolated).  The highest level of pairwise relatedness among 

individuals bounded by Interstate highways 8 and 10 in southwestern Arizona, 

and between these individuals and individuals from southern Arizona and 

northern Sonora, Mexico (Figure C.4).   

 

Discussion 

A majority of the world’s large carnivore populations are severely threatened by 

anthropogenic impacts; in the southwestern US landscape fragmentation 

primarily due to urban/exurban sprawl is conceivably one of the greatest threats 

to large carnivores [51,52].  Hence, modeling of ecological or habitat corridors 

based on mountain lions as a focal species can work in favor of prioritizing 

connectivity conservation efforts at the landscape level, especially where it may 

be necessary to restore genetic connectivity among subdivided populations or to 

mitigate the impact of potential human-created barriers to gene flow (see 
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Appendix B).  In the recent past, habitat models have been parameterized and 

improved based on observations such as animal movements and genetics-based 

dispersal rates between populations to estimate ‘functional connectivity’ between 

habitat patches in fragmented landscapes [18,53].  Our study follows a similar 

path through validating expert-based habitat suitability and connectivity models 

with sampled genetic relatedness among individual mountain lions at the 

landscape-level.  Our finding of landscape resistance being negatively correlated 

with genetic relatedness, and positively correlated with genetic distance among 

individual mountain lions, leads us to infer support for our model of habitat 

suitability among mountain lions in this region.  We also surmise that landscape 

resistance can be used to predict genetic relatedness and genetic distance in 

support of previous studies that used GIS-based modeling approaches 

[26,27,41,53,58]. 

 Recent documentation of mountain lions in southwestern Arizona [54,55] 

led to questioning the relatedness of these mountain lions to individuals in the 

surrounding region, and possibly identifying their source.  Previous researchers 

studying mountain lions in southwestern Arizona also showed interest in 

understanding genetic connectivity among mountain lions in southwestern 

Arizona to mountain lions occurring in the surrounding landscape (pers. comm. 

with experts in S.2).  We observed shared ancestry among mountain lions in 

southwestern Arizona with mountain lions in southern Arizona and 

northwestern Mexico.  This, coupled with a low level of heterozygosity in 

southwestern Arizona (see Appendix B), and a high level of inter-relatedness 

among these mountain lions (Figure C.4) provide evidence supporting the 

hypothesis that mountain lions in southwestern Arizona are most likely 

occurring there through a recent colonization from northwestern Mexico and 

southern Arizona.   
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Our results present expert-based habitat suitability and connectivity 

models that show important areas of connectivity, specifically, connectivity 

among habitat patches 5, 6 and 7 (Figure C.3).  Data on relatedness among 

mountain lions sampled in close proximity to the habitat patches used in 

connectivity modeling present that mountain lions in southwestern Arizona are 

most closely related among each other, and to mountain lions in southern 

Arizona and northern Sonora (Figure C.4).  The representation of higher 

relatedness values among individuals within southwestern Arizona and with 

individuals southeastward rather than individuals directly to their north, or 

northeast (near habitat patches 5 and 6; Figure C.4) suggests two inter-related 

explanations that could be subjected to further investigation.  First, that 

suspected barriers to mountain lion gene flow – US Interstate Highway 10 west 

of the Phoenix urban area in combination with the presence of the CAP canal and 

a sharp gradient in habitat suitability at the northern edge of the Sonoran Desert 

(see also Discussion in Appendix B) – could be significantly limiting mountain 

lion movement and gene flow.  This result is consistent with previous studies 

investigating landscape genetics of mountain lions in nearby regions [56,57].  

Second, that mountain lions in southern Arizona and northwestern Mexico most 

likely colonized southwestern Arizona.  The relatively lower traffic volume on 

US Interstate Highway 8 compared to other interstate highways and less human-

populated areas in southwestern Arizona potentially allow more opportunities 

for mountain lions to traverse, thus supporting our inferences from the shared 

ancestry of individuals in southwestern Arizona with individuals in southern 

Arizona and northwestern Mexico (see Appendix B: Figure B.6).   

Recently, a study presenting the habitat quality and habitat connectivity of 

mountain lions in Arizona and New Mexico [58] commented on the need for 

corroboration of such connectivity models with data on dispersal and genetic 



 

 118

relatedness, potentially refining such models at the fine-scale level for more 

confidently using them toward conservation planning.  Our study addresses this 

specific need.  In view of restoring genetic connectivity among subdivided 

populations, the area between habitat patches 5, 6 and 7 could be an important 

corridor mitigating potential barrier effects caused in part due to the combination 

of the CAP canal and US Interstate Highway 10, both of which occur within the 

high cumulative current flow area among the habitat patches (Figure C.3).   

Modeling habitat suitability for mountain lions can be quite challenging 

especially when trans-border datasets on habitat variables are required, and 

because mountain lions, by virtue of their large home ranges and dispersal 

ability, can span a variety of habitats during their lifetime [34,59–61].  Moreover, 

open-access data limitations can constrain the scope of modeling especially when 

high-resolution data are needed, which may be available only through 

institutional access.  Through this study, we provide a basic, but replicable 

habitat suitability modeling procedure while demonstrating the utility of 

multiple openly accessible and downloadable habitat covariates available at a 

high resolution for the scale of the landscape and species in question.  We further 

exhibit the utility of python-based tools [50], which can provide a user-friendly 

approach to the implement GIS to visualize genetic relatedness among 

individuals across a landscape. 

 As with any modeling exercise, our approach and use of available data for 

habitat suitability modeling could be improved on several grounds.  First, 

impacts of habitat covariates can differ in different areas, for example, the size of 

urban areas (small towns to large cities with varying human populations) can 

have differing levels of influence on mountain lions.  Thus categorizing urban 

landscapes and their potential influence on mountain lions based on their size 
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and human population densities could offer further resolution into this model’s 

outcome.   

Second, the use of expert opinion on assigning the suitability of classes 

within each habitat covariate and relative influence of each habitat covariate, 

independent of all other covariates, may not capture all the cumulative 

interactions among habitat covariates being utilized toward defining habitat 

suitability.  Expert-opinion on habitat covariate suitability scores varied 

considerably (~18% based on Avg. SD = 17.64, see Table C.2) in our study, but 

was based on only six experts.  Hence, the expansion of this study to a much 

larger sample of experts could reduce variation for the model input. 

Third, the use of a ‘Euclidean distance’ algorithm for delineating distance 

to features creates discrete classes with abrupt changes on the landscape and in 

suitability scores, which is not true given landscape heterogeneity and mountain 

lion behavior.  Hence, incorporating fuzzy logic and similar algorithms that 

allow for uncertainty on variations and interactions among covariates may 

‘smooth out’ the habitat suitability gradient while moving away from, or 

towards, a specific feature, or multiple features.  Fuzzy logic also entails an 

exponentially decreasing or exponentially increasing impact of landscape feature 

beyond specific threshold values.   

Fourth, we identified that some open-access data may have limitations; for 

example, the ‘artificial areas’ class in the landcover layer were underrepresented 

especially in metropolitan areas when compared with the urban areas layer.  

Hence, caution needs to be exercised to make sure overlapping features are 

effectively enclosed, and that assignment of suitability scores may not bias the 

outcome of the model.  In our case, the urban areas layer overshadowed artificial 

areas from the landcover layer.   
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Finally, our study sets baseline data that can be further explored and 

amended not only with genetic data, but also with data on fine-scale movements 

and habitat selection behavior.  Data obtained from GPS-tracking of mountain 

lions in a variety of habitats would be particularly useful.  These data can be 

correlated to each of the covariates used in this study (elevation, vegetation, 

distance to urban areas, etc.) and with added new covariates such as temperature 

and prey species’ distributions, also known to have a significant impact on 

mountain lion occurrence [40,62–65].   

 Recent examples of work on validation of operational functional 

connectivity estimates (based on dispersal/migration and genetic distances) have 

enhanced the power and support for such analyses [18,32,53].  The use of these 

additional tools and complementary analyses can potentially provide a different 

perspective to previously analyzed data sets (including the ones in this study) 

either by corroborating or negating results.   
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Table C.1 Habitat covariate data layers and sources used in GIS analysis 

Habitat 

Covariate 

Layer Name/Description Source

Elevation GTOPO30, 30 arc-second Digital 

Elevation Model (DEM) of 

North America 

U.S. Geological Survey, Center for Earth 

Resources Observation and Science 

Waters Global Lakes and Wetlands 

Database (GLWD) 

Bernhard Lehner and Petra Doell; World 

Wildlife Fund, USA; Center for 

Environmental Systems Research, University 

of Kassel, Germany 

Roads North America Roads Package U.S. Geological Survey 

Canals Colorado River Basin Canals Central Arizona Project, Bureau of 

Reclamation, BING Aerials 

Interstate 

highways 

National Highway Planning 

Network 

National Transportation Atlas Databases 

   

Urban areas CAL FIRE  California state Board of Equalization 

 North America Urban Areas ESRI, TomTom 

 AGEBS Urbanos, Geostat Poly 

(Mexico) 

Instituto Nacional de Estadística y Geografía 

(INEGI) 

Landcover GLOBCOVER 2009 European Space Agency, Université 

catholique de Louvain 
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Table C.2 Average of six expert-based suitability scores assigned to each habitat 

covariate and class 

Habitat covariate Mean overall weight Mean SD	 Min Max 

Elevation (meters) 0.75         

-105 - 700  42.50 23.61 15 80 

700 - 1200  65.00 16.43 50 90 

1200 - 2000  88.33 8.16 80 100 

2000 - 3000  78.33 14.72 50 90 

3000 - 4075  55.83 18.00 30 80 

Topographic position (TPI) 1.00         

Canyon bottoms  82.50 16.96 60 100 

Flat-gentle slopes  50.83 22.00 40 95 

Steep slopes  76.67 13.66 60 90 

Ridgetops  80.83 5.85 75 90 

Distance to waters (meters) 0.50         

0 - 500  82.50 28.24 30 100 

500 - 1000  80.83 20.10 50 100 

5000 - 10000  74.17 15.63 60 90 

10000 - 30000  53.33 16.63 30 75 

30000 - 60000  30.00 13.78 10 50 

60000 - 85000  14.17 11.14 0 30 

Distance to major roads (meters) 0.40         

0 - 10  11.67 8.16 0 25 

10 - 100  27.50 19.17 15 65 

100 - 500  46.67 24.22 20 90 

500 - 1000  60.83 23.49 30 93 

1000 - 337000  90.83 10.68 75 100 

Distance to major canals (meters) 0.50         

0 - 10  24.17 10.21 10 40 

10 - 50  40.00 22.80 20 80 

50 - 1000  63.33 25.23 20 90 

1000 - 544171  85.83 9.70 75 100 

Distance to interstate highways (meters) 0.50         

0 - 10  5.83 10.21 0 25 

10 - 100  15.00 18.71 0 50 

100 - 1000  38.33 19.41 20 70 
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1000 - 5000  65.83 18.55 40 90 

5000 - 10000  80.00 14.14 60 100 

10000 - 310000  93.33 7.53 80 100 

Distance to urban areas (meters) 0.50         

0 - 100  18.33 14.72 0 40 

100 - 500  28.33 20.66 10 65 

500 - 1000  42.50 24.85 10 85 

1000 - 5000  58.33 23.80 20 90 

5000 - 10000  75.00 14.40 60 93 

10000 - 103000  87.50 16.36 60 100 

Landcover (vegetation type) 1.00         

Irrigated croplands  38.33 16.93 20 65 

Rain fed croplands  32.50 16.96 5 55 

Mosaic croplands/vegetation  39.17 14.29 20 55 

Mosaic vegetation/croplands  42.00 12.57 25 57 

Closed-open broadleaved evergreen 

forest 
 75.00 20.49 50 100 

Closed broadleaved deciduous forest  75.83 8.61 60 85 

Open broadleaved deciduous forest  73.33 19.15 50 95 

Closed needle leaved evergreen forest  73.33 6.83 60 80 

Open needle leaved deciduous or 

evergreen forest 
 72.50 17.82 50 90 

Closed-open mixed broadleaved/needle 

leaved forest 
 77.83 19.19 50 100 

Mosaic forest-shrubland/grassland  75.00 24.90 40 100 

Mosaic grassland/forest-shrubland  70.83 19.60 50 90 

Closed to open shrubland  74.17 20.60 40 90 

Closed to open grassland  45.00 20.98 20 75 

Sparse vegetation  32.50 29.96 0 80 

Closed to open broadleaved forest 

regularly flooded 
 52.50 23.18 30 90 

Closed broadleaved forest permanently 

flooded 
 30.83 30.73 0 90 

Closed to open vegetation regularly 

flooded 
 41.67 21.37 20 80 

Artificial areas  9.17 9.17 0 20 

Bare areas  13.33 21.60 0 50 

Water bodies  22.00 23.54 0 50 

Permanent snow and ice  16.67 22.51 0 50 
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Figure C.1 Modeled habitat suitability for mountain lions in the entire study 

extent 
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Figure C.2 Correlograms of pairwise landscape resistance with genetic 

relatedness and genetic distance among mountain lions.  For LRM vs. RES, R 

Score = -0.174, P-Value is < 0.00001 (the result is significant at p < 0.01).  For GD 

vs. RES, R Score = 0.248, P-Value is < 0.00001 (the result is significant at p < 0.01). 
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Figure C.3 CIRCUITSCAPE output map showing cumulative current flow 

among 11 chosen habitat patches in southwestern Arizona (habitat patches 

labeled by white numbering) with an overlay of highways and other labels (not a 

part of the CIRCUITSCAPE output). 
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Figure C.4 Map overlay of habitat suitability with kinship links (relatedness 

values based on LRM Relatedness Estimate [48]) among individuals in 

southwestern Arizona and surrounding areas, plotted using python tools in 

ArcGIS [50]. 
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APPENDIX D 

EXAMINATION OF HISTORICAL VERSUS RECENT POPULATION 

STRUCTURE FOR SOUTHWESTERN MOUNTAIN LIONS 

In support of inferences made in Appendices B and C, these additional data 

provide further insight into the historical population structure among mountain 

lions, and examine structure in relation to barriers present in an older versus 

more recent time period. 

 

Historical population structure 

We obtained genotypic data from historical samples (n=80) used by Culver et al. 

(2000) to examine historical population structure among mountain lions in a 

study area similar in extent to the study area used in Appendices B and C.  These 

samples were collected during 1983 – 1994, about two decades prior to our 

analysis of contemporary population structure in Appendix B, which consisted 

of a majority of the samples (~94%) collected during 2002–2013.  Genotypic data 

from the historical sample set were based on 10 microsatellite markers (FCA008, 

FCA035, FCA043, FCA082, FCA090, FCA096, FCA117, FCA166, FCA249, 

FCA262).  We used the same methodology as used in Appendix B to perform 

population structure analyses and visualize population structure.  We present 

the results of a ‘no prior’ analysis from the program STRUCTURE (Pritchard et al. 

2000), which was best supported at K=4 and discuss some conclusions in support 

and not in support of the contemporary population structure in Appendix B. 

 

Conclusions in support of results as shown in Appendix B: 

1. Gene flow among mountain lions across the Colorado River 
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2. Shared ancestry among individuals from southwestern Arizona and Mexico 

 

Conclusions not in support of results as shown in Appendix B: 

1. No gene flow among sample from Los Angeles (LA) county in southwestern 

California and northwestern Arizona, which could be due in part to: 

a. Discrepancy in sample size; historical dataset has few samples in 

northwestern Arizona (n=8) and contemporary dataset has several 

more samples in northwestern Arizona (n=47) 

b. Potential isolation of individuals from the LA county area indicated in 

historical dataset 

 

2. Shared ancestry from southern Nevada and Utah through central Mexico 

a. Interstate highways 40 and 10-west were potential barriers to gene 

flow in contemporary dataset, however in the historical dataset gene 

flow is more continuous from Utah to Mexico 

b. Clinal pattern of alleles from southeast and northwest extremes of 

study area with admixture observed in Arizona, in historical data 

 

This analysis presents a signature of genetic structure at a historical time 

scale (1983 – 1994) and supports the possibility that fragmentation due to 

development of anthropogenic features such as interstate highways may have 

potentially caused further population sub-structuring among mountain lions 

sampled in this region.  However, these potential barriers need to be investigated 

further to determine what specifically may have caused restrictions in gene flow 

among mountain lions over time.  For example in the context of highways as 

potential barriers, the question that remain to be investigated further are the 

width of the highways, style of their construction (including number of 
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underpasses or overpasses that allow mountain lions to cross), their traffic 

volumes, noise-levels, and pollution, and the habitat quality on either side of the 

highways.  In the context of other barriers such as the Central Arizona Project 

(CAP) canal, with its large human footprint, questions remain as to whether 

mountain lions are able to cross over considering that the canal is fenced on both 

sides and runs alongside the US Interstate highway 10 for a considerable 

distance. 

Based on movement data gathered through GPS-collared mountain lions 

in Arizona (Mattson 2007; AGFD 2009), interstate highways seemed to be 

restricting movements of mountain lions and were hypothesized by experts of 

mountain lion biology to be barriers potentially restricting gene flow among 

mountain lions.  Scientific results, and expert opinion, from previous studies 

have also supported this hypothesis (Ernest et al. 2003; McRae et al. 2005; Dickson 

et al. 2013). 

The results of our GIS-based modeling and relatedness analyses in 

Appendix C provide a landscape-level perspective on the features that could be 

playing a role in defining many of the genetic patterns we have observed.  In 

addition to landscape features potentially responsible for restricting gene flow 

among mountain lions (as discussed in Appendices B and C), especially among 

individuals in southwestern Arizona with individuals to their north and 

northeast, we present an overlay of major canals on the CIRCUITSCAPE output 

of modeled landscape connectivity (Figure D.3).  We see that these major canals 

bound the mountain lions sampled in southwestern Arizona in most directions, 

except towards their south/southeast.  These major canals are also fenced on both 

sides throughout much of their length and may restrict movement of mountain 

lions across the landscape (Figure D.2; pers. comm. with experts in S.2).  This 

could especially be a case for mountain lions in southwestern Arizona where 



 

 138

Henry et al. observed large movement ranges with Minimum Convex Polygon 

estimates averaging ~900 sq. km. for 11 GPS-collared individuals (AGFD 2006–

2009, unpublished data). 
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Figure D.1 Map of individual ancestries colored according to the ‘no prior’ 

model result at K = 4 (plotted using a custom code written in the programming 

language R; Supplementary Material S.3) 
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Figure D.2 Photographs of metal fencing on either side of the CAP canal 

occurring immediately northeast of habitat patch 7 (see Figure D.3).  

Photo credits: John Clemons 
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Figure D.3 CIRCUITSCAPE output map showing cumulative current flow 

among 11 chosen habitat patches in southwestern Arizona (habitat patches 

labeled by white numbering) with an overlay of highways and major canals, 

including the CAP canal in Arizona (not a part of the CIRCUITSCAPE output). 

Models of habitat suitability and connectivity rely on information about species 

biology and can be validated by the availability of sampled data, e.g., on species 

occurrence, behavior, movement patterns and genetics.   
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APPENDIX E 

 

SUPPLEMENTARY MATERIAL 

 

S.1 Raw data associated with mountain lion samples used in, and excluded 

from, analyses in Appendices B and C. 

These data are currently available for viewing via a spatially intuitive database 

hosted on the University of Arizona ArcGIS Online platform, available at: 

http://www.arcgis.com/home/item.html?id=4d9e04e504bb453691fbff736df49b3b  

To request access to database, or if data are inaccessible or unavailable, please 

write to Ashwin Naidu at ashwin@email.arizona.edu or ashwinaidu@gmail.com 

Raw data associated with each sample in the database consists of GPS 

coordinates; sample ID, collection date, region, country, sample type, sex, age 

class and genotype.  For several samples, sex and age class information is 

unavailable.  Genotypic data of all 401 samples across 11 FCA loci, and 395 

samples across 23 SNPs, with associated sample collection details, are available. 

 

S.2 Experts involved and questions asked for studies in Appendices B and C 

1. Ron Thompson  

Ron is a graduate in wildlife biology from the University of Arizona and co-

founder and director of Primero Conservation, a nonprofit organization focused 

on carnivore conservation in the Desert Southwest.  For nearly three decades 

prior to retiring, Ron served at the Arizona Game and Fish Department as a 

wildlife law-enforcement officer, big game habitat manager and large carnivore 

biologist.  Ron worked on GPS-collaring and tracking mountain lions for several 

research projects in Arizona and New Mexico.  Apart from being involved in 

research for adaptive management of mountain lions in Arizona and New 
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Mexico, Ron works with multiple private ranches in Sonora, Mexico for jaguar 

and mountain lion conservation.  Ron is a founding member of the Wild Felid 

Research and Management Association, and the Cougar Working Group for the 

Western Association of Fish and Wildlife Agencies. 

 

2. Melanie Culver 

Melanie is Assistant Professor in Natural Resources at the School of Natural 

Resources and the Environment, and Assistant Unit Leader of the Arizona 

Cooperative Fish and Wildlife Research Unit at the University of Arizona.  

Melanie obtained her doctorate from the University of Maryland specializing in 

conservation genetics, molecular ecology, and molecular taxonomy.  Apart from 

completing a myriad of projects on wildlife genetics, since her PhD on studying 

the genomic ancestry of mountain lions, Melanie has led projects on mountain 

lion genetics and genomics in the US, including projects on the Florida panther.  

Melanie has authored and co-authored several book chapters on mountain lions 

and conservation genetics, including the Puma Field Guide 

(http://www.cougarnet.org/files/5714/2092/0558/PumaFieldGuide.pdf).  Melanie 

serves on the board of the Wild Felid Research and Management Association, 

and is a faculty leader of the University of Arizona Wild Cat Research and 

Conservation Center. 

 

3. Lisa Haynes 

Lisa is a graduate in wildlife biology from the University of Arizona, and co-

founder and program coordinator of the University of Arizona Wild Cat 

Research and Conservation Center.  Over the last two decades, Lisa initiated 

several projects on urban bobcats and regional mountain lions in Arizona, and 

enhanced public outreach and citizen science for wild cat conservation.  Lisa 
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served the U.S. Fish and Wildlife Service, the U.S. Forest Service and the Arizona 

Game and Fish Department in various capacities and primarily as a biologist; she 

participated in several mountain lion research projects in Arizona.  Lisa currently 

manages projects on four wild cat species, including jaguars and ocelots, in 

southern Arizona and New Mexico. 

 

4. Kyle Thompson  

Kyle is a Graduate Assistant and Master's Student at the University of Arizona.  

He has used wildlife cameras and occupancy analyses to study the ecology of 

jaguars, mountain lions, bobcats and ocelots in southern Arizona’s mountain 

ranges.  Kyle obtained a bachelor’s degree in wildlife ecology from the Arizona 

State University. He has worked extensively with the use of wildlife cameras, 

both as part of an internship through for the Arizona Game and Fish Department 

and for a monitoring project on mountain lions with the US Fish and Wildlife 

Service in southwestern Arizona.  Kyle currently serves on the board of two US-

based conservation non-profit organizations – Primero Conservation, and the 

Fishing Cat Conservancy.  Kyle is also the corresponding editor for Wild Felid 

Monitor, the official magazine of the Wild Felid Research and Management 

Association. 

 

5. John Clemons 

John is a graduate in biology from Northern Arizona University.  He is a lifelong 

resident of Arizona and his interests in hunting and fishing have lead him into 

many remote places across the state, including assisting on non-invasive and 

GPS-tracking projects on mountain lions in southern and southwestern Arizona.  

John is the Arizona representative of the Wild Felid Research and Management 

Association and a research associate in the Conservation Genetics Laboratory in 
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the School of Natural Resources and the Environment at the University of 

Arizona.  He has served as President of the Arizona Desert Bighorn Sheep 

Society and as a volunteer instructor in hunter education for the Arizona Game 

and Fish Department.  He is currently a co-founder and the Executive Director of 

the Southwest Wildlife Forensics Center. 

 

6. Robert Henry 

Robert Henry obtained bachelor and graduate degrees in wildlife ecology from 

the Texas A&M University and the University of Arizona.  He recently retired 

from the Arizona Game and Fish Department where, for over twenty years, he 

led the game program and spent nearly a decade studying mountain lions, desert 

bighorn sheep and their predator-prey interactions in southwestern Arizona.  

His work led him to co-author a joint state-federal plan for management of 

mountain lions and bighorn sheep in and around the Kofa National Wildlife 

Refuge (Kofa NWR).  He served as the Arizona representative and was a 

founding member of the WAFWA Wild Sheep Working Group.  He was also an 

integral member of several research projects on big game species conducted in 

collaboration with the US Fish and Wildlife Service at the Kofa NWR.  Some of 

his most significant contributions to mountain lion biology in this region include 

his observations of learned and specialist behavior of predation by individual 

mountain lions on bighorn sheep, and analyses of kill-site data obtained from 

GPS-collared mountain lions on Kofa NWR. 

 

Questions to experts for Appendix B 

1. What are the most likely natural and human-made landscape features that 

may be restricting mountain lion movements and potentially gene flow 

among their populations (if any)? 
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2. How would you divide our study area into mountain lion sub-populations 

given the current spatial distribution of our final, genotyped, mountain lion 

sample dataset (Figure B.1)? 

 

Questions to experts for Appendix C 

1. Please provide your input for each class in each habitat covariate based on 

your knowledge and past observations of mountain lion occurrence, 

movement, behavior and potential habitat preferences.  Use the following key 

in making your decisions and enter scores (on a scale of 0 to 100) for each 

class:  

 

 

For details of habitat covariates, their classes and final scores (see Table C.2) 

 

2. Please provide a weight (on a scale of 0 to 1) on the relative importance of 

each habitat covariate based on their influence toward defining mountain lion 

habitat. 

 

 100 = best-suited habitat allowing highest success in survival and reproduction  

   80 = lowest score associated with habitat allowing successful reproduction  

   60 = lowest score associated with habitat dependable to use for reproduction  

   30 = lowest score associated with areas of sporadic use without reproduction  

< 30 = areas avoided 

     0 = complete non-habitat 

 (Based on criteria defined in: 

http://corridordesign.org/designing_corridors/habitat_modeling/estimating_suitability) 



 

 147

S.3 Code in language R used for mapping results from population structure 

analyses in Appendices B and D 

# Install Packages 

install.packages("mapdata") 

install.packages("maptools") 

install.packages("rgeos") 

install.packages("rgdal") 

source("http://bioconductor.org/biocLite.R") 

biocLite("Rgraphviz") 

 

# Load Libraries 

library("maps") 

library("mapdata") 

library("maptools") 

library("rgdal") 

library("Rgraphviz") 

 

# Load tabular data and check 

CustomName=read.csv("CLUMPPvalues.csv", header=F) 

dim(CustomName) 

head(CustomName) 

 

# Load shape file  

roads.rg <- readOGR("roads", "Interstates") 

 

#Setup PDF 

pdf(file="CustomMap.pdf") 
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#Plot Graph 

plot.new() 

map("state", "Arizona",col="gray92", fill=TRUE, xlim=c(-120,-107),ylim=c(29,38)) 

map("state", "California",col="gray92", fill=TRUE, add=T) 

map("state", "Nevada",col="gray92", fill=TRUE, add=T) 

map("state", "Utah",col="gray92", fill=TRUE, add=T) 

map("state", "New Mexico",col="gray92", fill=TRUE, add=T) 

map("state", "Colorado",col="gray92", fill=TRUE, add=T) 

map("rivers", add=TRUE) 

map("worldHires", "Mexico",col="gray92", fill=TRUE, add=T) 

plot(roads.rg, add=TRUE, col="darkblue", xlim=c(-120,-107), ylim=c(29,38)) 

box() 

 

a<-nrow(CustomName) 

 

for(g in 1:a){x<-

c(CustomName[g,4],CustomName[g,5],CustomName[g,6],CustomName[g,7]) 

pieGlyph(x, CustomName[g,3], CustomName[g,2], 

col=c("green","yellow","red","purple"),edges=100, radius=0.1,labels=NA)} 

 

dev.off() 
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