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ABSTRACT 

 

The American black bear (Ursus americanus) is one of the eight living species of 

Ursidae, and the only one to have speciated in North America (1.8 – 1.2 Mya).  This 

dissertation investigates the contemporary population structure of American black bears 

across their range; and specifically asks how a translocation of bears affected the 

population genetics of individuals in the Central Interior Highlands.  Black bear 

mitochondrial lineages began forming within the last 170 kya, whereas the eastern and 

western nuclear genomes diverged 67 kya.  A third nuclear lineage was discovered in 

contemporary Alaska, which diverged from the eastern lineage 31 kya.  These three 

lineages harbor nine genetic clusters, and potentially more in unsampled portions of the 

range.  These nine clusters may represent evolutionary significant units for the species; 

however, more work would be needed before proposing taxonomic revisions.  The 

regional population genetics of the Central Interior Highlands (Arkansas, Oklahoma, and 

Missouri, USA) showed that the majority of genetic diversity in contemporary 

populations of the Ozark and Ouachita Mountains was introduced from Minnesota, USA 

and Manitoba, Canada during a translocation of bears from 1958 - 1968.  Analyses also 

indicated that the contemporary Ozark and Ouachita populations were genetically 

differentiated.  Additionally, bears that form a low diversity genetic cluster in Missouri 

were highly similar to bears from the Ozarks in genomic analyses, indicating a small 

founding population dispersed northwards following the reintroduction.  Finally, I 

analyzed the accuracy and precision with which the natal location of a black bear may be 

identified using different inference methods and dataset compositions.  While samples 



xiv 
 

were estimated within 201 km of their sample site and with high precision, there was a 

low correlation between the state or province of sampling and that estimated.  These 

results suggest caution when using genetic data for natal inference problems in cases for 

trade of wildlife products. 
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CHAPTER 1 

 

Biogeography, evolution, and contemporary conservation issues within the genus 

Ursus 
 

Emily E. Puckett  

 

Division of Biological Sciences, 226 Tucker Hall, University of Missouri, Columbia, MO 

65211 

 

The Ursidae are a family of eight extant bear species distributed across a range of 

forested ecosystems.  Based on the fossil record, bears most likely diverged from canids 

approximately 20 - 25 Mya from a Holarctic range in contemporary Eurasia (McLellan & 

Reiner 1992).  Two bear subfamilies (Hemicyoninae and Agriotherinnae) went extinct in 

the Pliocene (McLellan & Reiner 1992).  The earliest diverging lineage with an extant 

species, the giant panda (Ailuropoda melanoleuca), is the Ailuropodinae.  Species of 

Aluriopoda spread throughout eastern Asia; however, giant panda is now confined to 

isolated bamboo forests in China.  The second subfamily with a single extant species is 

the Tremarctinae.  Fossils of the species in this lineage are found throughout North and 

South America suggesting divergence following dispersal from an Asian-North American 

landbridge.  Only the spectacled bear (Tremarctos ornatus) remains, living in the forests 

from Bolivia to Venezuela in the Andes Mountain chain (Figure 1.1).  The Ursinae has 

one extant genus (Ursus) with six species: U. ursinus (sloth), U. malayanus (sun), U. 

thibetanus (Asian black), U. americanus (American black), U. arctos (brown), and U. 

maritimus (polar).  The sloth bear is primarily distributed in India, the sun bear has a 

southeast Asian distribution, and the Asiatic black bear is broadly distributed throughout 

Asia (Figure 1.1).  The American black bear is distributed across North America and the 
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polar bear has an artic distribution.  The brown bear is widely distributed from Europe, 

across Eurasia as far south as Tibet, and into western North America. 

 

Evolutionarily Ursus is a young genus diversifying 3 - 7 Mya (Krause et al. 2008).  This 

Pliocene radiation resulted in numerous species; however, many went extinct during the 

Pleistocene (Krause et al. 2008).  Two of the species that went extinct were U. minimus 

and U. abstrusus which are the respective Old and New World species from which 

contemporary species shared common ancestors (McLellan & Reiner 1992).  The rapid 

radiation is thought to have contributed to the mitochondrial-nuclear discordance 

observed between phylogenies using genes from each genome (Kutschera et al. 2014; 

Nakagome et al. 2008; Yu et al. 2004).  The primary discordance is between the 

placement of the Asiatic and American black bears.  In the mitochondrial phylogeny, the 

American black is sister to the Asiatic black, where the sun bear is sister to the black bear 

clade (Figure 1.2A).  However, in the nuclear genome, the American black bear is sister 

to the brown-polar clade, and Asiatic black, sun, and sloth form a second clade (Figure 

1.2B).  The nuclear phylogeny has greater concordance with the biogeography of the 

bears as it groups Asian and distantly Eurasian species together. 

 

Below I summarize the evolutionary history and conservation status for each of the six 

Ursus species with particular attention on the American black bear, the subject of this 

dissertation. 
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Sloth bear  

Evolution- The sloth bear ranges across the central and southern extents of the Indian 

subcontinent and Sri Lanka.  This tropical distribution is poorly suited to the preservation 

of fossils, hence the evolutionary history of the sloth bear has been under studied.  The 

species most likely diverged from U. minimus following its expansion into Asia from 

Eurasia (McLellan & Reiner 1992).  The mainland (U. ursinus ursinus) and Sri Lankan 

(U. u. inornatus) populations have been split into two subspecies; however, no genetic 

studies have estimated divergence age, genetic diversity, or adaptation. 

 

Conservation- Sloth bears share all of the conservation challenges of Asian bear species, 

particularly increasing habitat destruction, habitat fragmentation, killing to prevent 

depredation or agricultural damage, and poaching.  Dwindling population size due to 

decreasing habitat led researchers to conclude that sloth bears have been extirpated in 

Bangladesh (Islam et al. 2013).  While all four species of Asian bears are poached for 

viscera, bile, and meat, an analysis of trade from 2000 to 2011 observed that sloth bears 

represented the smallest fraction of this trade (Burgress et al. 2014).  However, sloth bear 

cubs are also poached for a trade of live individuals trained to perform with the nomadic 

Kalandar ethnic group in India, although surveys since the mid-1990s indicate a decline 

in the number of dancing bears (D'Cruze et al. 2011).  The IUCN Red List classifies sloth 

bears as vulnerable to extinction, with estimated population sizes less than 20,000 

individuals (Garshelis et al. 2008b).  Sloth bears are a CITES (Convention on 

International Trade of Endangered Species) Appendix I species meaning that 

international trade is prohibited. 
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Sun bear  

Evolution- The sun bear ranges from southeast Asia and along a portion of the Indonesian 

archipelago (Figure 1.1).  Similar to the sloth bear, divergence of the sun bear occurred 

following movement of U. minimus into southern Asia.  Based on cranial morphometrics 

and body size, two subspecies have been proposed: U. malayanus malayanus on the 

mainland and Sumatra, and U. m. euryspilus on Borneo (Meijaard 2004).  Few genetic 

studies have been conducted with sun bears to understand population, and potentially 

subspecies level, differentiation or genetic diversity.  One study observed two 

mitochondrial clades; however, samples were from confiscated illegal harvests on Borneo 

and natal locations were unknown (Onuma et al. 2006).  This resulted in two hypotheses; 

first, that sun bears on Borneo currently represent two clades, and second, that some of 

the confiscated animals were brought to Borneo from the mainland which is the natal 

location of the second mitochondrial clade. 

 

Conservation- The IUCN Red List classifies sun bears as vulnerable to extinction; while 

a population size estimate is not available, the species has been estimated to have 

declined 30% since the 1980s (Fredriksson et al. 2008). Sun bears are threatened by both 

deforestation and poaching (Foley et al. 2011).  Sun bear viscera has been confiscated in 

China and Thailand, which border range countries, but also internationally in North 

America, Europe, and Australia indicating broad international trade networks for this 

species (Burgress et al. 2014; Shepherd & Nijman 2008).  Sun bears are a CITES 

Appendix I species. 
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Asiatic black bear  

Evolution- Similar to divergence of the sloth and sun bears, the Asiatic black bear was 

also thought to have diverged from U. minimus in Asia (McLellan & Reiner 1992).  In 

genetic studies with nuclear intron sequences and Y-chromosome haplotypes, extensive 

incomplete lineage sorting (ILS) was observed in the three Asian species (Kutschera et 

al. 2014).  The genetic data supports the biogeography from the fossil record; 

specifically, ILS may be prevalent due to the three extant bears sharing a recent common 

ancestor.  Mitochondrial genomes place the Asiatic and American black bears as sister 

taxa (Figure 1.2A) indicating mito-nuclear discordance within Ursus.  Kutschera et al. 

(2014) proposed two hypotheses for mito-nuclear discordance in black bears; first, an 

Asiatic mitochondrial genome introgressed into the ancestors that expanded into North 

America so that American black bears have mitochondrial genomes more similar to 

Asiatic black bears.  Second, ancient hybridization of brown bears into American black 

bears results in the nuclear genome being placed as sister to the brown-polar clade instead 

of a closer relationship with the other Asian species.  The addition of more within species 

lineages may elucidate these relationships further.  There are seven named subspecies of 

Asiatic black bears, defined by country of origin, body size, coat color, and mitochondrial 

sequence, including: U. thibetanus formosanus in Taiwan, U. t. gedrosianus in Pakistan, 

U. t. japonicus in Japan, U. t. laniger in the western Himalyan Mountains, U. t. 

mupinensis in the eastern Himalayan Mountains, U. t. thibetanus in southeastern Asia, 

and U. t. ussuricus in southern Russia, China, and Korea.  Choi et al. (2010) presented a 

phylogeny with four of the seven subspecies, I extended this to hypothesize that U. t. 

japonicus was the earliest diverging lineage (Chapter 3) although full mitogenomes are 
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needed for several subspecies to fully understand phylogenetic relationships and 

mitochondrial diversity (Yasukochi et al. 2009). 

 

Conservation- The IUCN Red List classifies Asiatic black bears as vulnerable to the 

threat of extinction, noting declining population sizes throughout the range (Garshelis & 

Steinmetz 2008).  Asiatic black bears have the same conservation challenges as the sun 

and sloth bears.  Populations have declined due to habitat reduction and fragmentation 

(Islam et al. 2013).  Additionally, Asiatic black bears are killed because of their status as 

an agricultural pest (Ngoprasert et al. 2011; Sakurai et al. 2013), for trade in bear viscera, 

or for bear farming (Burgress et al. 2014; Peppin et al. 2008).  Asiatic black bears are a 

CITES Appendix I species. 

 

Brown bear  

Evolution- The brown bear shared a most recent common ancestor with the cave bear 

about 1.2 - 1.6 Mya (Bon et al. 2008; Knapp et al. 2009).  The cave bear may be several 

different species (U. spelaeus, U. ingressus, and U. deningeri) or a single species with 

spatially distributed mitochondrial clades as observed in other bears (Stiller et al. 2014).  

Cave bear populations began declining approximately 50 kya (Stiller et al. 2010) where 

the youngest fossils were found in the eastern (e.g. central Europe) portion of the range 

and suggest western populations (which extended throughout contemporary Russia) were 

extirpated first (Stiller et al. 2014).  In contrast, European brown bear population size was 

stable throughout the Pleistocene (Stiller et al. 2010) and predicted to have begun 
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expanding its range throughout Europe and Eurasia before the extinction of cave bears 

(Saarma et al. 2007). 

 

Brown bears occupy the largest geographic area (Figure 1.1) and have spatially 

distributed genetic diversity throughout.  There are six brown bear mitochondrial clades 

that began diversifying 263 kya out of Europe (Davison et al. 2011).  Two clades 

dispersed towards the south where clade 6 or U. arctos syriacus is now found in the 

Caucasus Mountains and towards the western Himalayan Mountains, and clade 5 

includes U. a. pruinosus and U. a. gobiensis/U. a. isabellinus along the Tibetan plateau 

and Gobi desert (Galbreath et al. 2007).  Clades 5 and 6 are sister to clades 3 and 4 which 

spread northward across Eurasia (Hirata et al. 2013; Saarma et al. 2007).  Clade 4 is 

found in northern Japan (U. a. lasiotus) and in North America (U. a. horribillis).  In 

North America, clade 4 was south of the glacial ice sheets during the last glacial 

maximum (Barnes et al. 2002).  Clade 3 is distributed throughout Siberia (U. a. collaris), 

the Kamchatka peninsula of Russia and Japan (U. a. beringianus), and into Alaska (U. a. 

middendorffi).  Sister to this large and geographically distributed clade, is the branch with 

clades 1 and 2.  Clade 1 (U. a. arctos) is found in Europe.  Clade 2 is found on the ABC 

Islands of Alaska in North America and in polar bears (discussed below). 

 

Conservation- Although the IUCN Red List classifies brown bears as least concern 

(McLellan et al. 2008), their conservation status may be the most dynamic across its 

range.  In Europe and North America, historic persecution reduced population size 

numbers so that animals contracted into isolated habitat patches (Chapron et al. 2014; 
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Frosch et al. 2014).  In North America, the southern Rocky Mountain populations of 

brown bears were extirpated in the mid-1900s (Miller et al. 2006) and the species was 

listed as threatened under the precursor to the US Endangered Species Act in 1967.  

Brown bears in the Himalayas, Tibetan plateau, and Gobi desert are all isolated and have 

small population sizes (McCarthy et al. 2009).  Urbanization across the brown bear range 

has contributed to limited recovery in some areas (Mowat et al. 2013; Schwartz et al. 

2010).  Climate change has been implicated as a factor limiting population recovery of 

brown bears in North America.  As an omnivorous species, acorn mast may comprise a 

large portion of brown bear diets (Bojarska & Selva 2012); however, warmer winters 

prevent freezing of mountain pine beetles on white pine (Raffa et al. 2013).  The beetles, 

in conjunction with rusts and abiotic changes, limit mast production, thereby reducing 

food for brown bears (Costello et al. 2014; Tomback & Achuff 2010).  Finally, as with 

all Asian species, brown bears are frequently harvested for the trade in bear viscera 

particularly along the Russia-China border (Burgress et al. 2014).  Through most of their 

range brown bears are a CITES Appendix II species meaning that commercial trade is 

regulated by CITES; however, in brown bears are Appendix I in Bhutan, China, 

Mongolia, and Mexico, although the Mexican population was extirpated (Miller et al. 

2006). 

 

Polar bear  

Evolution- The evolution of polar bears is a particularly contentious research topic, 

specifically dating of the divergence from brown bears.  The crux of the debate centers on 

the placement of the mitochondrial haplotype, clade 2, which is nested within clade 1 of 
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the brown bear mitochondrial phylogeny (Edwards et al. 2011).  Mitochondrial clade 2 is 

also found in a brown bear population on the ABC Islands of Alaska but not in any other 

brown bear population (Barnes et al. 2002; Waits et al. 1998).  Several research groups 

posited that clade 2 was associated with brown bears and introgressed into polar bears 

near the ABC Islands before fixing within U. maritimus (Hailer et al. 2012; Lindqvist et 

al. 2010; Miller et al. 2012).  However, Cahill et al. (2013) proposed an alternative 

hypothesis: a population of polar bears became isolated on the ABC Islands and male 

mediated brown bear introgression into this population explains both polar bears and 

ABC Island brown bears sharing clade 2 mitochondrial haplotypes.  This hypothesis is 

more parsimonious with the biogeographic distribution of clade 2 allowing circumpolar 

movement of the clade, followed by the formation of a single North American population 

instead of extirpation of clade 2 throughout a Eurasian range expansion (Davison et al. 

2011). 

 

The divergence date between polar and brown bears is important for understanding the 

rate of adaptation to different climatic environments.  Polar bears have several 

adaptations including white fur, lower center of gravity, larger paws, rougher paw pads 

for gripping ice, and the most carnivorous diet within the bears (Liu et al. 2014; Miller et 

al. 2012; Slater et al. 2010; Stirling 2011).  A recent divergence date would suggest that 

mammals will rapidly adapt to climate change, whereas an older divergence date would 

suggest that adaptation is slower.  Estimates for divergence between mitochondrial clades 

1 and 2 vary from 88 to 152 kya (Krause et al. 2008; Lindqvist et al. 2010); while 

estimates in the nuclear genome vary: 343-479 kya (Liu et al. 2014), 603 kya (Hailer et 
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al. 2012), and 4-5 Mya (Miller et al. 2012).  Polar bear divergence timing remains an 

open question as these estimates contradict one another. 

 

Conservation- The IUCN Red List classifies polar bears as vulnerable to extinction with 

decreasing populations across the range (Schliebe et al. 2008).  The unique biology of 

polar bears contributes to the challenge of their conservation.  Polar bears are the most 

carnivorous Ursidae species where seal, whale, and walrus blubber comprise the largest 

portion of their diet followed by fish, ungulates, berries, and birds when available 

(Gormezano & Rockwell 2013; Rode et al. 2010; Thiemann et al. 2008).  Polar bears 

hunt for these high fat species when sea ice is at its greatest extent during North 

American winters, as prey species gather for breeding.  Unlike the hibernating American 

black and brown bears, polar bears hunt in the winter and have a low energetic state in 

the summer, living off their fat stores (Rode et al. 2010).  This biology partially informs 

how the species has come to symbolize a broader political debate regarding climate 

change.  Weak and disjunct sea ice limits polar bears’ access to prey which for some 

individuals means they do not store enough fat to survive summer, or drown while 

hunting off of floes. 

 

The other significant conservation challenge for polar bears is their distribution across the 

Arctic where five countries (the United States, Canada, Denmark, Norway, and Russia) 

all have territory.  While polar bears do have population structure around Hudson Bay, 

movement of individuals between the political borders is not impeded (Peacock et al. 

2015).  Additionally, several indigenous tribes traditionally hunted polar bears for meat 
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and skins; thus legal harvesting agreements with these tribes has been negotiated.  The five 

nations within the polar bear range signed the Agreement on the Conservation of Polar 

Bears in 1973 to limit unregulated trophy hunting and other human activities which had 

reduced population sizes.  Polar bears were listed as threatened under the US Endangered 

Species Act in 2008 and are a CITES Appendix II species. 

 

American black bear  

Evolution- The American black bear evolved in North America following expansion of 

U. abstrusus onto the continent across an Asian land bridge (Kurten & Anderson 1980).  

Previous work based on morphology and geography designated 16 subspecies including: 

U. americanus altifrontalis in British Columbia west of the Rocky Mountains, U. a. 

amblyceps in the southern Rocky Mountains, U. a. americanus found throughout the east, 

central Canada, and Alaska, U. a. californiensis in California, U. a. carlottae on the near 

shore islands of British Columbia, U. a. cinnamomum in the northern Rocky Mountains, 

U. a. emmonsii in Yakutat Bay, Alaska, U. a. eremicus in Sierra Madre Oriental 

Mountains, U. a. floridanus in Florida, U. a. hamiltoni on Newfoundland Island, U. a. 

kermodei along a coastal and near shore island patch of British Columbia, U. a. luteolus 

in Louisiana, U. a. machetes in Sierra Madre Occidental Mountains, U. a. perniger on the 

Kenai peninsula of Alaska, U. a. pugnax on the southern islands of Alaska, and U. a. 

vancouveri on Vancouver Island (Lariviere 2001).  Three mitochondrial lineages have 

been described, A-east in the eastern portion of the range, A-west in the western range, 

and B along the Pacific coast from California to northern British Columbia (Wooding & 
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Ward 1997).  In Chapter 3, I provide the most extensive analysis of nuclear and 

mitochondrial genetic diversity of the species to date. 

 

Conservation- The IUCN Red List classifies American black bears as least concern with 

a population size greater than 1 million animals and either stable or increasing across 

most of the range (Garshelis et al. 2008a).  Despite the large population size, the species 

is still listed as CITES Appendix II due to the similarity of appearance with other bear 

species and high levels of demand for bear viscera in those species.  Due to local small 

population sizes, U. a. eremicus and U. a. machetes were listed as endangered in Mexico 

in 1985, U. a. luteolus was placed on the threatened list under the US Endangered 

Species Act in 1992, and U. a. floridanus was placed on the Florida threatened list in 

1974 but delisted in 2012 (FFWCC 2012).  Finally, U. a. kermodei individuals with white 

pelage have been protected from hunting since the early 1900s (Marshall & Ritland 

2002).  Much of the current conservation concern with American black bears focuses on 

human-bear conflict management particularly as development encroaches on habitat.  In 

the same vein, as carnivore persecution has decreased, local populations have grown and 

expanded their range (Scheick & McCown 2014), again bringing bears and humans into 

broader contact. 

 

Questions answered in this dissertation  

This dissertation focuses on the evolution and conservation of the American black bear.  

In Chapter 2, I focus on the regional population structure of black bears in the Central 

Interior Highlands of North America which include Oklahoma, Arkansas, and Missouri.  
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Following purported extirpation in early 1900s, bears were translocated to the Ozark and 

Ouachita Mountains of Arkansas from Minnesota, USA and Manitoba, Canada (Clark & 

Smith 1994).  I investigated the effect of the translocation on the contemporary genotypes 

and observed first, a signature of admixture between reintroduced bears and genotypes on 

the landscape at the time of translocation, and secondly, strong genetic drift between the 

Ozark and Ouachita populations. 

 

In Chapter 3, I analyze the first range wide phylogeographic dataset using nuclear 

genomic markers for American black bears.  I first describe patterns of nuclear and 

mitochondrial divergence in time and space, then relate the current distribution of genetic 

lineages and nested clusters to range expansion patterns out of glacial refugia.  This 

provides the most comprehensive evaluation of the evolutionary history within the 

species and opens the door for new analyses into adaptive variation across the landscape 

accounting for underlying population structure.  The conservation implications of this 

work include a call to reevaluate subspecies designations. 

 

In Chapter 4, I utilize the range wide data from Chapter 3 for an analysis of spatial 

assignment of samples.  Spatial assignment methods are of great interest to the 

conservation community for the role they may play for understanding the sources of 

illegal trade and distance to market, which may elucidate trade routes (Banks et al. 2015).  

I compare how varying marker type, loci number, and training sample number affect the 

accuracy and precision of natal area estimates.  I observed that dense SNP marker sets 

may overcome small sample sizes; however, microsatellite marker sets uniformly 
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performed poorly which is concerning given that they are the genetic marker of choice 

for most applied conservation studies (Shafer et al. 2015).  This research implies that 

extending these methods to the heavily traded Asian bear species should begin by 

building detailed range wide SNP genotyping panels with greater spatial resolution.  This 

data may also contribute to a better understanding of the evolution of those species, as the 

work in this dissertation draws on the same datasets for insight into both the evolution 

and conservation of the species. 
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Figure 1.1- Geographic distribution of the eight extant Ursidae species, including: the 

giant panda (Ailuropoda melanoleuca, orange and not visible due to small area in China), 

spectacled bear (Tremarctos ornatus, magenta), sloth bear (Ursus ursinus, purple), sun 

bear (U. malayanus, yellow), Asiatic black bear (U. thibetanus, blue), American black 

bear (U. americanus, black), brown bear (U. arctos, brown), and polar bear (U. 

maritimus, white).  
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Figure 1.2- The mitochondrial (left) and nuclear (right) phylogenies for the Ursidae.  The 

bear pictograms were colored similarly to the range map in Figure 1.1, including: the 

giant panda (Ailuropoda melanoleuca, orange), spectacled bear (Tremarctos ornatus, 

magenta), sloth bear (Ursus ursinus, purple), sun bear (U. malayanus, yellow), Asiatic 

black bear (U. thibetanus, blue), American black bear (U. americanus, black), brown bear 

(U. arctos, brown), and polar bear (U. maritimus, grey).  
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Influence of drift and admixture on population structure of American black bears 

(Ursus americanus) in the Central Interior Highlands, USA 50 years after 
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ABSTRACT  

Bottlenecks, founder events, and genetic drift often result in decreased genetic diversity 

and increased population differentiation.  These events may follow abundance declines 

due to natural or anthropogenic perturbations, where translocations may be an effective 

conservation strategy to increase population size.  American black bears (Ursus 

americanus) were nearly extirpated from the Central Interior Highlands, USA by 1920.  

In an effort to restore bears, 254 individuals were translocated from Minnesota, USA and 
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Manitoba, Canada, into the Ouachita and Ozark Mountains from 1958 to 1968.  Using 15 

microsatellites and mitochondrial haplotypes, we observed contemporary genetic 

diversity and differentiation between the source and supplemented populations.  We 

inferred four genetic clusters: Source, Ouachitas, Ozarks, and a cluster in Missouri where 

no individuals were translocated.  Coalescent models using approximate Bayesian 

computation identified an admixture model as having the highest posterior probability 

(0.942) over models where the translocation was unsuccessful or acted as a founder 

event.  Nuclear genetic diversity was highest in the source (AR = 9.11) and significantly 

lower in the translocated populations (AR = 7.07 - 7.34; P = 0.004).  The Missouri cluster 

had the lowest genetic diversity (AR = 5.48) and served as a natural experiment showing 

the utility of translocations to increase genetic diversity following demographic 

bottlenecks.  Differentiation was greater between the two admixed populations than either 

compared to the source, suggesting that genetic drift acted strongly over the eight 

generations since the translocation.  The Ouachitas and Missouri were previously 

hypothesized to be remnant lineages.  We observed a pre-translocation remnant signature 

in Missouri but not in the Ouachitas. 

 

INTRODUCTION  

In North America during the 1800s, human population expansion resulted in local 

extirpation of many native vertebrates (Laliberte & Ripple 2004).  Declining populations 

resulted from direct effects such as harvest for meat, fat, skins, and predator control 

(Larson et al. 2002; Sobey 2007), and indirect effects including habitat destruction and 

fragmentation, changes in food resources, and introduction of diseases (Baker et al. 2008; 
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Miller & Cully 2001).  Translocation is a conservation management tool that may be used 

to supplement (Grenier et al. 2007; Larson et al. 2002) or reestablish (Van Houtan et al. 

2009; Williams & Scribner 2010) populations following declines and have also been used 

to increase genetic diversity of isolated populations (Johnson et al. 2010).  Translocations 

increase populations by increasing the number of reproductively mature adults, especially 

females that may increase the number of births in a population.   

 

Genetic drift may rapidly decrease genetic diversity (Nei & Tajima 1981) following 

abundance declines or founder events (Nei et al. 1975).  Translocation events may act as 

bottlenecks, capturing a subset of the allelic diversity of the source population resulting in 

the loss of low frequency alleles (Garza & Williamson 2001).  Decreased allelic richness 

has been observed in numerous studies of translocated birds and mammals (Groombridge 

et al. 2012; O'Ryan et al. 1998; Pruett & Winker 2005), although researchers have also 

observed no decrease in richness when the source population has few alleles (Hicks et al. 

2007; Larson et al. 2002; Taylor & Jamieson 2008) or the number of founding 

individuals was large (Miller et al. 2009).  Slow population growth following a 

translocation may also contribute to loss of genetic diversity, although supplementing a 

population with individuals over multiple years may decrease loss of genetic diversity 

compared with single translocation events (Wisely et al. 2008). 

 

During the nineteenth and early twentieth centuries, the American black bear (Ursus 

americanus) experienced both overall range contraction and local extirpation (Lackey et 

al. 2013; Laliberte & Ripple 2004; Smith & Clark 1994; Sobey 2007) following human 
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westward expansion.  Currently in the Central Interior Highlands, USA (hereafter CIH), 

black bears occur in most forested habitats including the Ouachita (OU) and Ozark (OZ) 

Mountains (Figure 2.1).  The Ouachitas span Arkansas (AR) and Oklahoma (OK), while 

the Ozarks cross AR, OK, and Missouri (MO).  Both OU and OZ populations were 

considered extirpated by 1920 (Smith & Clark 1994).  The CIH is isolated from other 

suitable bear habitat which may have increased extirpation risk (Yackulic et al. 2011).  

However, reports after 1920 document a limited number of bear sightings in OZ 

including a bear shot in 1931 and a cub shot in 1950 suggesting both low density and 

breeding during this time and not extirpation (Beringer et al. 2008).   

 

In an effort to increase Arkansas’ bear population, the Arkansas Game and Fish 

Commission translocated 254 bears from Minnesota, USA (MN) and Manitoba, Canada 

(MB) from 1958 to 1968 and released them within AR in both OU and OZ (Smith & 

Clark 1994).  Detailed records of the translocation were not recorded including 

information on the number of individuals translocated each year, the source and drop-off 

locations, and the sex and age of translocated individuals.  The AR translocation was 

successful as the population size increased (up to 3,000 bears in 2013; M Means, personal 

communication) in part due to the three factors associated with successful 

reintroductions: use of a large number of animals, use of wild caught individuals, and 

reduction in human persecution as a factor in the original decline (Fischer & 

Lindenmayer 2000).  Additionally, as population size increased in core areas of the 

translocation, bears dispersed and recolonized former habitat throughout the CIH, a trend 

observed throughout the range (Pelton & Van Manen 1994).  Although objective 
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population estimates of bears from OK are not available, their distribution and 

presumably numbers are expanding within the state as of 2013 (Bales et al. 2005).  In 

Missouri, public sightings of bears have increased annually since 1987 (Beringer et al. 

2008) and a recent genetic mark-recapture survey estimated population size between 250 

to 300 individuals within the known breeding range (CM Wilton, personal 

communication). 

 

Due to the history of extirpation and reintroduction, bears have been well studied in the 

CIH as managers measured population density, abundance, and growth rate.  Abundance 

estimates using genetic mark-recapture were completed in OK-Ou, AR-Ou, AR-Oz, and 

MO (Brown 2007; Gardner-Santana 2007; Kristensen 2013).  Additional studies focused 

on population differentiation to determine the effect of the translocation on CIH 

population genetics.  Of particular interest was if CIH subpopulations were significantly 

differentiated from source populations and may represent remnant lineages suggesting 

that the demographic decline resulted in a bottleneck and not extirpation.  Microsatellite 

studies arrived at different interpretations where Csiki et al. (2003) did not observe 

differentiation between OU, OZ, and MN and Warrillow et al. (2001) observed 

differentiation between OZ and MN, each suggesting a strong effect of the translocation 

on the CIH.  Faries et al. (2013) added samples from MO and observed significant 

differentiation between all four areas and suggested the presence of remnant lineages in 

OU and MO.  Van Den Bussche and colleagues (2009) also suggested the presence of a 

remnant lineage in OK-Ou due to exclusive geographic location of two mitochondrial 

haplotypes.  Our study improves on previous work by increasing both sample size and 
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marker number thereby providing more power to detect differences between populations; 

additionally, we used a hypothesis testing framework which had not been applied to this 

system. 

 

Bears in each of the five CIH areas investigated in this study could have been extirpated 

or experienced a bottleneck leaving remnant genotypes in the region.  If bears were 

extirpated, the translocation would have been a founder event in both AR-Ou and AR-Oz.  

We tested three hypotheses about contemporary genetic diversity in the CIH.  First, 

translocated bears did not survive to reproduce and contemporary genetic diversity is a 

product of CIH lineages.  Second, the translocation resulted in admixture between CIH 

and source lineages.  Third, before translocation, bears were extirpated so that the 

reintroduction was a founder event.  Our objectives were to identify the population 

structure of bears in the CIH 50 years following translocation and test for signatures of 

remnant genetic lineages. 

 

MATERIALS and METHODS  

Sample collection  

We obtained black bear samples from seven geographic locations (Figure 2.1, Table 2.1).  

In Minnesota (MN), state agents collected blood samples from denning bears.  Twenty-

nine samples collected from 2006 to 2013 and distributed throughout the range within 

MN were provided for analysis.  Additionally, we obtained small amounts of tissue from 

eight black bear skulls harvested in MN in 1899 and 1900 from the University of 

Wisconsin Zoological Museum.  Provincial wildlife agents collected tissue from hunter 
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harvested individuals in Manitoba (MB) in 2006 and provided nine samples.  Hair 

samples from unique individuals identified during three genetic mark-recapture studies in 

the Arkansas Ouachita Mountains (AR-Ou; 2006-2008), Arkansas Ozark Mountains 

(AR-Oz; 2009-2011), and Missouri (MO; 2011-2012) were included in the analysis.  Hair 

samples in Oklahoma from the Ouachita (OK-Ou; 2010-2011) and Ozark Mountains 

(OK-Oz; 2012) were collected by state personnel from hunter harvested individuals.   

 

DNA extraction  

DNA from blood samples was extracted using the DNeasy Blood and Tissue Kit (Qiagen, 

Valencia, CA) following the manufacturer’s protocol.  DNA from hair samples was 

extracted using InstaGene (BioRad, Laboratories, Hercules, CA) following the protocol 

of Eggert et al. (2005).  DNA from tissue samples including the historic samples was 

extracted using a standard phenol-chloroform protocol (Sambrook et al. 1989).  The 

historic samples were extracted in a separate lab, free of PCR products; all reactions 

using DNA from these samples employed filter tips and were not performed alongside 

contemporary samples. 

 

Microsatellite genotyping  

For genotyping modern samples, we optimized 15 microsatellite loci in two multiplex 

panels; the first panel contained markers G1A, G10B, G10C, G1D, G10L, G10M, and 

G10P (Paetkau et al. 1998) with alternative primer sets detailed in Kristensen et al. 

(2011).  The second panel contained markers G10J, G10O, G10U (Kristensen et al. 2011; 

Paetkau et al. 1998); UarMU05, UarMU10, UarMU23, UarMU59 (Taberlet et al. 1997); 
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and UA-P2H03 (Sanderlin et al. 2009).  Similar to Kristensen et al. (2011), we 

redesigned primer pairs to shorten the microsatellite to increase genotyping efficiency 

from potentially fragmented DNA obtained from hair samples (Table A1.1).   

 

All PCR reactions were performed in a UV-sterilized hood.  Multiplex genotyping 

reactions were performed in 8µL volumes with final concentrations of 1X Multiplex PCR 

Master Mix (Qiagen, Valencia, CA), 0.1 µM of each primer, and 15 ng DNA.  The 

thermocycler settings were: 95°C for 15 min; 40 cycles of 94°C for 30 s, 57°C for 90 s, 

72°C for 60 s; and 60°C for 30 min.  Forward primers were fluorescently labeled with 

6FAM, VIC, NED, or PET (Table A1.1).  Each 96 well plate of samples also contained 

the same positive control (a bear tagged by state agents in MO) and a negative control, 

which were scored alongside samples for each of the three replicate PCR reactions per 

sample.  Products were separated in an ABI 3730 DNA Analyzer at the University of 

Missouri DNA Core Facility (Columbia, MO) and scored against internal lane standards 

(Genescan LIZ 600) in GeneMarker v1.97 (SoftGenetics, State College, PA).  Wildlife 

Genetics International (Nelson, British Columbia, CA) genotyped samples from AR-Ou 

at loci G1A, G10B, G10C, G1D, G10J, G10L, G10M, and G10P.  Four samples were 

genotyped at the same loci at the University of Missouri to calibrate datasets for 

comparison. 

 

Population genetic analyses  

We removed samples from analyses if they genotyped at fewer than 12 loci.  As samples 

from AR-Ou, AR-Oz, and MO were obtained from gridded hair snares which may 
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sample related individuals, we removed one individual from putative parent-offspring 

pairs identified in ML-Relate (Kalinowski et al. 2006).  We used ARLEQUIN v3.5 

(Excoffier & Lischer 2010) to test for deviations from expected heterozygosity values 

under Hardy-Weinberg Equilibrium (HWE; 10
6
 steps in Markov chain and 10

5
 

dememorization steps) and linkage disequilibrium (LD; with 10
4
 permutations) in each 

area.  We applied a Bonferroni correction per locus (α < 0.003) for HWE and over all 120 

pairwise comparisons (α < 0.0004) for LD.  We used Micro-Checker (Van Oosterhout et 

al. 2004) to test for null alleles in each area. 

 

We estimated expected (HE) and observed (HO) heterozygosity, mean number of alleles 

(A), inbreeding coefficients (FIS) at the population and study area levels (20,000 

permutations with RST distance matrix), and pairwise FST in ARLEQUIN v3.5 (Excoffier 

& Lischer 2010).  Mean number of alleles adjusted for sample size (allelic richness, n = 

38) was calculated using FSTAT v2.9.3.2 (Goudet 1995) for the four genetic clusters.  

We tested for differences in allelic richness using a Kruskal-Wallis rank test in R (R Core 

Team 2013) both globally and between all pairwise populations.     

 

We analyzed population structure using the Bayesian assignment software STRUCTURE 

v2.3 (Pritchard et al. 2000).  STRUCTURE assigns proportions of within sample genetic 

diversity to a priori selected genetic clusters (K).  We applied the admixture model and 

correlated allele frequencies options.  We performed 10 repetitions of each independent 

K value between one and eight; burn-in was set to 10
6
 iterations, followed by sampling of 

10
6
 iterations.  Models for the 10 technical replicates were averaged in CLUMPP v1.2 
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(Jakobsson & Rosenberg 2007) and displayed using DISTRUCT v1.1 (Rosenberg 2004).  

We interpreted successive levels of K within the biological and geographic context of our 

system.  Additionally, we calculated the log probability of the data, LnP(K), and rate of 

change in the second order derivatives of the log probability between successive K values 

(ΔK) (Evanno et al. 2005) with the aid of STRUCTURE HARVESTER (Earl & 

vonHoldt 2012).  To test for hierarchical substructure within the data, we analyzed each 

of the four clusters identified in separate STRUCTURE analyses again applying the 

admixture model and correlated allele frequencies options.  We performed five 

repetitions of each K between one and three except for OZ where we also ran at K = 4; 

burn-in was set to 5x10
5
, followed by sampling of 1x10

6
 iterations.  Run averaging, 

display, and summary statistics for each K value were determined as for the full analysis. 

 

We estimated migration between OU and OZ using BayesAss v3.0 (Wilson & Rannala 

2003).  We averaged migration estimates from three repetitions each with a different 

starting seed, run for 10
7
 iterations with the first 10

6
 discarded as burn-in.  We adjusted 

the migration, allele frequency, and inbreeding coefficient mixing parameters to 0.20; this 

resulted in acceptance rates of 0.21, 0.30, and 0.23 for those parameters respectively.  

Convergence was assessed using Tracer (Rambaut & Drummond 2009). 

 

Mitochondrial control region sequencing and analysis  

We redesigned primers (F: 5’-ATGAATCGGAGGRCAACCAG-3’; R: 5’-

CATAGAAACCCCCACAYTTCA-3’) to amplify 566bp of the 3’ end of cytochrome b 

and the control region of the mitochondrion in black bears then trimmed the sequence to 
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the 556bp used in previous studies (Onorato et al. 2004; Van Den Bussche et al. 2009).  

We randomly chose a subset of samples from OU, OZ, and MO for haplotype sequencing 

while sequencing all samples from MB, MN, and historic MN; however, three samples 

from MN amplified poorly and were not sequenced.  Polymerase chain reactions were 

performed in 25µL volumes with final concentrations of 1X AmpliTaq Gold PCR Buffer, 

200 µM dNTPs, 2 mM MgCl2, 0.8 mM BSA, 0.4 µM of each primer, 1U Taq-Gold, and 

15 ng DNA (Life Technologies, Grand Island, NY).  Thermocycler settings were: 95°C 

for 15 min; 35 cycles of 95°C for 60 s, 55.4°C for 60 s, 72°C for 60 s; and 72°C for 10 

min.  Products were sequenced on an ABI 3730 DNA Analyzer at the University of 

Missouri DNA Core Facility.   

 

We aligned our data along with Haps A-M (Van Den Bussche et al. 2009) and Hap4 

(Pelletier et al. 2011) using Geneious v5.5.3 (Drummond et al. 2011).  To assign the new 

haplotypes to clades A-east, A-west, or B (Wooding & Ward 1997), we input sequences 

into MrBayes v3.1 (Huelsenbeck & Ronquist 2001; Ronquist & Huelsenbeck 2003).  

First, we determined that the General-Time Reversible (GTR) plus gamma distributed 

substitution rates was the best-fit model of evolution following comparison to other 

models in FindModel (Tao et al. 2005).  We ran two chains for 10
7
 generations with trees 

sampled every 100 generations.  We assessed convergence of the runs in Tracer, then 

discarded the first 25% of the data as burnin.  We visualized the consensus tree as a 

median-joining network using SplitsTree4 (Huson & Bryant 2006) to assign new 

haplotypes to previously described clades.    We calculated pairwise FST for each area, 
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then population level summary statistics of haplotype (h) and nucleotide (π) frequencies 

in ARLEQUIN.   

 

Population structure analysis with approximate Bayesian computation  

We inferred the demographic history of black bears in the CIH via approximate Bayesian 

computation (ABC) implemented in DIYABC v2 (Cornuet et al. In Press).  Using the 

microsatellite data we tested three models (Split, Admix, and Founder; Figure 2.2) with 

three populations: MB and MN combined into the Source, OU, and OZ.  The Split model 

represents the distribution of genetic diversity had the translocation failed and no Source 

genotypes contributed to contemporary CIH individuals.  In the model, the OU and OZ 

populations merge t1 generations before present and the combined lineage merges with 

the Source t2 generations after t1 (Figure 2.2A).  The population splitting remains in the 

Admix model with the addition of the translocation of individuals from the Source into 

OU and OZ (Figure 2.2B).  Using a generation time of 6.3 years (Onorato et al. 2004), 

we set the admixture event to occur eight bear generations ago or approximately half-way 

through the decade long translocation program.  We allowed the proportion of admixed 

alleles from the Source to vary between OU and OZ (λOU and λOZ) where the proportion 

remaining from CIH lineages was 1-λ.  The Founder model differed from the Admix in 

that we assumed extirpation instead of a bottleneck; therefore, λ equals 1 for both OU and 

OZ (Figure 2.2C).  Alternatively, the Founder model could represent a scenario in which 

bears in OU and OZ before the reintroduction did not contribute to reproduction. 
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We allowed the effective population sizes (Ne) of OU and OZ to vary and assumed they 

have been stable for the past four generations.  Though we believe CIH bear populations 

continue to increase, DIYABC only allows discrete changes in Ne and not population 

growth or decline models.  We modeled a bottleneck 16 generations ago (or 

approximately 1912) in the Split and Admix models.  Further, an additional parameter 

allowed Ne to vary between four and eight generations (post-translocation) in the Admix 

and Founder models. 

 

For each model we simulated 1.5x10
6
 datasets drawing from uniform prior distributions 

of Ne, divergence time, and admixture proportion (Table A1.2).  For each simulation a set 

of summary statistics was calculated to compare to the observed dataset in the model 

selection procedure.  The summary statistics recorded were: mean allelic richness (AR), 

observed heterozygosity (HO), mean allele size variation, pairwise FST (Weir & 

Cockerham 1984), and the genetic distance between two populations (δμ)
2
 (Goldstein et 

al. 1995).   

 

We assumed that microsatellites followed a generalized stepwise mutation model (Estoup 

et al. 2002) with the prior of the mean mutation rate set as a uniform distribution from 10
-

5
 to 10

-3
 (Ellegren 2000).  We allowed microsatellites to vary up to 40 alleles as 

suggested in the DIYABC manual.  All other microsatellite mutation parameters were at 

default settings including: individual locus mutation rate with a gamma distribution from 

10
-5

 to 10
-2

, mean coefficient of the geometric distribution (P) with a uniform distribution 

from 10
-5

 to 30
-1

, individual locus coefficient P with a gamma distribution from 10
-2

 to 
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90
-1

, a mean single nucleotide insertion or deletion (SNI) rate with a uniform log 

distribution from 10
-8

 to 10
-5

, and an individual locus SNI rate with a gamma distribution 

from 10
-9

 to 10
-4

. 

 

To select between the three models, we used DIYABC’s logistic regression.  The 

posterior probability of each model was determined with the 1% (n = 15,000) of 

simulated datasets with the shortest Euclidean distance to the observed dataset in 

multivariate space (Cornuet et al. 2008; Storz & Beaumont 2002).  Since the Admix 

model was highly supported (posterior probability 0.942, Table A1.2) over the Split 

(posterior probability 0.044) and Founder (posterior probability 0.014) models we moved 

forward with parameter estimation of Admix.  To estimate our confidence for support of 

Admix we used DIYABC’s built-in function for estimating type-I and type-II error across 

models (Cornuet et al. 2008).  We simulated 500 pseudo-observed datasets for each 

model where model parameters were drawn from the posterior distributions instead of the 

priors (Cornuet et al. 2010).   

 

We estimated the posterior distributions of θ (= Neμ) and admixture rates under the 

Admix model using a local linear regression of the closest 1% simulated datasets to the 

observed data following logistic transformation of the parameter values (Cornuet et al. In 

Press; Cornuet et al. 2008).   

 

To estimate bias in the parameter estimates we used the built-in function in DIYABC and 

simulated 500 pseudo-observed datasets from the 90% highest posterior density 
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distributions for each parameter under the Admix model.  DIYABC computes the true 

value then compares the estimated values to the variance in the simulated datasets.  We 

report root of the relative mean integrated square error (RRMISE), and average relative 

bias and factor 2 score (which are the proportion of simulated datasets for which the 

estimate is at least half and at most twice the true value where values closer to 1 are 

desirable) of the mode. 

 

RESULTS  

Heterozygosity was similar across all seven study areas although mean number of alleles 

(A) was not (Table 2.1).  Mean number of alleles was 9.33 in the Source (MN and MB 

samples combined) and 8.33 and 8.00 in OU and OZ, respectively.  Missouri had the 

lowest A at 5.00.  We estimated allelic richness for the four clusters and observed 

diversity patterns similar to that of the mean number of alleles (Source = 9.11; OU = 

7.34; OZ = 7.07; MO = 5.48).  The global Kruskal-Wallis test for allelic richness was 

significant (H = 23.5, df = 3, P < 0.0001) and only the pairwise comparison between OU 

and OZ was not significantly different.    Estimates of FIS were 0.055, 0.021, 0.016, and -

0.144 respectively for the Source, OU, OZ, and MO, although no population was 

significantly different (P = 0.263 - 0.930) from the null hypothesis of random mating. 

 

We assessed HWE in each area, including separate analyses for MO and MO-Oz (see 

below), and observed three loci deviated from the null hypothesis at the Bonferroni 

corrected α < 0.003.  In the MO-Oz group, loci G1D and G10U did not conform to 

expectations under HWE, nor did locus UarMU23 in MB.  We observed varying amounts 
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of non-random assortment of alleles between areas (Table A1.3); as there were no 

consistent patterns between geographic areas, we did not exclude any loci from the 

analyses.  The elevated non-random assortment may be due to bottlenecks or admixture, 

both of which were hypothesized for the CIH.  Further, LD decays more slowly when 

admixture events occurred over an extended period (Chakraborty & Weiss 1988), as in 

the 10-year AR-Ou and AR-Oz translocations.  Although Microchecker suggested the 

presence of null alleles (UA-P2H03 and G10O in AR-Ou, G10B in AR-Oz, and MU23 in 

MB), they were not at the same loci between sampling areas; therefore, no loci were 

removed due to null alleles. 

 

Population structure  

Three groups of geographically connected study areas were not significantly 

differentiated from each other at a Bonferonni corrected α < 0.006 (Table 2.2).  We reran 

FST tests following STRUCTURE results, which identified two clusters in MO (detailed 

below) where individual admixture coefficients at K = 3 were used to discriminate 

samples between MO and MO-Oz.  The MB and MN samples (FST 0.015) were 

combined into the “Source,” the AR-Ou and OK-Ou (FST 0.015) were combined into 

“OU,” and the AR-Oz, OK-Oz, and MO-Oz (FST 0.005-0.013) were not differentiated 

(AR and OK samples were combined into “OZ”).   

 

Results from STRUCTURE at successive numbers of genetic clusters reflect the varying 

processes effecting differentiation among populations (Figure 2.3).  Individuals from the 

Ouachitas (OK-Ou and AR-Ou) grouped as one genetic cluster while individuals from the 
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Ozarks (OK-Oz and AR-Oz) grouped as a second cluster; both results support observed 

non-significant FST values (Table 2.2).  The OU and OZ clusters appeared at K = 2 and 

represent the largest separation of the data (Table A1.4).  Recent migration from OU to 

OZ was 0.025 (95% CI = 0.007 – 0.043), and from OZ to OU was 0.014 (95% CI = 

0.0003 – 0.028). 

 

Individuals captured in MO grouped with the Ozarks at K = 2 as expected based on 

geography; however, half of the individuals in MO formed a unique cluster at K = 3 

(Figure 2.3).  The high proportion of OZ genotypes identified in MO would be consistent 

with a population expansion from AR-Oz; therefore, we analyzed the unique MO 

genotypes separately from the Ozark genotypes identified in MO (MO-Oz).  The unique 

MO cluster was significantly different from all other areas in pairwise FST comparisons 

(Table 2.2); therefore, future reference to MO only includes the unique genetic cluster. 

 

The Source formed a unique cluster at K = 4 (Figure 2.3).  At both K = 2 and 3, the 

Source appeared to be admixed between OU and OZ (Figure 2.3).  Given the known 

direction of the translocation, the unique clustering at K = 4 appears more relevant given 

the discontinuous geographic distribution of the study areas (Figure 2.1A).  Additionally, 

unique clustering of the Source at K = 4 reflected both the non-significant FST values 

observed between MN and MB, and the significant differentiation observed with CIH 

populations.  Thus four genetic clusters best represent the population structure within this 

dataset.  We did not observe hierarchical substructure within any of the four clusters 
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(Figure 2.3); additionally, ΔK ranged from 0-95, which in combination with the lack of 

geographic pattern, we considered too low for further clustering. 

 

Mitochondrial haplotype frequencies  

From our sampling of MB, MN (contemporary and historic), OU, and OZ, we identified 

22 haplotypes (Table A1.5), of which 13 were previously undescribed (GenBank 

accessions KJ406324-KJ406336).  We assigned each of the 13 haplotypes to clades based 

on their position within the haplotype network (Appendix 2) that coincided with fixed 

differences between the clades.  A single historic sample from MN assigned to clade B is 

the most eastern longitude ever reported for that clade which Byun et al. (1997) 

hypothesized to have originated on the coastal islands of contemporary British Columbia.  

Sampling areas differed in proportions of clade A-east and A-west haplotypes [so named 

due to their hypothesized location in Pleistocene refugia (Wooding & Ward 1997); Table 

2.3] with the average proportion of A-east haplotypes equal to 0.40, 0.77, 0.73, and 0.03 

in contemporary samples of the Source, OU, OZ, and MO areas, respectively.  The 

haplotype network was distinguished by the location of high frequency haplotypes (HapB 

and E, both in CIH and Source) occupying internal nodes in clades A-east and A-west.  

Lower frequency haplotypes appeared at the tips of the network and suggest newer 

mutations derived from haplotypes occupying internal nodes (Appendix 2).  The highest 

frequency haplotypes in OU and OZ were HapB, F, H, and E, while the highest 

frequencies in the Source were HapB, T, and Y (additionally HapF, X, and E were high 

frequency in geographically adjacent Ontario, Table A1.5). 
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Haplotypic diversity mirrored nuclear genetic diversity.  Specifically, the source areas 

(contemporary and historic) had the highest haplotypic diversity (0.837-0.944; Table 2.3) 

while CIH subpopulations had moderate diversity (OU = 0.660; OZ = 0.513).  

Individuals captured in Missouri that clustered with OZ genotypes had diversity (0.695) 

similar to OZ.  Haplotypic diversity of the individuals assigned to MO was 0.054 where 

most individuals shared HapE, a single individual whose nuclear genome assigned half to 

MO and half to OZ had HapB.   

 

Population modeling  

The demographic model accounting for admixture (Admix) was the best supported model 

in a logistic regression of posterior probabilities (0.942) comparing the 1% of datasets 

closest to the observed data for each model.  None of the simulated summary statistics 

were significantly different (P = 0.140-0.629) from the observed data.  We calculated the 

empirical type I error of the Admix model at 3.8%.  Combining all simulations under the 

two alternative models (n = 1,000), we calculated the type II error at 1.3%. 

 

We estimated the parameters θ and λ of the model using the 1% of simulated datasets 

closest to the observed data in multivariate space (Table 2.4).  We estimated 

contemporary Ne of OU, OZ, and Source to be 382, 193, and 19,600 individuals 

respectively.  The model estimated Ne historically (OU = 2,320, OZ = 7,580), following 

the bottleneck (OU = 29, OZ = 111), and following the translocation (OU = 27, OZ = 21).  

The bias estimates suggested that Ne was underestimated (except historic Ne of OU which 

was overestimated; Table 2.4).  This was not unexpected because effective population 
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size is the geometric mean of a population over time.  As DIYABC does not model 

continuous population growth, we expected point estimates of Ne over multiple 

generations to be underestimated.  The admixture rates for OU and OZ were 0.863 and 

0.638, respectively, and were not biased (Table 2.4).   

 

DISCUSSION  

Decreased genetic diversity in reintroduced populations  

Our results support the hypothesis that black bears in the CIH were not extirpated but 

underwent a bottleneck in the early 1900s before occurring at low densities.  We also 

observed lower genetic diversity at nuclear and mitochondrial markers in OU and OZ 

compared to the Source.  Population genetic theory predicts a loss of genetic diversity 

following bottleneck and founder events (Nei et al. 1975).  Reintroduced populations 

often experience both events, as a population goes through a demographic bottleneck 

resulting in reduced Ne of the remnant population before low population size prompts 

management action for a translocation, which may also function as a bottleneck moving a 

subset of the source population’s alleles.  In a survey of genetic diversity in translocated 

populations, approximately half of the reviewed studies reported decreased diversity in 

the translocated compared to the source population (Groombridge et al. 2012).  Rapid 

population expansion and a large number of translocated individuals were associated with 

no difference in diversity between translocated and source populations (Groombridge et 

al. 2012).  While these latter attributes describe the CIH translocation, this system was 

also characterized by high diversity in the Source, an attribute associated with the loss of 

genetic diversity following translocation bottlenecks.  These results highlight the 
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interplay of variables in translocation design, some of which managers may control (i.e.- 

using a genetically diverse source, removal of pressure for population decline) while 

others may be beyond direct management control (i.e.- rate of population growth, 

immigration).  We expected genetic diversity in OU and OZ to be higher because 

contemporary diversity resulted from admixture, thereby combining remnant and 

translocated alleles.  Low frequency alleles may have been lost from remnant and source 

lineages due to their respective demographic and translocation bottlenecks. 

 

The MO genetic cluster offers a natural experimental comparison of expected genetic 

diversity had the translocation not taken place.  We hypothesize that bears in the Ozark 

Mountains were separated into at least two habitat patches during the demographic 

bottleneck of the 1900s, where the MO patch was isolated from other Ozark patches 

(Appendix 1 and Figure A1.1).  The unique MO cluster had an allelic richness with 3.6 

fewer alleles per locus than the Source, while average allelic richness in the admixed (OU 

and OZ) populations was 1.9 fewer alleles per locus than the Source.  We do not know 

the number of alleles in the CIH before the demographic bottleneck nor what that 

parameter would be if the translocation were a founder event rather than an admixture 

event.  However, the presence of more alleles in OU and OZ than in MO, where 

management action was not taken, illustrates the utility of translocations for increasing 

genetic diversity despite the loss of some alleles due to the translocation bottleneck. 
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Genetic drift in reintroduced populations  

Genetic drift was the strongest evolutionary force in the CIH following the translocation.  

Two lines of evidence support this; first, FST values between the Source and either OU or 

OZ (0.046-0.056; Table 2.2) were approximately half those between OU and OZ (0.080-

0.093).  Thus, differentiation was greater between the geographically adjacent OU and 

OZ subpopulations than between those subpopulations and the Source, despite the Source 

contributing the majority of genetic diversity during the admixture event (λOU = 0.863, 

λOZ = 0.638).  Other mammalian studies where multiple reintroductions used the same 

source population also observed drift and significant FST differentiation between 

reintroduced populations (Biebach & Keller 2009; Hicks et al. 2007; Wisely et al. 2008).  

We observed drift eight generations after the translocation, a similar time frame to the 10, 

6.5, and 5 to 18 generations (depending on when reintroduction occurred) generations 

observed in Alpine ibex (Biebach & Keller 2009), black footed ferrets (Wisely et al. 

2008), and elk (Hicks et al. 2007), respectively.  We believe this effect was due to the 

stochastic distribution of alleles between AR-Ou and AR-Oz so that following the 

translocation allele frequency distributions were already divergent.  Drift exacerbated 

these differences so that OU and OZ were less similar to each other than each 

subpopulation was to the Source.  The magnitude of θ for OU and OZ suggest similar 

levels of drift since the translocation in contrast to θSource which was two orders of 

magnitude greater than in the CIH suggesting limited drift in the Source and allele 

frequencies similar to those when the translocation occurred.  Migration between 

populations can decrease the effects of drift due to gene flow (Le Corre & Kremer 1998); 

however, the CIH contains three potential partial barriers: the Arkansas River, 
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discontinuous forest habitat in the river valley, and US Interstate-40.  We hypothesize 

that these partial barriers kept gene flow low between OU and OZ (1.4 to 2.5% per 

generation), and that gene flow may be lower than historic levels following construction 

of the AR portion of US Interstate-40, which was constructed between the early 1960s 

and 1973 (AHTD 2004). 

 

Second, we observed a false signature of admixture within the Source at two and three a 

priori genetic clusters (Figure 2.3).  Biebach and Keller (2009) also observed the source 

population clustering as admixed when it produced the founding individuals for three 

captive breeding programs which subsequently reintroduced Alpine ibex throughout 

Switzerland.  The north central bear range where MB and MN are located contains 

continuous habitat and our estimate of the genetic distance between them suggests they 

represent a single bear population (Table 2.2).  At four a priori clusters, the Source 

formed a unique cluster where individual-level genetic diversity was not partitioned 

between OU and OZ.  We believe this pattern represents the history of these populations, 

specifically that the Source represents a single cluster of genetic diversity that was 

partitioned during the translocation (observed at K = 3, Figure 2.3).  The subsequent 

influence of genetic drift in OU and OZ resulted in clusters distinct from the Source.  We 

hypothesize that identity by descent and few mutations since the translocation created 

both the admixture pattern in the Source at K = 3 as well as the assignment of individuals 

to the Source despite collection in the OU and OZ subpopulations at K = 4.   
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Remnant genetic lineages in the Central Interior Highlands  

We observed that genetic differentiation in both OU and OZ was strongly influenced by 

the translocation.  Csiki et al. (2003) did not observe differentiation between OU, OZ, 

and Source and interpreted that as a signature of the translocation, while Warrillow et al. 

(2001) only observed differentiation between OZ and the Source.  Additionally, we did 

not observe that OU contained remnant lineages as hypothesized based upon 

mitochondrial (Van Den Bussche et al. 2009) and nuclear (Faries et al. 2013) markers.  

Van Den Bussche et al. (2009) used the exclusive presence of HapF and H in OU and OZ 

to propose remnant bear lineages persisted through the bottleneck; however, Pelletier et 

al. (2011) observed a high frequency of HapF in Ontario, a province adjacent to MB and 

MN.  We would expect high frequency haplotypes in the source to also be high frequency 

in the translocated individuals.  We propose that contemporary high frequencies of HapF 

in the CIH may be a result of the translocation and not a unique lineage.  Similarly to Van 

Den Bussche et al. (2009), we also observed CIH specific haplotypes (H, V, and W; 

Table A1.5).  Each CIH specific haplotype was at the tip of either the A-east or A-west 

clade within the haplotype network (Appendix 2).  While these CIH specific haplotypes 

have not been observed in northern localities, we cannot determine whether these 

haplotypes are remnant within CIH, recent mutations following translocation of common 

haplotypes to CIH, or introduced during the translocation.  Extensive geospatial sampling 

may identify CIH specific haplotypes across a broader scale.  Faries et al. (2013) 

observed microsatellite differentiation between OU and Source and also interpreted it as a 

remnant signal.  We suggest that the increased number of loci and samples in this study 

increased the power to differentiate between subpopulations and that genetic diversity in 
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OU is a product of the translocation and genetic drift.  Even if unique CIH alleles persist 

on the landscape today, the strong influence of the admixture event (λOU = 0.863) 

suggests that remnant and Source lineages have been thoroughly mixed. 

 

We were unable to differentiate between alternative hypotheses regarding when the 

unique MO cluster arose in CIH (Appendix 1).  The remnant status of MO is dependent 

on whether “remnant” is defined as before the translocation of bears from the Source or 

before European settlement.  The distinctiveness of the MO cluster was driven by low 

genetic diversity and not private alleles; further the MO cluster was nested within the OZ 

cluster (Figure 2.3) suggesting that MO represents the diversity of the Ozarks before the 

translocation albeit having gone through a severe demographic bottleneck and sustained 

low Ne.  Our data were unable to determine if MO and OZ were separate subpopulations 

before human settlement.  There are no obvious physical barriers between the OZ and 

MO clusters that suggest a geographic hypothesis for two clusters within the Ozark 

Mountains.  Additionally, the recolonization of southern MO by bears with OZ genotypes 

suggests that the species is capable of dispersal within the mountains.  If we assume that 

habitat fragmentation from the late 1800s to the present is greater than pre-settlement 

fragmentation, it would suggest a single subpopulation existed in the Ozarks before 

European settlement. 

 

Conclusions  

Our results suggest that three management actions could benefit black bears in the 

Central Interior Highlands.  First, it may be beneficial for state agencies in Arkansas, 
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Oklahoma, and Missouri to work together to unify bear management decisions.  While 

habitat availability and bear densities may vary between study areas, it is clear that 

subpopulations in OU and OZ cross state boundaries.  Collaborative management among 

state agencies could help ensure that gene flow continues within and among 

subpopulations and future barriers (e.g. roads) are avoided or mitigated.  Second, our data 

do not support designation of OU or OZ genetic clusters as remnant lineages of the pre-

translocation population; however, MO may represent a remnant lineage albeit with 

reduced genetic diversity compared to the population before the demographic bottleneck.  

Protection afforded to subpopulations may be made based on population size or resource 

availability (e.g. differential management in low mast or drought years), but Source 

lineages have been thoroughly mixed in OU and OZ and genetic diversity is low in MO, 

thereby removing truly remnant lineages from the landscape.  Third, breeding between 

MO and MO-Oz could improve genetic diversity in the current MO cluster over time.  

Potential barriers that reinforce separation between MO and MO-Oz could be identified 

and alleviated to accelerate gene flow. 
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Figure 2.1- (A) Map of American black bear distribution (green) in central North 

America with names of the states (Oklahoma, OK; Arkansas, AR; Missouri, MO; 

Minnesota, MN) and provinces (Manitoba, MB; Ontario, ON) discussed in this paper.  

The grey box delineates the inset map (B) with the Ouachita (OU, purple) and Ozark 

(OZ, pink) land features and the five study areas of the CIH: OK-Ou, AR-Ou, OK-Oz, 

AR-Oz, and MO.  Sampling locations were colored according to assignment of the four 

genetic clusters identified in Figure 2.3.  
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Figure 2.2- Three models of population divergence (A), divergence with admixture (B), 

or founding events (C) tested in DIYABC with variable effective population (Ne) sizes.  

The black bar indicates the number of generations from the present (t = 0) where 

demographic events were modeled, including: t = 4 current Ne; t = 8 admixture or 

founding events of Source into OU and OZ; t = 16 population bottlenecks in OU and OZ; 

t1 the estimated time since divergence of the Central Interior Highlands (OU and OZ) 

populations; and t2 the time between divergence of CIH and Source.  The admixture 

parameters (λOU and λOZ) relate to the proportion of admixture coming from the Source.  
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Figure 2.3- Admixture coefficients of individual black bears from eight study areas (as 

abbreviated in Table 2.1) assigned between an a priori number of genetic clusters (K).  

The top three rows reflect the full analysis, while the bottom five rows reflect 

independent analyses within each of the four clusters identified in the full analysis.  
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Table 2.1- Sample size (n), mean number of alleles (A), expected (HE) and observed 

(HO) heterozygosity, and inbreeding coefficient (FIS).  Genetic data were calculated with 

15 microsatellite loci in seven study areas. 

                

Population Abbreviation n A HE HO FIS 

Source Source 38 9.33 0.7980 0.7929 0.055 

 
Manitoba MB 9 6.80 0.8196 0.8148 0.025 

 
Minnesota MN 29 8.40 0.7857 0.7862 0.073 

Ouachitas OU 135 8.33 0.7380 0.7331 0.021 

 
Oklahoma OK-Ou 57 7.33 0.7387 0.7350 -0.101 

 
Arkansas AR-Ou 78 7.73 0.7277 0.7317 0.095 

Ozarks
1
 OZ 115 8.00 0.7764 0.7790 0.016 

 
Oklahoma OK-Oz 17 6.13 0.7748 0.8000 -0.109 

 
Arkansas AR-Oz 98 7.87 0.7756 0.7754 0.062 

 
Missouri

2
 MO-Oz 28 7.40 0.7819 0.7689 -0.076 

Missouri
3
 MO 39 5.00 0.6752 0.7767 -0.144 

1
- Combined Ozark cluster only includes samples from AR and OK. 

2
- Samples collected in Missouri and clustered with the Ozark cluster at K = 3 (see Figure 

2.3). 
3
- Samples collected in Missouri and clustered as their own genetic cluster at K = 3 (see 

Figure 2.3). 
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Table 2.2- Pairwise FST based on genotypes of 15 microsatellite loci (below diagonal) and mitochondrial haplotypes (above diagonal) 

of black bears from historic (MN-H) and contemporary study areas (abbreviations as in Table 2.1).  Significant values following 

Bonferroni correction (P < 0.006) are in bold.  

                    

  MB MN MN-H OK-Ou AR-Ou OK-Oz AR-Oz MO-Oz MO 

MB  -  0.032 0.155 0.692 0.130 0.680 0.436 0.063 0.288 

MN 0.015  -  0.155 0.496 0.033 0.510 0.302 0.022 0.401 

MN-H n/a n/a  -  0.441 0.149 0.377 0.269 0.135 0.601 

OK-Ou 0.046 0.047 n/a  -  0.414 0.473 0.216 0.423 0.931 

AR-Ou 0.055 0.048 n/a 0.015  -  0.463 0.206 -0.023 0.530 

OK-Oz 0.047 0.056 n/a 0.086 0.093  -  0.072 0.436 0.953 

AR-Oz 0.047 0.056 n/a 0.080 0.093 0.005  -  0.187 0.786 

MO-Oz 0.050 0.053 n/a 0.084 0.094 0.013 0.006  -  0.471 

MO 0.104 0.117 n/a 0.139 0.134 0.077 0.077 0.069  -  
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Table 2.3- Summary statistics of mitochondrial haplotypes in Source (Manitoba and 

Minnesota), Central Interior Highlands (Ouachitas, Ozarks, and Missouri), and historic 

(Minnesota) areas with sample size (n), proportion of clade assignment, haplotype 

diversity and standard deviation (h), and nucleotide diversity and standard deviation (π).  

                  

  
Proportion 

    
  n A-east A-west B h hsd π πsd 

Ontario
1
 660 0.39 0.61 0.00 0.691 0.071 0.015 0.008 

Manitoba 9 0.22 0.78 0.00 0.944 0.070 0.007 0.005 

Manitoba
2
 20 0.15 0.85 0.00 0.858 0.042 0.006 0.003 

Minnesota 26 0.46 0.54 0.00 0.837 0.039 0.008 0.004 

Minnesota
2
 6 0.83 0.17 0.00 0.333 0.215 0.001 0.001 

MN-Historic 8 0.63 0.25 0.13 0.929 0.084 0.018 0.011 

Ouachitas 52 0.77 0.23 0.00 0.660 0.033 0.006 0.004 

Ouachitas
2
 114 0.84 0.16 0.00 0.438 0.050 0.004 0.003 

Ozarks 27 0.89 0.11 0.00 0.513 0.090 0.005 0.003 

Ozarks
2
 11 0.64 0.36 0.00 0.618 0.104 0.008 0.005 

Missouri-

OZ 
21 

0.52 0.48 0.00 
0.695 0.070 0.008 0.004 

Missouri 37 0.03 0.97 0.00 0.054 0.051 0.001 0.001 
1
- Data from Pelletier et al. (2011). 

2
- Data from Van Den Bussche et al. (2009) with MN summary statistics adjusted for six 

individuals reported in original table. 
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Table 2.4- Demographic parameter estimates (mode and 90% highest posterior density, HPD) from posterior distributions modeled 

under Admix.  Estimates of bias include root of the relative mean integrated square error (RRMISE), average relative bias and factor 2 

score of the mode of the posterior distribution.  Parameters include theta (θ = Neμ) for varying segments of the population history, 

divergence time (τ = tμ), admixture rate from the Source (λ), and microsatellite mutation rate (μ).  

 

          

Parameter Mode 90% HPD RRMISE 

Average 

Relative 

Bias Factor 2 

θOU 5.70x10
-2

 2.17x10
-2

-2.23x10
-1

 1.558 -0.114 0.632 

θOZ 2.88x10
-2

 1.71x10
-2

-2.21x10
-1

 1.674 -0.189 0.550 

θSource 2.92x10
0
 1.73x10

0
-8.50x10

0
 0.792 -0.008 0.900 

θOU-Post-translocation 4.02x10
-3

 4.22x10
-3

-3.59x10
-2

 2.419 -0.112 0.696 

θOZ-Post-translocation 3.17x10
-3

 2.15x10
-3

-1.91x10
-2

 3.299 -0.039 0.730 

θOU-Bottleneck 4.32x10
-3

 4.95x10
-3

-2.26x10
-1

 3.798 -0.306 0.276 

θOZ-Bottleneck 1.65x10
-2

 7.75x10
-3

-2.38x10
-1

 3.025 -0.422 0.266 

θOU-Historic 3.46x10
-1

 1.00x10
-1

-2.81x10
0
 3.845 0.302 0.508 

θOZ-Historic 1.13x10
0
 3.41x10

-1
-4.32x10

0
 1.048 -0.101 0.672 

λOU 0.863 0.587-0.948 0.173 0.027 1.000 

λOZ 0.638 0.361-0.838 0.283 0.064 0.994 

τ1 5.79x10
-1

 2.19x10
-1

-2.82x10
0
 2.325 -0.354 0.398 

τ2 1.82x10
0
 1.67x10

0
-5.64x10

0
 0.877 -0.064 0.772 

μ 1.49x10
-4

 8.87x10
-5

-3.97x10
-4

 0.651 0.017 0.936 
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ABSTRACT  

Studies of species with continental distributions continue to identify intraspecific lineages 

despite continuous habitat.  Lineages may form due to isolation by distance, adaptation, 

divergence across barriers, or genetic drift following range expansion.  We investigated 

lineage diversification and admixture within American black bears (Ursus americanus) 

across their range using 22k SNPs and mitochondrial DNA sequences.  We identified 

three subcontinental nuclear clusters which we further divided into nine geographic 

regions: Alaskan (Alaska-East), eastern (Central Interior Highlands, Great Lakes, 

Northeast, Southeast), and western (Alaska-West, West, Pacific Coast, Southwest).  We 

estimated that the western cluster diverged 67 kya, before eastern and Alaskan 

divergence 31 kya; these divergence dates contrasted with those from the mitochondrial 

genome where clades A and B diverged 1.07 Mya, and clades A-east and A-west 

diverged 169 kya.  We combined estimates of divergence timing with hindcast species 

distribution models to infer glacial refugia for the species in Beringia, Pacific Northwest, 

Southwest, and Southeast.  Our results show a complex arrangement of admixture due to 

expansion out of multiple refugia.  The delineation of the genomic population clusters 

was inconsistent with the ranges for 16 previously described subspecies.  Ranges for U. 



63 
 

a. pugnax and U. a. cinnamomum were concordant with admixed clusters, calling into 

question how to order taxa below the species level.  Additionally, our finding that U. a. 

floridanus has not diverged from U. a. americanus also suggests that morphology and 

genetics should be reanalyzed to assess taxonomic designations relevant to the 

conservation management of the species.   

 

INTRODUCTION  

Generalist species may occupy continental distributions as they can utilize a variety of 

resources.   

Studies of genetic lineages within continentally distributed generalists have identified 

multiple broadly geographically distributed lineages even when ranges were continuous 

(Burbrink, et al. 2008; Reding, et al. 2012).  This raises questions about how lineage 

diversification, or population structure at a finer geographic scale, arises in continuous 

habitat.  Hypotheses that explain lineage divergence for continuously distributed species 

include dispersal limitation and isolation by distance (Platt, et al. 2010), local adaptation 

(Richardson, et al. 2014), divergence across barriers (Sacks, et al. 2005), and genetic drift 

following range expansion (Hallatschek, et al. 2007; Hofer, et al. 2009). 

 

Given the strong influence of Pleistocene (2.6-0.012 Mya) glacial cycles on species 

distributions, many continentally distributed species have endured one or more range 

contraction and expansion events.  Ice sheets covered northern North America during the 

Last Glacial Maximum (LGM; 22-18 kya), meaning that species with present day 

distributions across modern Canada necessarily had to contract into refugia before 
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recolonizing.  Generally, refugial areas have higher genetic diversity than expansion 

areas due to the compression of diversity into a limited portion of the range while 

expansion areas only receive a subset of the refugial diversity reaching the range front 

(Austerlitz, et al. 1997; Hewitt 1999); however, admixture following lineage 

diversification also produces a signature of high genetic diversity (Petit, et al. 2003).  

Additionally, range contraction and expansion should, respectively, decrease and increase 

effective population size (Ne) thereby influencing genetic drift and differentiation (Li and 

Durbin 2011). 

 

We examined lineage diversification in the American black bear (Ursus americanus), a 

forest generalist with a continental distribution (Figure 3.1).  Black bears are endemic to 

North America and estimated to have speciated 1.8 – 1.2 Mya (Kurten and Anderson 

1980).  Three hypotheses regarding black bear phylogeography have been proposed 

based on mitochondrial data.  Wooding and Ward (1997) and Byun et al. (1997) each 

identified two clades: A and B (where Byun et al. named the clades continental and 

coastal, respectively).  Within Wooding and Ward’s data, clade A further separated in 

geographic space into eastern and western clades.  The authors agreed that the refugium 

for clade A was located in the eastern broadleaf forests; however, they disagreed in the 

placement of the refugium for clade B.  Wooding and Ward (1997) hypothesized the 

location in the coniferous forests along the Pacific coast while Byun et al. (1997) 

hypothesized it was located on the near shore islands or continental shelf off modern day 

British Columbia.  Neither hypothesized specific refugial locations for clades A-east and 

A-west, in part because the clades were not recognized as being distinct.  The third 



65 
 

hypothesis proposed that the Sierra Madre Mountains served as a glacial refugium from 

which bears dispersed north following deglaciation (Varas-Nelson 2010).  This 

hypothesis was based upon a high frequency of A-west haplotypes in Arizona and 

northern Mexico and contemporary distribution of those haplotypes north of the author’s 

southwestern study area.  In this study, we employ both nuclear and mitochondrial data to 

resolve both the number of lineages and refugial locations.  Nuclear markers may delimit 

intraspecific lineages at a finer resolution than mitochondrial haplotypes and provide 

multiple realizations of the coalescent process to estimate variation in population genetic 

parameters (Edwards and Bensch 2009; Wu and Drummond 2011).  Thus, identification 

of intraspecific lineages may lead to a more detailed understanding of population genetic 

and phylogeographic processes. 

 

Sixteen black bear subspecies were named between 1790 and 1957 (Lariviere 2001).  

Many were based on small differences in cranial morphology that may be the result of 

natural variation.  Incongruence between subspecies designations and genetics has been 

observed in multiple taxa, specifically where there were more described subspecies than 

genetic lineages (Zink 2004; Torstrom, et al. 2014).  We sampled individuals across eight 

of the subspecies ranges to identify intraspecific lineages in the nuclear genome and 

compare their spatial distribution to lineages detected in the mitochondrial genome.  We 

combined species distribution modeling and estimates of divergence times in a 

phylogeographic analysis to infer locations of glacial refugia to compare to previous 

hypotheses. 

 



66 
 

MATERIALS and METHODS  

Sample collection  

Samples were collected throughout the range by US state and Canadian provincial 

wildlife managers, university researchers, or private guides.  Most samples were from 

hunter harvested individuals with a limited number from road kills or nuisance bears 

euthanized by wildlife agents.  Blood samples from live individuals were collected in 

Minnesota and Alaska-Kenai; hair samples were collected from live individuals in 

Ontario.  We combined these samples (n = 439) with those collected in Missouri (n = 67), 

which formed two clusters Ozark Mountains (OZ) and remnant Missouri (MO) as 

described in Puckett et al. (2014).  We designate the combined OZ and MO samples as 

the Central Interior Highlands (CIH) samples, as the CIH represents the mid-continental 

Ozark and Ouachita Mountains.  Samples were collected between 2010 and 2013 (Table 

A3.1). 

 

A geographic location was reported with each sample; however, locations varied in 

accuracy from GPS coordinates of harvest or den location to the county or state 

delineated management unit from which the bear was sampled.  When a GPS location 

was not provided, we created a coordinate by placing a point in a random direction of the 

nearest town or creek provided as the harvest location.  When only a county or 

management unit was provided, the center point of the polygon was used as the sample 

location. 
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DNA extraction, RAD sequencing, and SNP calling  

Tissue specific DNA extraction and microsatellite genotyping (Appendix 1) followed the 

protocols of Puckett et al. (2014).  We selected 95 tissue or blood samples from across 

the geographic range for restriction-site associated DNA (RAD) sequencing.  We 

prepared RAD-Seq libraries with up to 100ng of genomic DNA from each sample and 

one negative control made up of water following the protocol described in Ruiz-Lopez et 

al. (Accepted).  Briefly, samples were digested with SbfI before ligation of the P1 adapter 

(Etter, et al. 2011; Ruiz-Lopez, et al. Accepted).  We pooled 24 samples each in 4 sub-

libraries, inputting proportionally more of the reaction if less than 100ng of DNA was 

used in the digestion, before shearing in a Bioruptor for 6 minutes to obtain fragments 

with an average size of 500bp.  Following end repair we ligated the P2 adapter before 14 

cycles of PCR amplification (Etter, et al. 2011).  We normalized the size of the library 

fragments using AMPure XP beads (Agencourt), pooled the sub-libraries based on yield 

and sequenced the library on two lanes of an Illumina HiSeq at the University of Oregon 

Core facility. 

 

We processed the raw reads in STACKS v1.09 (Catchen, et al. 2013).  To assess the 

number of mismatches allowed both within an individual and between loci when building 

RADtags (-M and -n flags respectively), we processed two samples under a number of 

scenarios and compared the number of RADtags that formed as de novo loci versus those 

that mapped to the polar bear (U. maritimus) genome (Liu, et al. 2014) as detailed in 

Catchen et al. (2013).  We first assessed the M parameter by holding n constant at two 

while varying M between two and five.  We observed a decrease in the overmerged 
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RADs at M = 3 and no improvement using higher M values.  Therefore, we selected M = 

3 for both the final RAD processing and as the constant level when we allowed n to vary 

between zero and two.  At n = 2 there were the fewest overmerged RADs; therefore, we 

retained that parameter for the full processing.  We used the BioCluster maintained by the 

Informatics Research Core Facility at the University of Missouri to process RADtags first 

by mapping reads to the polar bear genome using Bowtie v0.12.7 (Langmead, et al. 2009) 

before running the ref_map.pl script within the STACKS software.  Following 

processing, we filtered tags to the set with one SNP and two alleles, where at least 85 

bears were genotyped for each SNP.  This resulted in 31,447 SNPs that mapped to 505 

scaffolds of the polar bear genome.  We selected scaffolds with at least 125 SNPs (81 

scaffolds with 21,995 SNPs) for population genomic analyses. 

 

Population genomic analyses  

We used CHROMOPAINTER v0.0.4 and FINESTRUCTURE v0.0.2 to estimate the 

number of populations across the geographic range (Lawson, et al. 2012).  Data was first 

phased and imputed using fastPHASE v1.2 (Scheet and Stephens 2006) for each scaffold.  

We estimated the recombination rate between each SNP on a chromosome using the 

makeuniformrecfile.pl script accompanying the CHROMOPAINTER software.  We ran a 

preliminary run of CHROMOPAINTER on each scaffold with nine samples and 10 E-M 

iterations; estimates of Ne and mutation rate were averaged using the neaverage.pl script.  

CHROMOPAINTER was run independently on each scaffold using the estimated 

parameters for Ne (1,913) and mutation rate (0.000416) with no donor samples identified 

and 10 iterations maximized over both Ne and mutation rate.  Output between scaffolds 
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was combined with ChromoCombine before analysis in FINESTRUCTURE where 

following 5x10
5
 burnin iterations, 5x10

5
 iterations were run sampling every 10

3
 iteration; 

we observed stability for each parameter for which a trace file was produced.  The 

FINESTRUCTURE tree was produced using the full hill climb setting with 5x10
4
 

iterations.  We observed the first two axes of variation from a principal component 

analysis (PCA) calculated within FINESTRUCTURE.  We identified populations as the 

branches from the FINESTRUCTURE tree without polytomies; these appear in the heat 

map as the samples that lie along the diagonal with equal coancestry values as adjacent 

samples.  We collapsed the populations into nine geographic regions using both deeper 

branches in the FINESTRUCTURE tree and our knowledge of habitat connectivity 

within the species.  Differentiation in the nine regions was quantified in ARLEQUIN 

v3.5.1.3 (Excoffier and Lischer 2010).  Finally, three subcontinental clusters were 

inferred both from the FINESTRUCTURE tree and heat map, where clusters 

encompassed one or more geographic regions. 

 

We also estimated mitochondrial diversity by sequencing 556bp (3’ Cytochrome b and 

control region) on a subset of samples (n = 402) from across the range similarly to 

Puckett et al. (2014).  We aligned sequences with U. americanus haplotypes A-Z 

(Onorato, et al. 2004; Van Den Bussche, et al. 2009; Puckett, et al. 2014) before 

identifying haplotypes using COLLAPSE v1.2 (Posada 2004).  We visualized haplotypes 

with SPLITSTREE v4 (Huson and Bryant 2006), then assigned to clades based on their 

position in the network.  We estimated haplotype (h) and nucleotide (π) diversity, and 
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differentiation where samples were assigned to the approximate geographic group as 

identified from the nuclear data in ARLEQUIN. 

 

Nuclear divergence modeling  

Using the regional clusters inferred above (excluding AK-West and Pacific Coast due to 

small sample sizes), we inferred admixture using MIXMAPPER v2 (Lipson, et al. 2013; 

Lipson, et al. 2014) with the following parameters: to compute moment stats we used 

1,000 bootstrap replicates over 50 blocks, to compute most additive trees we used 10,000 

data subsets, and for each admixture analysis we ran 500 replicate trees.  The three 

population test (Patterson, et al. 2012) identified three regions with significant admixture.  

MIXMAPPER then inferred drift distances of the four source regions, the sources and 

admixture proportions for each admixed region, and the drift distance for the admixed 

regions. 

 

We estimated the timing of divergence from the inferred drift units and Ne using the 

equation from Lipson et al. (2013): 

𝐷 ≈  1 − 𝑒𝑥𝑝−
𝑡

2𝑁𝑒  

As there was not a linkage map available for bears, the LD based methods to estimate 

admixture timing were inappropriate for this dataset.  Additionally, the small sample size 

for each group in the SNP dataset appeared to bias downwards estimates of Ne; therefore, 

we utilized the microsatellite dataset with much larger sample sizes to estimate Ne.  We 

estimated Ne for each group independently by simulating 10
6
 datasets in DIYABC v2.0.3 

(Cornuet, et al. 2014).  Since structured populations will bias Ne estimates upwards, we 
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allowed population structure, inferred by state or province of the sampling location, 

within each model.  A uniform prior of 10
1
 to 10

4
 was used for Ne in each population, and 

divergence time was set to 10
1
 to 3x10

3
 (see Appendix for individual model parameters).  

The summary statistics recorded were mean number of alleles, mean genic diversity, 

mean size variance, and (δµ)
2
 (Goldstein, et al. 1995).  We estimated the posterior 

distribution using a local linear regression of the closest 1% of simulated datasets to the 

observed data.  We calculated Ne from the modal estimate of both θ and µ, and also 

report the 90% highest density probability (HPD) of Ne.  We used the mode and HPD of 

Ne in the divergence time calculation above, and converted from generations to years 

using the black bear specific generation time of 6.3 years (Onorato, et al. 2004). 

 

Mitochondrial clade divergence  

To estimate lineage divergence of the three mitochondrial clades, we first sequenced and 

assembled genomes from one bear each from clades A-west and A-east (accession 

numbers KM257059 and KM257060, respectively).  We followed the Illumina library 

preparation methods of Steele et al. (2012).  Briefly, we repaired ends of 2-5µg of 

sonicator sheared genomic DNA with the NEB Prep kit E600L (New England Biolabs, 

Ipswich, Massachusetts, USA).  We ligated barcoded adaptors before size selecting 

fragments between 300-350bp.  We PCR amplified barcoded products before 100bp 

single-end sequencing on the Illumina GAIIx Genome Analyzer at the University of 

Missouri DNA Core facility.  We assembled reads into contigs in YASRA (Ratan 2009), 

a reference based assembly program, using the clade B U. americanus mitogenome 

(AF303109) as the reference.  Following an initial assembly of contigs, we replaced the 
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mitogenome reference with the newly created contigs and mapped previously 

unassembled reads to the contigs to create a single scaffold, again using YASRA. 

 

We estimated divergence dates between U. americanus clades using a time calibrated tree 

across Ursus species and within species lineages.  We aligned 16 Ursus mitochondrial 

genomes using GENEIOUS v5.4 (Drummond et al. 2011) before manually removing the 

variable repeat region.  We included three aDNA samples with associated tip dates; these 

included the extinct bears U. deningeri (GenBank Accession: KF437625; 409 kya) and 

U. spelaeus (EU327344; 32 kya), and one aDNA sample from U. maritimus (GU573488; 

120 kya) (Bon et al. 2008; Dabney et al. 2013; Lindqvist et al. 2010).  For other bear 

species, we selected genomes representative of within species lineages when available, 

including: U. arctos (GU573489, AF303110, EU497665, and JX196367), U. maritimus 

(JX196390), U. thibetanus (DQ402478, EF076773, and EF587265), U. americanus 

included the two genomes sequenced above and a clade B representative (AF303109), U. 

malayanus (NC_009968), and U. ursinus (NC_009970) (Bon et al. 2008; Delisle & 

Strobeck 2002; Hou et al. 2007; Lindqvist et al. 2010; Miller et al. 2012; Tsai et al. 2009; 

Yu et al. 2007).  Using the program BEAUTI, we set up a BEAST v1.8 input file with the 

following parameters: no partitioning of the data, a lognormal relaxed substitution model 

(Drummond et al. 2006), and a constant coalescent (Kingman 1982) process on the tree 

model.  Following the method of Heath (2012), we added three fossil calibrations to the 

tree.  The first fossil was placed at the crown of U. americanus (node N) with an 

exponential prior (mean = 0.45, offset = 0.90) (Kurten & Anderson 1980).  The second 

calibration for U. etruscus was placed at the crown of the brown and cave bear clade 
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(node C) with a lognormal distribution (mean = 0.20, std = 1.00, offset = 2.60) (Krause et 

al. 2008).  The last fossil was placed on the root (node A) of the tree with a lognormal 

distribution (mean = 0.50, std =1.00, offset = 3.50) (Hunt Jr 1998).  We also included the 

three tip dates in the analysis.  We ran 10
8
 MCMC steps sampling every 10

4
 with 10% of 

the run discarded as burnin following observation of the posterior trace in TRACER v1.6.  

Finally, we output the tree with the highest median log credibility score using TREE 

ANNOTATOR v1.8 and report the node age and 95% HPD from this tree. 

 

Ecological niche modeling  

We used MAXENT v3.3.3k (Phillips et al. 2006) to model the current distribution of 

American black bears across North America, then hindcast the distribution to climates 21 

kya and 120 kya.  We combined presence localities from this study (n = 453) with 

samples from Missouri, Arkansas, and Oklahoma (n = 284) sampled in Puckett et al. 

(2014), and 597 locations from the Global Biodiversity Information Facility (GBIF 

2013).  When multiple samples occur in one grid cell MAXENT randomly removes 

samples so that only one sample per cell remains.  We used all 19 variables in the 

WorldClim dataset for both current and historical climates (Hijmans et al. 2005).  All 

data was interpolated on 2.5 arc-minute grids.  In MAXENT we ran five replicates (5,000 

iterations per replicate) with subsampling where 40% of the data was used to train the 

model and the remaining 60% for the test.  We enabled all auto features.  Model outputs 

were imported into ArcView v10.1 (ESRI, Redlands, CA) where the probability of 

occurrence scale was standardized so that visual representation between the three models 

was congruent. 
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RESULTS  

Population structure, divergence, and admixture  

Our analysis of population structure using 22k SNPs identified 26 populations nested into 

nine geographic regions within three subcontinental clusters (western, eastern, and 

Alaskan; Figures 3.1 and 3.2, Table A3.1).  Within the western cluster, samples collected 

in the southern Rocky Mountains (Southwest: New Mexico, Arizona, and Colorado) had 

a higher drift estimate than samples from the northern Rocky Mountains (West: Idaho, 

Oregon, and Montana) with the exception of two samples from the Coast Range in 

Oregon (Pacific Coast; Figures 3.1A and 3.2).  While the eastern cluster had a lower 

overall drift parameter (Figure 3.2), geographic regions were still identified.  We grouped 

samples from the Atlantic Coast (Florida and North Carolina-coast) and Appalachian 

Mountains (North Carolina-mountains and West Virginia) together as the Southeast; and 

samples to the east of the Great Lakes (Pennsylvania, Michigan-Lower Peninsula, New 

York, and Maine) as the Northeast.  Samples west of the Great Lakes (Wisconsin, 

Michigan-Upper Peninsula, and Minnesota) grouped broadly with those in Missouri 

which we separated into the Great Lakes and Central Interior Highlands (CIH; Figure 

3.1A).  Notably, the Great Lakes was paraphyletic in the tree produced by 

FINESTRUCTURE; the decision to group was made based on geography and known 

translocation of bears from Minnesota (MN) to the CIH (Puckett, et al. 2014) which may 

have produced the relationship of MN samples grouping with CIH instead of Wisconsin 

and Michigan-UP.  We observed a signature of range expansion in the eastern cluster 

based on PCA analysis (Figure A3.1).  Finally, we identified the Alaskan cluster from 

samples collected from the mainland near Alexander Archipelago and Kenai Peninsula 
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(hereafter referred to as AK-East).  However, three samples from the Alexander 

Archipelago grouped with the broader western cluster (AK-West).  FINESTRUCTURE 

identified multiple populations within the Alexander Archipelago samples, including 

three in AK-East and two in AK-West; mapping these populations revealed they were 

isolated on mainland peninsulas and Kuiu Island.  While we inferred the AK-East group 

as a separate Alaskan cluster, we note coancestry from both the eastern and western 

clusters (Figure 3.2). 

 

We observed significant differentiation between most pairwise comparisons of the nine 

geographic regions using FST for both SNP (0.025-0.429) and mitochondrial (0.081-

0.917) datasets (Table 3.1).  We caution that interpretation of FST values for the Pacific 

Coast and AK-West SNP geographic regions could be problematic due to low sample 

sizes; thus, we removed these two groups from further analyses.  MIXMAPPER 

identified the Great Lakes, Northeast, and West as admixed (Figure 3.3).  The best 

supported source populations for both the Great Lakes and Northeast were the Southeast 

and AK-East (Table 3.2).  The Southwest and CIH were the best supported sources for 

the West. 

 

Using the drift distances inferred from MIXMAPPER (Table 3.2), and Ne estimates 

(Table A3.3) from coalescent simulations of each region, we inferred the time since 

either admixture or divergence.  We estimated divergence of the Southwest from the 

remaining eastern cluster at 66.6 kya (HPD: 44.7 – 144 kya).  In the eastern cluster, the 

divergence time between the Southeast and CIH was 10.5 kya (HPD: 7.2 – 17.9 kya) 
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when estimated using values from the Southeast and 13.6 kya (HPD: 11.5 – 28.2 kya) 

with values from the CIH.  Divergence of AK-East from the ancestral eastern cluster was 

estimated at 1.6 kya (HPD: 1.3 – 3.6 kya); however, this estimate seems low and may be 

a result of low diversity in the AK-Kenai Peninsula samples (Table A3.2) which may 

have reduced the drift estimate.  As an alternative measure of divergence between AK-

East and the eastern cluster, we used the Ne for the Southeast and the full drift distance, 

as it is additive (Lipson, et al. 2013), along the Southeast branch (0.346) to estimate a 

divergence time of 30.6 kya (HPD: 21.0 – 51.9 kya).  Using the same method we 

estimated the time since admixture in the Northeast (0.78 kya; HPD: 0.66 – 3.6 kya), 

Great Lakes (1.5 kya; HPD: 0.65 – 4.8 kya), and West (9.4 kya; HPD: 8.0 – 33.2 kya). 

 

Mitochondrial haplotype network  

We identified 81 CytB-control region haplotypes (Table A3.4) across the range, of which 

63 were previously undescribed (GenBank accessions KM230048-KM230113).  We 

assigned haplotypes to clades based on their position within the haplotype network 

(Figure A2.1) that coincided with fixed differences between the three clades.  The 

proportion of clades A-east, A-west, and B differed across the range where 74% and 26% 

of samples were in clades A-west and A-east respectively in the Southwest (n = 34); 

however, in the West (n = 64) 73% of samples were in A-west and 27% assigned to B 

(Table A3.4).  In the Southeast (n = 60), 85% and 15% assigned to clades A-east and A-

west.  All haplotypes in the Northeast assigned to A-east (n = 63); in the Great Lakes (n = 

52), 56% and 44% assigned to clades A-east and A-west, respectively.  Alaskan and 



77 
 

western Canadian samples (n= 71) contained all three clades, where clades A-east, A-

west, and B had respective percentages of 2%, 70%, and 28%. 

 

Divergence of mitochondrial clades  

We estimated the median substitution rate for the Ursus mitochondrial DNA to be 0.0145 

substitutions per site per Mya (95% HDP: 0.0123 – 0.0176).  This result was similar to 

the 0.0120 substitutions per site per Mya (95% HPD: 0.0090 – 0.0150) estimated across 

the Ursidae (Krause et al. 2008).  The crown of the American black bear clade was 1.068 

Mya (HPD: 0.900 – 1.281; Figure 3.3).  Divergence between the A-west and A-east 

clades of American black bears was 169 kya (HPD: 115 – 230). 

 

Species distribution models  

We observed a marked difference in the probability of occurrence between the 

interglacial (current and 120 kya) and glacial (21 kya) palaeodistribution models (Figure 

3.4).  Specifically, the interglacial models were distinguished by a wide latitudinal range 

and distinct areas of high occurrence probability in the west and east.  In both models, the 

areas of high occurrence were connected by a corridor across central Canada, although 

the probability of the corridor was higher in the current climate than 120 kya.  In contrast, 

the glacial model had a distinct high probability across southern North America (Figure 

3.4B) with decreased connectivity in modern Louisiana and across the Rocky Mountains.  

Northern coastlines, particularly bordering the Pacific Ocean and into Beringia 

(contemporary Alaska), were identified as moderate probability refugial habitat.  We 

inferred four refugial areas based on the LGM palaeodistribution model (Figure 3.4B), 
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mitochondrial distributions (Figure A3.1B), and timing of nuclear lineage divergence 

during the LGM.  Specifically, we infer that refugia were broadly located in Beringia, the 

Pacific Northwest, Southwest, and Southeast.  These areas were broadly distributed when 

accounting for cells with both high and medium occurrence probabilities as may be 

expected for a generalist species. 

 

DISCUSSION  

Phylogeography  

Our data suggest that geographic clustering within black bears arose both from 

divergence processes and differential admixture proportions following multiple range 

expansions.  While the divergence between the eastern and western ranges was due to 

isolation and lack of gene flow along the northern corridor, the admixture within the 

geographic regions appears to be due to differences between short and long range 

expansions.  Below we detail regional and cluster divergence in relation to the four 

inferred refugia. 

 

Mid-Pleistocene Divergence Patterns- Lineage divergence in both the mitochondrial and 

nuclear genomes began before isolation in LGM refugia.  We estimated divergence 

between clades A and B at 1.07 Mya, suggesting an early population divergence 

following speciation.  Given the contemporary limited spatial distribution of clade B and 

wide distribution of clade A, clade B may have been geographically isolated along the 

Pacific coast for much of black bear evolution.  Within clade A, we estimated divergence 

between A-east and A-west haplotypes at 169 kya; divergence of the nuclear eastern and 
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western clusters occurred 67 kya.  These results, in conjunction with the 120 kya species 

distribution model (Figure 3.5C), suggest that black bears occupied a northern range 

before expansion and divergence around the North American grasslands.  The grasslands 

emerged 7-5 Mya (Axelrod 1985) and appear to be a primary barrier to dispersal.  

Divergence data for both the mitochondrial clades and nuclear clusters suggest the 

establishment of structure before the LGM; although finer scale patterns (such as some of 

the geographic regions and admixture) occurred following the LGM. 

 

We propose that the southern range had increased connectivity before the LGM.  

Mitochondrial haplotypes from clades A-east and A-west were respectively observed in 

Arizona (Southwest) and the North Carolina-mountains (Southeast; Figure 3.1B, Table 

A3.4).  We propose this gene flow occurred before the LGM given the lack of nuclear 

admixture in the sampling areas with the discordant mitochondrial haplotypes, a signature 

we would expect if gene flow were more recent. 

 

Western Refugia- Based on our hindcast distribution models, we propose a refugium 

along the Pacific coast and into the Sierra Nevada Mountains.  Our probability of 

occurrence data suggest that the Pacific Northwest refugium was primarily continentally 

located south of the Cordilleran ice sheet (Demboski, et al. 1999) and not along the near 

shore islands from Alaska to British Columbia.  The Pacific Coast and AK-West groups 

may represent descendants from this refugium albeit with varying proportions of 

admixture from the Alaskan cluster (Figure A3.1).  We hypothesize that clade B 

haplotypes were isolated in the Pacific Northwest refugia and expanded northwards 
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following the LGM as these haplotypes were found from California (Wooding and Ward 

1997) to southeastern Alaska (Table A3.4).  However, we note this hypothesis does not 

preclude the presence of A-west haplotypes in the refugia which likely supported the 

ancestral populations for the West geographic region.  Our results do not identify micro-

refugia which could lead to substructuring within the refugia as previously observed in 

the Pacific Northwest (Swenson and Howard 2005; Galbreath, et al. 2010; Shafer, et al. 

2010). There is little reason to think the northern Rocky Mountains were devoid of bears 

during this period, as other species with northern and southern Rocky Mountain 

populations such as tree squirrels (Chavez, et al. 2014), pikas (Galbreath, et al. 2010), and 

Douglas-fir (Gugger, et al. 2010) inhabited both ranges continuously through time.  

Given our data that the West was admixed, the genomic makeup of the West may have 

been similar to the Southwest before admixture 9.7 kya.  In regards to the admixture, the 

Great Lakes may be a more reasonable second source population than the CIH.  It is 

likely that the Great Plains acted as a barrier between the forests of the CIH and northern 

Rocky Mountains.  In addition, individuals from Minnesota and Manitoba (Great Lakes 

genotypes) were translocated to the CIH eight generations before collection of samples 

for this study. While this hypothesis was not supported by a goodness of fit test in 

MIXMAPPER, we present it as an alternative explanation of the data. 

 

We estimated the Southwest diverged from the eastern and Alaskan clusters 67 kya, 

although this time may be underestimated given the mitochondrial divergence.  Although 

we were unable to sample bears in Mexico, we hypothesize that they would cluster with 

the Southwest.  Our LGM hindcast (Figure 3.5B) shows the Colorado Plateau and Sierra 
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Madres as connected during this period and suggests that the Southwest refugium was 

broadly distributed.  If additional data supports this hypothesis, a revision of the 

southwestern (U. a. amblyceps) and Mexican (U. a. eremicus and U. a. machetes) 

subspecies designations may be warranted. 

 

Beringia Refugium- We inferred divergence of the Alaskan cluster before the LGM (31 

kya).  This suggested that bears living in the northern range contracted into both the 

Beringia and Southeast refugia.  This conclusion was supported by data from the Y-

chromosome (Bidon, et al. 2014), in which a haplotype observed in Alaska was closely 

related to one from Vermont, while two western haplotypes from Montana and Oregon 

formed a second Y chromosome clade.  We propose that following contraction into the 

Beringia refugium bears diverged to form the Alaskan cluster, while at the same time A-

west mitochondrial haplotypes introgressed into the population setting up the observed 

mito-nuclear discordance.  The eastward expansion of AK-East out of the refugium and 

across modern Canada explains both the moderate and low frequencies of A-west 

haplotypes in the Great Lakes and the Northeast, respectively (Table A3.4); both regions 

were hypothesized to be admixed with AK-East as one of the sources.  This long distance 

range expansion was congruent with our admixture time analysis where admixture of 

AK-East into the Great Lakes occurred earlier (1.5kya) than into the Northeast (0.78 

kya).  STRUCTURE analyses using microsatellites also supported this hypothesis 

showing decreasing proportions of the Alaskan cluster from Yukon to Maine 

(unpublished data). 
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Southeast Refugium- Divergence between the Southeast and CIH did not occur until after 

the LGM (10.5 – 13.6 kya).  This divergence date was supported by our LGM hindcast 

model (Figure 3.5B) which indicated the Ozark and Ouachita Mountains, which comprise 

the CIH, were poor habitat for black bears 21 kya.  We hypothesize that bears used the 

Mississippi River valley to colonize from southern Louisiana northwards into the CIH 

and that gene flow with the Southeast was limited due to low forest connectivity. 

 

We observed a signature of range expansion from the Southeast to Northeast then Great 

Lakes in the PCA data (Figure A3.1); however, isolation by distance, the low Alaskan 

admixture proportion, or uneven sampling may also have produced this signature 

(McVean 2009; Meirmans 2012).  This data suggests that Lake Michigan, and its 

predecessor lakes, were a barrier to westward expansion, and that bears expanded counter 

clockwise around the Great Lakes landform following deglaciation.  The assignment of 

Michigan-Lower Peninsula to the Northeast and Michigan-Upper Peninsula to the Great 

Lakes supports this hypothesis which was also observed in bobcats (Reding, et al. 2012) 

and chipmunks (Rowe, et al. 2004).   

 

Implications for bear research and conservation  

Both the three nuclear clusters and three mitochondrial clades were wider than the ranges 

of the 16 named black bear subspecies (Lariviere 2001), where the nine regional clusters 

may be better units to discuss subspecies designations.  Our sampling covered eight 

subspecies ranges: U. a. altifrontalis (Pacific coast from British Columbia to California), 

U. a. amblyceps (Colorado Plateau), U. a. americanus (majority of range covering 
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Alaska, northern and eastern Canada, Great Lakes region, and the Atlantic coast), U. a. 

cinnamomum (northern Rocky Mountains), U. a. floridanus (Florida), U. a. luteolus 

(Louisiana and Mississippi), U. a. perniger (Alaska-Kenai Peninsula), and U. a. pugnax 

(Alaska-Alexander Archipelago).  The Southwest had strong concordance with the 

defined range for U. a. amblyceps.  The West and Pacific Coast respectively aligned with 

the ranges of U. a. cinnamomum and U. a. altifrontalis.  While subspecies delimitation 

criteria are not agreed upon (Braby, et al. 2012), the association of the West with the U. 

a. cinnamomum subspecies raises the question of whether or not geographic ranges with 

recently admixed genomes qualify for subspecies status.  We observed two areas of 

incongruence between the geographic clusters and subspecies ranges.  First, bears 

sampled along the Alexander Archipelago (designated U. a. pugnax) split into two 

regional clusters: AK-East, which was closely associated with bears from Alaska-Kenai 

Peninsula (U. a. perniger), and AK-West.  We propose that the broad geographic 

designation of the Alexander Archipelago as U. a. pugnax is reductive as the area 

supports two genetic clusters (Alaskan and western).  We hypothesize that range 

expansion of U. a. perniger out of the Beringia refugium resulted in substructure within 

AK-East, and that U. a. pugnax may be related to northward range expansion from bears 

in the Pacific Northwest refugium.  As suggested by the coancestry data (Figure 3.2), 

bears across the Alexander Archipelago and mainland were admixed, albeit in different 

proportions given higher Alaskan or western ancestry.  Second, the Southeast spans the 

historically designated ranges of U. a. americanus and U. a. floridanus; additionally, our 

microsatellite data support grouping samples from Mississippi (U. a. luteolus) within the 

Southeast.  We interpret the increased coancestry within FL as a result of recently 
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reduced population size and genetic diversity (Dixon, et al. 2007) resulting in higher drift.  

This suggests that these three subspecies represent a single genetic cluster.  In 

combination with our hypothesis of Southeast and AK-East range expansion to produce 

the majority of genetic diversity in the Northeast and Great Lakes, we suggest that U. a. 

americanus may be the most accurate subspecies designation for bears across the eastern 

range.  We are not arguing for the removal of protected status from populations in Florida 

(delisted from the state threatened list in 2012) or Louisiana (listed as threatened under 

the US Endangered Species Act since 1992) as demography and resource availability 

should weigh heavily in management decisions; however, bears in these geographic 

regions may warrant protection as distinct population segments rather than as subspecies. 

 

Our results also have broader implications related to evolutionary inference in Ursus.  

Divergence within U. thibetanus (Asiatic black bear) was similar in age to divergence 

within both U. americanus and U. arctos (Figure 3.4).  The topology we recovered was 

consistent with the topology of Choi et al. (2010); however, we only included three of the 

seven described subspecies of U. thibetanus due to the availability of sequenced 

mitogenomes.  Therefore it is possible that the 720 kya divergence date within U. 

thibetanus was underestimated, although this could be resolved by fully understanding 

diversity across the species’ range. 

 

American black bears are frequently used as outgroups in Ursid phylogenomic studies, 

particularly those that elucidate divergence between brown and polar bears (Cahill et al. 

2013; Hailer et al. 2012; Lindqvist et al. 2010; Miller et al. 2012).  However, most 



85 
 

studies use one black bear sample (Cahill et al. 2013; Miller et al. 2012), or when using 

multiple samples skew the geographic distribution to the west (Kutschera et al. 2014).  

We believe these studies underestimate black bear diversity as the three lineages harbor 

private alleles.  By underestimating genetic diversity, the mutation rate is also likely to be 

underestimated which may in turn underestimate divergence times and theta (Leaché et 

al. 2014).  For example, Kutschera et al. (2014) estimated Ne of bear species with intron 

sequence data, and estimated that U. americanus Ne was half that of U. thibetanus and U. 

arctos.  While this may reflect the truth, particularly if U. americanus ancestors went 

through a bottleneck during expansion into North America from east Asia, an alternative 

hypothesis suggests that greater sampling diversity across the black bear range may result 

in different parameter estimates.  Our results may aid bear evolutionary research by 

identifying diverse geographic areas to sample from considering the known genetic 

structuring across multiple bear species. 
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Figure 3.1- (A) Map of sample locations colored by inferred nuclear genomic cluster 

(Alaska-East: purple; Central Interior Highlands: navy; Great Lakes: light blue; 

Northeast: bright blue; Southeast: medium blue; Alaska-West: light pink; West: pink; 

Pacific Coast: coral; Southwest: raspberry) with American black bear distribution (grey).  

(B) Map of sample locations colored by mitochondrial haplotype clade (A-east: blue; A-

west: pink; B: orange).  

 

  



87 
 

 
 

Figure 3.2- Coancestry heat map of the American black bear, where light blue and black 

respectively denote lower and higher shared ancestry.  Samples were ordered based on 

the 26 populations identified within FINESTRUCTURE and appear within the population 

tree and as adjacently colored boxes along the diagonal.  Vertical boxes were colored to 

represent the nine clusters used in subsequent analyses; from the top moving downwards 

the clusters were AK-East (Alaska-ABC Islands and Alaska-Kenai Peninsula), CIH 

(Missouri and Ozarks), Great Lakes (Minnesota, Wisconsin, and Michigan-Upper 

Peninsula), Northeast (Maine, New York, Michigan-Lower Peninsula, and Pennsylvania), 

Southeast (West Virginia, North Carolina mountains and coast, and Florida), AK-West 

(Alaska-ABC Islands), West (Idaho, Montana, eastern Oregon), Pacific Coast (Oregon-

Coast Range), and Southwest (Colorado, Arizona, and New Mexico).  Horizontal boxes 

denote the mitochondrial clade (A-east: blue; A-west: pink; B: orange; and no box: not 

sequenced) of each sample.  See Figure A3.1 for the spatial distribution of the samples.  

The adjacently colored boxes along the diagonal indicate the 26 populations inferred.  
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Figure 3.3- Drift tree of unadmixed and admixed (Northeast: bright blue; Great Lakes: 

light blue; West: pink) black bear populations.  Tree branches, branches for drift 

following admixture, and pre-split range (see Table 3.2) for admixed lineages all to scale 

in drift units estimated by MIXMAPPER.  
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Figure 3.4- Phylogenetic tree of Ursus mitochondrial genomes including within species 

lineages.  Each node was labeled (bottom left) for reference, and includes Bayesian 

posterior support (upper left), and node age (upper right) with 95% highest posterior 

density (HPD, bottom right) in millions of years (Mya).  Values for nodes G, H, I, and L 

were excluded for readability where each node had a Bayesian posterior probability of 

1.00.  Nodes G, H, and I had respective divergence times of 0.51 (HPD: 0.38-0.62), 0.20 

(0.15-0.25), and 0.16 (0.13-0.20) Mya.  Node L diverged 0.72 (0.54-0.90) Mya.  
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Figure 3.5- American black bear species distribution model for current (A) climate, and 

hindcasts for 21 kya (B) and 120 kya (C).  Probability of occurrence was on a continuous 

color scale where white indicates low probability and black indicates high probability.  
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Table 3.1- Pairwise FST based on SNP genotypes (below diagonal) and mitochondrial haplotypes (above diagonal) of black bears 

grouped into nine clusters across the range.  Comparisons in bold were significant following Bonferroni correction (P < 0.005).  

 

                    

  AK-East
1
 CIH Great Lakes Northeast Southeast AK-West

2
 West Pacific Coast Southwest 

AK-East
1
 * 0.591 0.237 0.494 0.573 0.127 0.174 0.912 0.119 

CIH 0.161 * 0.534 0.588 0.619 0.525 0.424 0.861 0.545 

Great Lakes 0.122 0.062 * 0.148 0.143 0.199 0.190 0.848 0.081 

Northeast 0.143 0.080 0.025 * 0.039 0.421 0.319 0.862 0.322 

Southeast 0.184 0.118 0.064 0.037 * 0.466 0.318 0.917 0.360 

AK-West
2
 0.219 0.352 0.316 0.329 0.366 * 0.025 0.687 0.107 

West 0.164 0.264 0.229 0.243 0.280 0.156 * 0.484 0.154 

Pacific Coast 0.276 0.393 0.360 0.373 0.408 0.218 0.098 * 0.860 

Southwest 0.322 0.429 0.393 0.386 0.414 0.299 0.138 0.197 * 
1
- For mitochondrial haplotypes, this group only comprises samples from AK-Kenai Peninsula and Yukon. 

2
- For mitochondrial haplotypes, this group comprises samples both from both the eastern and western associated AK-ABC samples as 

they could not be separated without sequencing all of the samples. 
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Table 3.2- Admixed and inferred source population parameters for two-way admixtures inferred from 500 replicates in 

MIXMAPPER.  Parameters include the 95% bootstrap confidence interval for the proportion of ancestry from Source 1 (α), the drift 

distance for both source branches (including drift before admixture / total along the source branch), and drift following admixture.  

                

Admixed Source 1 Source 2 Replicates α Branch 1 Branch 2 Mixed Drift 

West Southwest CIH 442 0.599-0.822 0.260-0.421 / 0.431 0.002-0.106 / 0.215 0.005-0.093 

 

Great Lakes
1
 Southwest 307 0.092-0.203 0.013-0.037 / 0.136 0.214-0.296 / 0.431 0.000-0.000 

Great Lakes Southeast AK-East 307 0.915-0.997 0.013-0.037 / 0.136 0.004-0.029 / 0.029 0.002-0.041 

 

Southeast AK-East 75 0.896-0.991 0.013-0.038 / 0.136 0.013-0.138 / 0.139 0.005-0.051 

 

Southeast AK-East 55 0.926-0.996 0.017-0.036 / 0.135 0.000-0.000 / 0.000 0.006-0.038 

Northeast Southeast AK-East 201 0.935-0.995 0.049-0.080 / 0.136 0.002-0.026 / 0.026 0.000-0.019 

 

Southeast AK-East 119 0.930-0.989 0.049-0.081 / 0.133 0.020-0.132 / 0.136 0.000-0.022 

 

Southeast CIH 79 0.380-0.764 0.078-0.133 / 0.138 0.186-0.213 / 0.215 0.008-0.031 

  Southeast Southwest 81 0.954-0.998 0.045-0.075 / 0.133 0.006-0.435 / 0.435 0.000-0.025 
1
- Denotes the three population test for admixture where following admixture creating the Great Lakes, that population serves as the 

source for a second admixture event into the West. 
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ABSTRACT  

The use of statistical spatial smoothing methods to infer the natal population for a sample 

of unknown origin from its genotype was an exciting development for wildlife forensics.  

These methods trace illegally harvested samples to their natal origin so that either 

prosecution or additional enforcement resources may be allocated to the correct 

jurisdiction.  Spatial smoothing studies have thus far used microsatellite genotyping 

panels; however, many researchers have shifted towards collecting SNP datasets.  We 

investigated the accuracy and precision of two methods (spatial smoothing and principal 

components regression) with datasets that varied in marker type (microsatellites or 

SNPs), loci number, and number of training samples.  Accuracy varied between datasets 

where the median difference between true and estimated geographic locations ranged 

from 174 – 1,212 km.  A dataset using 1,000 SNP loci and the spatial smoothing method 

was the most precise and had a median accuracy of 201 km.  We observed that natal 

inference from SNPs was more accurate and precise than when estimated using 

microsatellites, and that large numbers of SNP loci could overcome having few samples 

in the training dataset.  Our results suggest cautious interpretation of natal assignments, 

as only one dataset assigned 50% of test samples to the correct management jurisdiction 



100 
 

and this dataset was neither the most accurate nor precise.  The use of natal inference as a 

tool for law enforcement may work well at the regional level, given sufficient input data; 

however, we clearly observe limits on the spatial scale of inference. 

 

INTRODUCTION  

International wildlife trade has been estimated at $300 billion annually for legal products 

(Roe 2008) with an additional $8-20 billion in illegal products (Ferrier 2009).  Exact 

estimates of the volume and value of illegal trade are unknown due to the illicit nature of 

the industry; however, as legal trade volume has increased in the past 20 years analysts 

believe there has been a parallel increase in illegal trade (Wyler and Sheikh 2008).  

Rising illegal trade volume has been associated with both rising wealth and global 

immigration, as immigrants import familiar products from their home countries to their 

residence (Wyler and Sheikh 2008).  Improving infrastructure, particularly access to 

roads that transport wildlife products to market, may also contribute to increasing trade 

(Corlett 2007).  Finally, human population growth may increase local demand for wildlife 

products, straining biodiversity without affecting international markets (Corlett 2007). 

 

In wildlife forensics cases, inference of the natal population of an individual can be 

achieved through a variety of assignment methods (Manel, Gaggiotti, and Waples 2005).  

Both the accuracy and precision of the inferred natal location are important as they 

determine the jurisdiction from which wildlife was harvested and who may bring suit 

against poachers or which jurisdictions need additional enforcement resources.  

Assignment methods rely on sampling all of the potential natal populations which an 
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individual may belong.  A useful extension of discrete population assignment employed 

spatial smoothing of allele frequencies between populations (Wasser et al. 2004; Wasser 

et al. 2007).  This method was a significant development for the application of 

assignment methods to wildlife trade product tracking because it did not require all 

populations to be sampled.  However, one assumption of spatially smoothed allele 

frequencies is that populations are related to each other by simple isolation-by-distance 

processes (Meirmans 2012). 

 

Trade of bear species is concentrated around their value as trophies and for traditional 

Asian medicine (Burgress, Stoner, and Foley 2014); however, bears face additional 

population pressure from killing for predator defense (Fredriksson 2005; Can et al. 2014; 

Qashqaei, Karami, and Etemad 2014) and from habitat degradation which exacerbates 

declining population sizes.  Asiatic black (Ursus thibetanus), sun (U. malayanus), and 

brown (U. arctos) bears are the primary species involved in trade of bile, gallbladders, 

skin, skulls, teeth, claws, and paws for traditional medicine (Foley, Stengel, and Shepherd 

2011).  These species are native to Asia where the majority of the production and 

consumption of bear parts occurs (Foley, Stengel, and Shepherd 2011).  Trade of bears 

and their viscera is illegal under CITES as all eight species are listed under either 

Appendix I (threatened with extinction) or II (listed due to similarity of appearance).  

From 1991 to 2013, there were 304 illegal American black bear (U. americanus) 

confiscations comprised of over 14,800 products and 687 kg of meat (UNEP-WCMC 

2013).  This data show that while the market for American black bear products is smaller 
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than that for Asian species (Burgress, Stoner, and Foley 2014), illegal trade does exist for 

the species. 

 

We leveraged our extensive collection of American black bear samples to test the 

population allele frequency based method SCAT (Wasser et al. 2004; Wasser et al. 2007) 

and an individual based principal components (PC) regression method (Jolliffe 2002).  

Studies that employ spatially smoothed allele frequencies often validate the accuracy of 

the method for their system using leave-one-out cross validation (Ghobrial et al. 2010; 

Dellicour et al. 2011; Mondol et al. 2014).  This paper extends previous work by 

comparing accuracy of spatial assignment methods under varying scenarios of genetic 

marker type (microsatellites or single nucleotide polymorphisms, SNPs), marker number, 

and training sample number.  Marker selection is critical for the generation of an 

effective assignment panel.  Despite individual microsatellite loci having higher 

informativeness than individual SNP loci (Liu et al. 2005), when multilocus genotypes 

were used, SNPs consistently outperform microsatellites for population structure and 

assignment analyses due to strong segregation between populations (Helyar et al. 2011).  

The primary advantage of microsatellites include higher mutation rate leading to more 

alleles, thus information content, per locus; where the primary disadvantage of 

microsatellites is that alleles may differ by research group based on sequencing platform 

and scoring protocols.  The advantages of SNPs include genome-wide distribution and 

standard scoring following identification.  The generation of an efficient genotyping 

panel for natal population inference problems will maximize information content while 

minimizing marker number both due to genotyping costs and analysis time. 
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MATERIALS AND METHODS  

Datasets  

We used microsatellite and SNP genotypes previously collected for a phylogeographic 

study of the American black bear (Puckett et al. In Review).  Briefly, 506 samples were 

genotyped at 15 microsatellite loci and 94 of those samples were genotyped at 29,166 

SNP loci identified using RAD-Seq (Table A4.1).  We built eight datasets to test the 

accuracy and precision of natal location inference of samples based on varying genetic 

markers and numbers of loci.  Each sample was assigned to a sampling area based on 

habitat patches within states or provinces, and sampling areas were assigned to regional 

clusters as identified in Puckett et al. (In Review) (Table A4.1). 

 

SNPs- We first tested three sampling strategies (Equal, Proportional, and Top) to select a 

tractable number (n = 200) of SNP loci for assignment from the total available pool of 

29k markers.  We ran a principal component analysis (PCA) on the 29k data with the 

smartpca program within EIGENSOFT (Patterson, Price, and Reich 2006; Price et al. 

2006).  We calculated the number of significant eigenvectors using Tracy-Widom 

statistics with the twstats program within EIGENSOFT.  Our three sampling strategies 

selected variable numbers of SNPs from the significant principal components (PC) 

(Monzón, Kays, and Dykhuizen 2014).  In the Equal dataset, an equal number of SNPs 

were selected from each significant PC.  In the Proportional dataset, SNPs were selected 

proportionally to the eigenvalue associated with each significant PC.  In the Top dataset, 

an equal number of SNPs were selected from the top two PCs.  Loci with the highest 

absolute PC loading values were selected from PCs in descending order where SNPs 
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from PCs that explained more variance were selected before those that explained less 

variance.  If a SNP was already selected for inclusion in the study, then an additional 

SNP was selected for that PC so that the number of unique SNPs per PC would equal the 

desired number (e.g. n = 200 or 1000).  Subsequently, we ran PCA on the SNPs selected 

for inclusion to observe the decomposition patterns for individual datasets.  In all PCAs, 

test samples were excluded from the initial analysis and projected into PCA space based 

on the training sample data. 

 

Following observation of accuracy between the three sampling strategies, we selected the 

Equal strategy for further analysis as it had the lowest median difference between true 

and estimated locations (Table A4.2).  We then constructed datasets with 40 and 1000 

SNPs to understand how marker number affected accuracy.  All SNP datasets had 87 

training samples and seven test samples (Table A4.1). 

 

Microsatellites- The Micro dataset included all 506 samples genotyped at all 

microsatellite loci.  Twenty samples were selected as test samples and included the seven 

samples used as test samples in the SNP datasets (Table A4.1).  The PartialMicro dataset 

used the same 20 test samples as the Micro dataset and the same 87 training samples as 

the SNP dataset.  In this way we were able to compare the decrease in sample number 

from the Micro to PartialMicro datasets, and alternately the variability between marker 

types.  We ran a PCA on both datasets to observe the decomposition patterns and 

compare to the SNP datasets. 
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Natal range assignment  

We estimated natal location using both the population based SCAT v1.0.2 (Wasser et al. 

2004) and an individual based PC regression (Jolliffe 2002).  SCAT assumes that allele 

frequencies vary continuously across a landscape and may be estimated by smoothing 

frequencies between sampled populations.  Following creation of the smoothed allele 

frequency surface, the program then estimates the spatial location for samples of 

unknown origin.  Due to the smoothing in continuous space, we created a boundary file 

of the contemporary black bear range that linked discontinuous habitat but did not 

include all of North America, particularly the Great Plains and southwestern deserts.  We 

ran three repetitions of SCAT, each starting from a different seed for 5x10
4
 MCMC steps, 

retaining every 500
th

 iteration for a total of 200 iterations from which we discarded the 

first 100 retained iterations as burnin.  In SCAT, we grouped the 33 sampling areas into 

six regional clusters (Alaska, West, Southwest, Southeast, Northeast and Great Lakes 

combined, and Central Interior Highlands) based on our previous results (Puckett et al. In 

Review). 

 

For the individual based PC regression, latitude and longitude of the training samples 

were independently regressed against the significant PC loading scores obtained for each 

dataset from PCA using a linear model in program R (R Core Team 2013).  The 

coefficients of the linear model and individual PC loadings for each test sample were 

used to estimate latitude and longitude using the formula: 

𝐿 = 𝑥 + ∑ 𝑏𝑗 ∗ 𝑃𝐶𝑗  

𝐾

𝑖=1
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Where L was latitude or longitude, K was the number of significant PCs estimated using 

Tracy-Widom statistics, j was the individual sample, PC was the eigenvector, b was the 

slope, and x was the x-intercept.   

 

To estimate accuracy, we calculated the Euclidian distance between the estimated and 

true sample locations with the raster package (Hijmans et al. 2014) in R, then calculated 

summary statistics.  For data from SCAT, the estimated location was the median center 

from the retained locations (n = 300) which was calculated using the spatial statistics 

tools within ArcMAP v10.0 (ESRI, Redlands, CA).  To estimate precision of SCAT, the 

retained locations for each test sample were converted to a kernel density (kde) using the 

GEOSPATIAL MODELING ENVIRONMENT v0.7.2 (GME) (Beyer 2012), with the 

plugin bandwidth which was independently estimated for each test sample and sampling 

scheme, cell size of five, and Gaussian kernel.  The output was piped to the isopleth 

function where the 50% and 90% isopleths were calculated.  Since the PC regression 

method only output a single point estimate, precision could not be estimated for that 

method.  ANOVAs were applied to comparable datasets (Micro and PartialMicro; and 

PartialMicro [using the same seven test samples as the SNP datasets], Equal200, and 

Equal1000; additionally 29k was included for the PC regression method) to test for 

significant differences in accuracy and precision. 
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RESULTS  

Principal component analyses  

Using the 29k SNP dataset, the first 10 PCA axes were statistically significant (Table 

A4.3), where the first PC described 10.9% of the variation in the data and distinguished 

between the eastern and western genomic clusters (Figure 4.1A).  The second PC 

described 3.3% of the variation and was oriented along a north-south geographic axis. 

 

We ran the Equal datasets with 40, 200, and 1000 loci through PCA to confirm that the 

shape of the decomposition was equivalent between datasets; however, it was not (Figure 

A4.1).  The PCA with 40 loci did not resemble the shape of the other datasets, and no 

PCs were significant indicating lack of resolution in the data; therefore, this dataset was 

not used in further analyses.  The 29k and Equal200 SNP loci datasets had broadly the 

same shape, where the eastern and western samples separated along PC1, and the 

Alaskan samples separated along PC2.  The Equal200 PCA appeared to lose resolution 

by broadly clumping samples in the east and west.  While the eastern, western, and 

Alaskan clusters continued to separate in the Equal1000 PCA, PC2 was characterized by 

separation between two samples from Alaska-ABC Islands west cluster and a sample 

from both Oregon and Montana. 

 

For the Micro and PartialMicro datasets, the first seven and three PCA axes were 

significant, respectively (Table A4.3).  The shape of the PCA for the Micro dataset was 

markedly different from that of the 29k SNP dataset (Figure 4.1).  While the PCA for 

Micro separated eastern and western samples along PC1, the pattern of separation 
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differed where samples from Missouri and the Ozark Mountains appeared as the most 

differentiated eastern samples; whereas samples from the southeast were the most 

differentiated in the 29k SNP dataset.  The Micro PCA did not differentiate samples from 

the southeast and northeast.  Additionally, the Alaskan lineage was shown as an admixed 

cluster between eastern and western genotypes versus its own cluster (Figure 4.1).  The 

PartialMicro PCA had little geographic resolution (Figure A4.1C). 

 

Accuracy and Precision  

Spatial Smoothing- Accuracy varied between the datasets but was highest using the 

Equal1000 dataset and spatial smoothing which gave a median distance between true and 

estimated locations of 201 km (Table 4.1, Figures 4.2, 4.3, and A4.3).  For the spatial 

smoothing method, there were not significant differences (P = 0.116) in distance between 

Micro and PartialMicro datasets (with 20 test samples), while there were differences 

between the PartialMicro, Equal200, and Equal1000 datasets (P = 0.030).  Estimates of 

precision were significantly different for the 50% (P = 0.011) but not the 90% (P = 

0.053) isopleths when comparing the Micro and PartialMicro datasets.  However, when 

comparing the PartialMicro to the Equal200 and Equal1000 datasets, the area of both the 

50% (P = 0.004) and 90% (P = 0.0004) isopleths were significantly different. 

 

PC Regression- We compared accuracy for the individual sample based PC regression 

with the 29k, Equal 200 and 1000, and Micro datasets (Figures A4.2 and A4.3).  Similar 

to the spatial smoothing results, there was no significant difference between the Micro 
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and PartialMicro datasets (P = 0.161), but were differences for the PartialMicro, 

Equal200, Equal1000, and 29k datasets (P = 0.036). 

 

DISCUSSION  

We aimed to understand how sampling density and marker selection affected accuracy 

and precision when estimating the location of samples of unknown origin.  In the two 

microsatellite datasets used to compare sampling density, neither accuracy nor precision 

were significantly different; however, this appears to be an effect of several poorly 

estimated samples as the medians were lower when training sample size increased.  

Intuitively, this suggests that larger sample sizes will better estimate natal locations.  That 

said, marker type was able to overcome deficiencies in sample size to produce both the 

most accurate and precise results when using the spatial smoothing method.  Finally, we 

observed that very high numbers of SNPs (at least at the low sampling density) produced 

the most accurate and precise estimates of natal location.  We initially selected 200 SNPs 

for our analyses based on estimates that microsatellites have approximately 10-fold 

greater informativness per marker than SNPs (Liu et al. 2005).  However, several studies 

observed higher resolution of population structure (Liu et al. 2005; Hess, Matala, and 

Narum 2011; Rasic et al. 2014) and pedigree assignment (Schopen et al. 2008; Santure et 

al. 2010) when using SNP panels only two to three times larger than a microsatellite 

panel.  Our results suggest that for natal inference problems, large SNP genotyping 

panels are necessary.  We discuss accuracy and precision, and marker selection below 

from a conservation management perspective. 
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Accuracy and Precision- While we observed individual samples which were well 

estimated, median estimates were hundreds of kilometers from sampling sites.  Joshi et 

al. (2013) interpreted the difference between sampling site and estimated natal location to 

represent dispersal; similarly, Jay et al. (2013) interpreted differences between known 

and estimated locations as historic signatures of population movement.  While both are 

plausible hypotheses, we interpreted our differences as a representation of uncertainty.  

Our sampled distances were equivalent to similar research using SCAT with elephants 

where accuracy varied with population structure from 135 – 697 km (Wasser et al. 2004), 

and with PC regression in humans which ranged from 250 – 510 km (Jay et al. 2013).  In 

each of these studies, larger continuous tracks of habitat had lower accuracy; conversely 

isolated areas had higher accuracy.  Our test sample from Ocala, Florida was consistently 

well estimated (Figure 4.2), which we believe was due to the isolation of that habitat 

patch (Dixon et al. 2007).  Jay et al. (2013) also observed this north of the Sahara desert, 

a strong barrier to dispersal.  Conversely, bear test samples from the southeast and 

northeast genetic clusters were poorly estimated and tended to converge on the same 

incorrect region (southeastern Ontario; Figure 4.2).  We previously hypothesized that the 

northeast represents a post-Pleistocene range expansion from a Southeastern refugium 

(Puckett et al. In Review).  This large and continuous habitat means that estimated allele 

frequencies within individual populations may look more similar than in isolated areas, 

although see below for a discussion of marker based population structure differences.   

 

We tested a special case of the isolated habitat where no training samples were used, as 

incomplete population sampling may be a realistic scenario for applying spatial 



111 
 

smoothing to natal inference problems.  We estimated the location of two samples 

collected in Mississippi as being from southeastern Ontario (Figure 4.2).  Individuals in 

Mississippi most likely colonized from neighboring Louisiana or Florida (Simek et al. 

2012) which would have been reasonable, although still inaccurate, assignment locations.  

Much of the appeal of the spatial estimation methods comes from the ability to assign 

samples to unsampled locations, and our data suggest limits to this application, at least 

for isolated habitat patches.  

 

We were also interested in the accuracy of spatial assignment methods for regions with 

known translocations as samples may be expected to assign to source populations.  From 

1958 to 1968, 254 black bears were translocated from Minnesota, USA and Manitoba, 

Canada to Arkansas, USA (Smith and Clark 1994).  Puckett et al. (2014) observed 

admixture between the population on the landscape at the time of the reintroduction and 

the translocated individuals.  This was also apparent within our PCA data (Figure 4.1) 

especially in the microsatellite PCA where differences between Great Lakes and Central 

Interior Highlands genotypes account for significant separation along the top two PCs.  

Despite these differences in underlying PCA structure, source and reintroduced areas 

were both accurately estimated.  However, there were differences between the spatial 

smoothing and PC regression methods, where the PC regression estimated a more 

northernly location for the reintroduced sample as if it were a source sample (Figures 4.2 

and A4.1).  This result highlights the sensitivity of the PC regression method to the 

underlying genomic results, where the spatial smoothing method accounts for geography 

in translocation scenarios.  We note that this translocation occurred 16 generations ago 
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and was characterized by strong genetic drift (Puckett et al. 2014), assignment in species 

with more recently translocated individuals may not produce the robust results observed 

in this study. 

 

Despite our results being within the range of accuracy for the methods employed (SCAT 

and PC regression), the question of usefulness for law enforcement of confiscated viscera 

is pertinent.  Specifically, the area and shape of states and provinces are highly variable 

across North America; for instance, a circle with a 200 km radius in larger western states 

and smaller northeastern states may not have equivalent proportions of the management 

jurisdiction within that defined area.  From the perspective of assignments being in the 

“correct” state or province, using SCAT with the Micro dataset resulted in 50% accurate 

assignment to jurisdiction; all other methods and datasets performed less well although 

results were within the range of other spatial assignment studies (Yang et al. 2012).  This 

has implications for interpreting results for unknown samples as large management areas 

may have more confidence in estimates that a sample came from their jurisdiction simply 

due to the fact that they have more area and lower need for precision.  Notably, this 

disregards the accuracy and precision of any dataset and is a sole property of political 

boarders.  Results may be less useful for understanding which of several habitat patches 

an animal came from within a state or province.  Larger jurisdictions may manage 

animals in multiple habitat patches (which may or may not be genetically distinct 

populations) requiring a division of enforcement resources between patches.  The ability 

to map samples to a habitat patch and not just a state or province would be useful, 
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although the literature strongly suggests limits on accuracy suggesting that often state or 

province may be the smallest unit of inference. 

 

Marker Selection- Our initial aim was to compare microsatellite and SNP datasets; 

however, this aim was predicated on the assumption that the markers inferred the same 

underlying population structure.  Our PCA results show that, for the American black 

bear, microsatellites and SNPs infer substantially different population structure (Figure 

4.1).  Specifically, the microsatellites showed less clustering in PCA space than the 

SNPs; this was also observed for domesticated dogs (Karlsson et al. 2007) and mosquitos 

(Rasic et al. 2014).  Hess and colleagues (2011) proposed that population structure 

differed between microsatellites and SNPs because the former delineates recent structure 

and the later deep time events.  However, we argue that the multi-allelic states of 

microsatellites, higher mutation rate, and the possibility of identity-by-state smooth over 

underlying population differentiation.  Vali et al. (2008) observed that the magnitude of 

heterozygosity differences between populations was significantly less for microsatellites 

than for SNPs, meaning that PCA will not tightly cluster the data when using 

microsatellites.  Additionally, McVean (2009) showed that coalescent time between two 

samples explained the distance apart in PC space.  From this perspective our 

microsatellite data show individuals from the Southwest as equally related as the entire 

eastern seaboard (Figure 4.1B), which would represent an unrealistically high level of 

gene flow. 
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Our results demonstrate that it is critical to understand the underlying population 

structure of the training samples before use in wildlife forensic applications.  We suggest 

that PCA is an appropriate analysis for underlying structure where lack of clustering in 

PCA space suggests that the data lacks resolution for wildlife forensic inference.  

However, without comparative data from our 29k PCA, we would not have been able to 

detect the lack of clustering in the microsatellites or could not have inferred that the 

clustering patterns from the Equal200 and Equal1000 SNP sets were skewed in PC space.  

Notably the SNP subsets were chosen from the PC loadings that best discriminated PCs 

within the 29k dataset, indicating that those loadings did not fully capture the variation in 

the data.  Spatial smoothing was able to overcome some of these deficiencies as it 

produced the most accurate and precise natal estimates with the Equal1000 dataset.  For 

this to be a useful method to track trade of Asian bear species, we recommend large 

genome-wide genotyping panels like that obtained from RADseq, to ascertain structure 

and highly informative markers before selection of smaller SNP genotyping panels. 

 

Conservation implications  

We are cautious regarding the application of these methods to real world natal mapping 

problems.  In a perfect analysis the estimated (natal) and true (sampled) locations would 

not be the same due to natal dispersal alone.  For American black bears, average male and 

female dispersal varies from 40-60 and 2-7 km, respectively, although dispersal events up 

to 250 km have been reported (Costello 2010; Moore et al. 2014).  This means that natal 

dispersal may account for a proportion, but not all, of the difference between true and 

estimated locations.  An exception to this concern for spatial smoothing as an application 
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was shown by Mondol et al. (2014) where the difference between true and estimated 

locations from the training samples was itself a fraction of the sampled and estimated 

differences for test samples, thereby suggesting seizure markets far from poaching sites.  

However, even in this instance, the precision from the training samples was not 

accounted for in the final analysis.  Buffering either point or kernel density estimates 

using either dispersal or the median accuracy of the training datasets, may provide a way 

to spatially account for dispersal or uncertainty (estimated by the training samples) in 

final analyses.  While buffering would make the natal inference area larger, it may also 

represent a more realistic range from which the individual originated, and may implicate 

one or more management jurisdictions that could reallocate enforcement resources. 

 

Above we noted the difficulty of assigning to state or province which is understandable 

as genetically distinct populations do not lie solely within political borders.  This suggests 

that regional or international management agreements and law enforcement structures 

should be considered for illegal trade cases.  We also show that the applicability of natal 

inference methods will rely on geographically and genomically dense genotyping efforts, 

where concerted international efforts to build species specific databases will aid 

enforcement efforts.  Research efforts for many species of bears, as well as other elusive 

animals, rely on the use of hair snares for genetic mark-recapture estimates of population 

size monitoring.  The hairs collected from these efforts may be used to genotype at SNP 

loci given recent technological developments for SNP genotyping from hair (Kraus et al. 

2015).  This suggests that initiating range wide genotyping projects for species of trade 
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concern may be fruitful if geographic coverage is large and habitat connectivity is 

understood across a species’ range. 
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Figure 4.1- PCA of (A) 29k SNPs (n = 94) and (B) 15 microsatellites (n = 506) for black 

bears across the range.  Sample locations were organized by symbology (abbreviations 

described in Table A4.1) where colors identified genomic cluster (raspberry, Southwest; 

pink, West; coral, Pacific Coast; light pink, Alaska- ABC Islands west cluster; purple, 

Alaska- ABC Islands east cluster; navy, Central Interior Highlands; light blue, Great 

Lakes; bright blue, Northeast; medium blue, Southeast).  
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Figure 4.2- Map of true and estimated locations for test samples with the spatial 

smoothing method with the Micro (A) and PartialMicro (B) datasets.  Arrows point 

towards estimated location.  
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Figure 4.3- Map of true and estimated locations for test samples with the spatial 

smoothing method with the Equal200 (A) and Equal1000 (B) datasets.  Arrows point 

towards estimated location.  
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Table 4.1- The median distance (km) and range between true and estimated locations using both the spatial smoothing and 

principal component regression methods across marker sets.  Datasets varied in the type of genetic marker (microsatellite or SNP), 

the number of loci, and the number of training and test samples.  

                      

     
Spatial Smoothing PC Regression 

Dataset Marker Loci Training Test Median Min Max Median Min Max 

Micro Micro 15 486 20 249 13 1695 1212 22 4668 

PartialMicro Micro 15 87 20 669 12 5334 1809 108 6832 

PartialMicro Micro 15 87 7 662 45 1537 2675 829 6832 

Equal SNP 200 87 7 302 66 555 174 80 1903 

Equal SNP 1000 87 7 201 64 310 763 130 7769 

29k SNP 29,166 87 7  -   -   -  291 55 1133 
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Table 4.2- The median and range of the area (km
2
) for the 50% and 90% isopleths estimated for test samples in each dataset from 

300 point locations using the spatial smoothing method.  

                      

     
50% Isopleth 90% Isopleth 

Dataset Marker Loci Training Test Median Min Max Median Min Max 

Micro Micro 15 486 20 9.60 x 10
5
 0 2.55 x 10

6
 1.61 x 10

6
 1.00 x 10

-6
 1.45 x 10

7
 

PartialMicro Micro 15 87 20 9.18 x 10
5
 1.00 x 10

-6
 3.10 x 10

6
 4.44 x 10

6
 2.53 x 10

5
 1.53 x 10

7
 

PartialMicro Micro 15 87 7 8.59 x 10
5
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ABSTRACT  

Species level genetic diversity is hierarchically organized where all of the diversity is 

encompassed at the species level and each nested division (lineages, clusters, populations, 

extended family groups, and families) have less of the total diversity.  This hierarchical 

ordering also relates to population structure across the range, where larger spatial extents 

are associated with higher levels of organization and genetic diversity.  These factors, in 

combination with the type of genetic marker, number of loci, and number of samples 

affect the level of inference that may be made in studies of population structure and 

genetic diversity.  While studies may be combined across the range to understand genetic 

diversity, inference on population structure must come from studies that use same 

markers across the range so that the data is directly comparable.  I synthesize knowledge 

of the hierarchical population structure and distribution of genetic diversity within 

American black bears.  I describe the distribution of three nuclear genetic lineages and 

their subsequent divergence into clusters and populations across the range.  I show that 

genetic diversity for mean number of alleles and observed heterozygosity was higher 

across the northern range than the southern range.  I hypothesized that high habitat 

fragmentation in the south contributed to this pattern despite the location of glacial 
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refugia in both the southeast and southwest which should have higher genetic diversity.  

Finally, I identify understudied geographic areas which may provide additional insight 

into the evolutionary history and conservation management of black bear populations. 

 

INTRODUCTION  

The distribution of genetic variation within species lies along a continuum from 

individuals to within species lineages (Lawson 2013).  Understanding how genetic 

diversity is distributed across a species’ range informs not only the evolutionary history 

but also conservation and management.  At the scale of the individual, genetic diversity is 

comprised of the specific alleles at each locus.  This information has been widely used to 

identify individual animals based on their genotypes allowing estimates of population 

census size using genetic mark-recapture methods (Pearse et al. 2001).  At the next 

hierarchical level, individuals are organized into families then extended family.  

Pedigrees (Blouin 2003) are a useful tool for understanding how individuals are related to 

each other within families that form an individual population.  Further, pedigrees describe 

how traits, including heritable diseases, are distributed and transmitted (i.e. autosomal or 

sex-linked), and the level of inbreeding.  The next hierarchical level of genetic diversity 

is that of the population, where multiple family groups form a single breeding unit.  

Populations may take several forms including being arranged sympatrically, as a 

metapopulation, or as a large panmictic population (Ciannelli et al. 2013), where 

population type may depend on both the geography of available habitat and the life 

history of the species.  A population may be distributed over one or more habitat patches.  

Individual habitat patches do not necessarily comprise unique genetic populations as the 
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presence of barriers and levels of gene flow between patches influence whether 

individuals are randomly mating (Cushman et al. 2006; Dixon et al. 2007).  I argue that 

there can be two additional levels of genetic structure above the population level, which I 

refer to as clusters and lineages.  Cluster is an admittedly poor word choice for describing 

genetic variation due to its common use to describe genetic structure ranging from 

extended family groups to different species.  This emanates out of the prevalent use of the 

Bayesian software STRUCTURE (Evanno et al. 2005; Pritchard et al. 2000) which 

identifies clusters (K) in the data by minimizing Hardy-Weinberg equilibrium covariance 

matrixes.  The definition of cluster used in this paper includes the populations that 

comprise the next hierarchical level of population structure often representative of 

populations within a geographic region; in limited cases this may include a single isolated 

population.  Finally, clusters may be organized into lineages which represent the broadest 

within species division of genetic diversity; together all of the lineages represent the total 

genetic variation for the species. 

 

The levels of hierarchical genetic structure are related to both geographic area and time.  

In relation to area, as structure increases from individuals to species, area also increases 

from the home range of single individuals to the full species distribution.  The 

relationship between population structure and time is similar as individuals exist on the 

shortest time scales (years) while within species lineages and/or species, through 

divergence processes, may be tens of thousands to millions of years old. 
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The continuous nature of genetic diversity interacts with the type of genetic marker, 

number of loci, number of samples, and spatial extent of sampling to determine which 

hierarchical level of structure at which inference may be made.  These factors, in 

combination with the spatial extent of sampling, may confuse which level of genetic 

structure is being measured despite the objectives of the study, where the most commonly 

confused levels appear to be between extended family groups and populations.  However, 

understanding the distribution of genetic diversity across the entire species range may aid 

in putting local studies within a range wide context, especially as researchers begin to 

estimate the average geographic area of populations in continuous habitat, which will be 

a function of life history specific dispersal processes. 

 

The terminology outlined above ignores the conservation relevant terms subspecies, 

evolutionary significant unit, and management unit (Moritz 1994).  As subspecies 

delimitation is poorly defined (Braby et al. 2012; Haig et al. 2006; Hawlitschek et al. 

2012; Zink 2004) there is vigorous debate on if subspecies are real and, if so, how to 

define them.  My definition of lineage as the first level of within species variation lends 

itself well to a view of subspecies as incipient species that could, through genetic drift 

and selection, become reproductively isolated at some point in the future.  Despite this 

evolutionary debate, conservation organizations and governments continue to use 

subspecies to define populations to protect; thus, better defining how to delineate 

subspecies should aid in their conservation.  Evolutionary significant units may be well 

aligned with genetic clusters which represent unique evolutionary trajectories within the 

lineages.  Management units are best defined as the habitat patches within a management 
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agency’s jurisdiction (Green 2005).  As stated above habitat patches may or may not 

comprise a single genetic population. 

 

I conducted a meta-analysis of genetic diversity across the range of the American black 

bear (Ursus americanus).  Specifically, I aimed to describe how mean number of alleles 

and heterozygosity change over the range.  Low heterozygosity and mean number of 

alleles may be a result of low effective population size.  Following demographic 

bottlenecks, populations may lose alleles due to genetic drift; however, heterozygosity 

lags as an indicator of a decline in population size (Allendorf 1986; Balloux et al. 2004; 

Nei et al. 1975).  In this way, genetic diversity can identify small populations which may 

represent isolated populations.  Additionally, I synthesized population structure and 

genetic diversity results from local studies within a broader range wide perspective.  

From a management perspective, local estimates of genetic diversity contain little 

information without understanding the variation across populations.  I end by 

highlighting unanswered questions related to the population genetics of black bears. 

 

MATERIALS and METHODS  

I surveyed 30 studies that genotyped bears using microsatellites and reported mean 

number of alleles (A) and/or observed heterozygosity (HO) across the range of the 

American black bear (Atwood et al. 2011; Belant et al. 2005; Breck et al. 2008; Brown et 

al. 2009; Costello et al. 2008; Coster et al. 2011; Csiki et al. 2003; Dixon et al. 2007; 

Drewry et al. 2013; Frary et al. 2011; Gardner et al. 2009; Laufenberg 2014; Marshall & 

Ritland 2002; Marshall et al. 2011; Onorato et al. 2007; Paetkau et al. 1997; Peacock et 
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al. 2007; Pelletier et al. 2012; Puckett et al. Accepted; Puckett et al. 2014; Robinson et 

al. 2007; Roy et al. 2012; Sanderlin et al. 2009; Sawaya et al. 2012; Schwartz et al. 2006; 

Sinclair et al. 2003; Triant et al. 2004; Warrillow et al. 2001; Wilder 2003; Winslow 

2012).  I recorded sample size, number of microsatellite loci genotyped, A, HO, and a 

geographic coordinate for each population.  When two studies sampled the same 

population, I selected the study with larger sample size unless both studies had greater 

than 30 individuals (Hale et al. 2012), in which I selected the study with more loci for the 

analysis.  All recorded data were reported in Table 1.  I interpolated a surface for both A 

and HO by ordinary kriging with a Gaussian semicovariogram, a cell size of 0.181 

decimal degrees, and used the six closest data points in ArcGIS v10 (ESRI, Redlands, 

CA).  Kriging was done within the mask of the black bear range using an IUCN range 

map (Garshelis et al. 2008). 

 

RESULTS and DISCUSSION  

Population Structure at Multiple Scales  

Within species lineages  

My colleagues and I previously conducted the largest study of black bear genomics 

(Puckett et al. Accepted) and I base much of the discussion of hierarchical genetic 

organization on that study.  We observed three genetic lineages: western, eastern, and 

Alaskan.  These results highlight that the spatial scale of evolution in black bears is 

subcontinental similar to brown bears (Davison et al. 2011).  The geographic distribution 

of the three nuclear and three mitochondrial lineages was not congruent nor was the 

divergence timing.  While the observed ranges of the nuclear eastern and mitochondrial 
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A-east lineages overlap, the Alaskan lineage primarily has A-west (with a low proportion 

of B) mitochondrial haplotypes.  The western nuclear lineage is primarily associated with 

A-west haplotypes except along the Pacific coast where the frequency of B haplotypes 

increases (Puckett et al. Accepted).  For the mitochondrial lineages, clade B diverged 

from clade A 1.07 Mya, where clades A-east and A-west diverged 169 kya; whereas in 

the nuclear genome the western lineage diverged 67 kya, then the Alaskan and eastern 

lineages diverged 31 kya (Puckett et al. Accepted).  Thus, the mito-nuclear discordance 

in black bears is both spatial and temporal.  This suggests introgression of the 

mitochondrial genome in the western range, and that mitochondrial haplotypes alone are 

not sufficient for evolutionary inference in black bears.   

 

Black bears contracted into glacial refugia during the Last Glacial Maximum (LGM, 21 

kya), then expanded and recolonized previously glaciated habitat in North America.  

Expansion out of refugia resulted in differential amounts of admixture, or the mixing of 

clusters or lineages, across the range.  Admixture was most apparent in the northwest.  I 

hypothesize that the western lineage which formed following divergence spread across 

the northern and southern Rocky Mountains and westward towards the Pacific coast 

before a southward range contraction as the Cordilleran ice sheet covered modern 

Canada.  In the same way, bears that formed the Alaskan lineage contracted into Beringia 

and were separated by the ice.  As the glaciers receded, the western lineage expanded 

northwards and the Alaskan lineage expanded southward.  This resulted in bears in the 

northwest of the continent (Montana, Idaho, Wyoming, Oregon, Washington, British 

Columbia, Alberta) having an admixed signature between the western and Alaskan 
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lineages (Puckett et al. Accepted).  The second admixture event was formed from the 

long distance eastward range expansion of the Alaskan lineage.  The proportion of the 

genome for which the Alaskan lineage contributes steadily decreases towards the east 

across Canada. 

 

Regional and local structure  

Within the three lineages, Puckett et al. (Accepted) identified nine genetic clusters (Table 

1).  Based upon the data from this meta-analysis, 52 populations and an additional 12 

management units have been identified to date.  Increasing the geographic range of 

sampling would invariably identify more populations and additional clusters, as well as 

better define the spatial extent of known populations.  I discuss these levels of genetic 

structuring inferred from local studies that used microsatellite markers. 

 

Southeast- The Southeast cluster represents descendants from the ancestral cluster that 

contracted into the Southeast refugium during the LGM (Puckett et al. Accepted).  Since 

that time the landscape has become fragmented, leaving several isolated populations.  

These include seven populations in Florida (Dixon et al. 2007), at least three 

management units in Louisiana (Laufenberg 2014), two populations (mountains and 

coastal) in North Carolina where bears in Tennessee may belong to the mountain 

population, and one population each in West Virginia, Kentucky (Frary et al. 2011), 

coastal South Carolina (Drewry et al. 2013), and Georgia (Sanderlin et al. 2009).  I used 

management unit and not population to describe areas in Louisiana as limited studies of 

gene flow have been conducted, whereas the extreme isolation of other southeastern areas 
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would lend itself to hypotheses that each area makes up a single breeding unit.  Local 

range expansion appears to be ongoing in eastern Kentucky, with bears from the 

Appalachian Mountains serving as a likely source (Frary et al. 2011).  Finally, while it is 

unknown which genetic cluster the Arkansas-White River population belongs to, 

Laufenberg’s (2014) data suggest it is the Southeast cluster. 

 

Northeast- Following the LGM, bears expanded out of the Southeast refugium and 

recolonized the northeast.  As bears are found in Quebec and Newfoundland, it is likely 

that the Northeast genetic cluster extends far into Canada or that a secondary range 

expansion resulted in another genetic cluster further in the northeast or on Newfoundland.  

Habitat is continuous in the northeast and few studies have investigated population 

structure within the region.  There are a minimum of six populations in the Northeast 

cluster; one each in Newfoundland, Maine, Pennsylvania, the Lower Peninsula of 

Michigan, the Bruce Peninsula of Ontario, and southeastern Ontario which may extend 

into the Adirondacks of New York (Marshall et al. 2011; Pelletier et al. 2012; Puckett et 

al. Accepted).  The extent of the southeastern Ontario population is broadly distributed in 

eastern and central Ontario; however, connectivity with bears in western Quebec is 

unknown.  There is evidence of local expansion into previously extirpated parts of the 

range including Ohio, New Jersey, Maryland, and Connecticut (Scheick & McCown 

2014).  These areas should be considered management units pending further research into 

their source populations and gene flow with other populations to determine population 

status.  The source population for the Connecticut expansion appears to be from 

southeastern Ontario/Adirondack Mountains of New York (Puckett, unpublished data). 
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Great Lakes- Following the range expansion out of the southeast refugium that produced 

the Northeast genetic cluster, the expansion continued counterclockwise around the Great 

Lakes and across central Canada (Puckett et al. Accepted).  Similarly to the long distance 

range expansion and clinal structure of Great Lakes genotypes across Canada, Alaskan 

lineage genotypes made an eastward expansion, with decreasing frequencies the further 

east across the Great Lakes and Northeast genetic clusters.  These opposing range 

expansion clines clarify the clinal structure observed across Ontario (Pelletier et al. 2012) 

as well as the higher prevalence of clade A-west mitochondrial haplotypes in Manitoba 

(Puckett et al. Accepted) and western Ontario (Pelletier et al. 2011).  There are at least 

three populations within the Great Lakes cluster, one each across: Wisconsin and the 

Upper Peninsula of Michigan, Minnesota, and western Ontario (Pelletier et al. 2012; 

Puckett et al. Accepted).  Data suggests that bears in Manitoba are more closely related to 

those in Minnesota than other populations; however, it is unclear if Manitoba and 

Minnesota comprise a single or multiple populations.  The Great Lakes cluster is data 

deficient in the northern ranges of Canadian provinces and the western extent of the 

cluster is unknown, specifically if it extends into Saskatchewan and eastern Alberta.  

 

Central Interior Highlands- The population genetics of the Central Interior Highlands 

(CIH) have received substantial attention (Csiki et al. 2003; Puckett et al. 2014; Van Den 

Bussche et al. 2009; Warrillow et al. 2001).  The crux of the debate has been the extent to 

which the translocation of bears from the Great Lakes cluster influenced the genetics of 

bears in Arkansas, Oklahoma, and Missouri.  Two analyses appear to resolve these 
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questions.  Based on population divergence analyses, the CIH genetic cluster diverged 

from the Southeast approximately 11 kya (Puckett et al. Accepted).  Some of these bears 

remained on the landscape following what was long thought to be extirpation throughout 

the CIH (Clark & Smith 1994); however, admixture between CIH and Great Lakes 

genotypes was observed in bears in both the Ozark and Ouachita Mountains, which are 

distinct populations (Puckett et al. 2014).  Finally, genomic data support the hypothesis 

that bears in Missouri were not a remnant population representing the CIH cluster but an 

isolated population that founded Missouri following the Arkansas reintroduction (Puckett 

et al. Accepted).  Contemporary northward range expansion of bears from the Arkansas 

Ozarks into Missouri may connect these populations in the future (Puckett et al. 2014).   

 

Southwest- The Southwest genetic cluster is found throughout the southern Rocky 

Mountains and Mogollon Rim, and may extend into western Mexico.  The data suggest 

there are at least four populations including: the Mongollon Rim of Arizona and New 

Mexico, the Sky Islands of southern Arizona and northern Mexico, the Sangre de Cristo 

Mountains in New Mexico, and Colorado (Atwood et al. 2011; Costello et al. 2008; 

Puckett et al. Accepted).  Onorato et al. (2007) also identified the Mongollon Rim 

population, as well as two management units in Texas and northern Mexico.  However, 

the bears sampled in Texas and nearby Mexican locations (Carmens and Burros) are 

probably related to the eastern lineage and not the western lineage which the Southwest 

cluster belongs, despite geographic proximity.  This hypothesis is based upon the Texas 

and eastern Mexican bears having A-east mitochondrial haplotypes (Onorato et al. 2004) 

and nuclear (Onorato et al. 2007) genetic signatures unique from that of the Mongollon 
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Rim population which is part of the Southwest cluster.  I further hypothesize that the 

Arizona sky islands and Sierra Nevadas are part of the Southwest genetic cluster based 

upon the high proportion of A-west haplotypes and the inferred glacial history as the 

entire Southwest served as an LGM refugium (Puckett et al. Accepted).  Finally, I 

hypothesize that eastern Utah and southern Wyoming are both management units and 

potentially populations within the Southwest cluster due to continuous habitat across the 

Colorado plateau. 

 

Pacific Coast- The Coastal Range between Oregon and California formed a distinct 

genetic cluster (Puckett et al. Accepted); I hypothesize that this cluster extends from 

Washington state to both the coastal and Sierra Nevada Mountains in California.  

California has three populations: North Coast/Klamath, central Sierra Nevadas, and 

southern Sierra Nevadas (Brown et al. 2009).  Brown and colleagues (2009) identified 

substructure within the central Sierra Nevadas; however, these may represent 

management units instead of populations as related individuals were not removed from 

the analysis which may result in overestimation of structure. 

 

West- Following divergence of the western lineage, bears spread throughout the northern 

and southern Rocky Mountains and along the Pacific Coast.  The LGM pushed bears into 

two glacial refugia, Southwest and Pacific Northwest, thereby beginning divergence 

between the geographic regions, although both have high frequencies of A-west 

mitochondrial haplotypes (Puckett et al. Accepted).  Following expansion out of glacial 

refugia, bears from the Alaskan and eastern lineages (from the Great Lakes cluster) 
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admixed in to the West (Puckett et al. Accepted).  Sampling along a north-south axis, 

shows higher proportions of Alaskan lineage admixture in more northern samples across 

the western range (Pacific Coast, West, and Southwest clusters).  Previous studies 

identified very fine scale population structure of black bears within the Alexander 

Archipelago corresponding to isolation on islands or mainland peninsulas (Peacock et al. 

2007; Puckett et al. Accepted); given that British Columbia has a similar coastline, I 

hypothesize fine scale population structure but not necessarily unique clusters, lineages, 

or subspecies along the coast.  Given the extent of the range studied to date, I inferred 12 

populations including: the Idaho panhandle and northwestern Montana which likely 

extends into southern British Columbia, central Idaho and eastern Oregon, central 

Montana, southern Montana which may extend into northwestern Wyoming (Puckett et 

al. Accepted), Banff National Park in Alberta (Sawaya et al. 2012), the six coastal and 

island sampling sites of Marshall and Ritland (2002) including Vancouver Island, and 

Haida Gwaii due to isolation.  Given both the coastline geography and sparse sampling of 

the interiors of British Columbia, Alberta, and Saskatchewan, there are likely more 

populations in the West cluster. 

 

Alaska-East and Alaska-West- As described above, the coastal geography along the 

Pacific coast isolates bears on islands and peninsulas that are geographically close but 

which limit gene flow.  The Alaskan lineage which comprises the Alaska-East genetic 

cluster has at least five populations including: Kenai Peninsula, Yakutat, Chilkat 

Peninsula, Juneau, and the central mainland of the Alexander Archipelago (Peacock et al. 

2007; Puckett et al. Accepted).  I hypothesize that the Alaskan lineage extends into 
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mainland Alaska and eastward into Yukon, evidenced by the declining proportion of 

Alaskan genotypes observed in the Great Lakes and Northeast clusters which I 

hypothesize expanded north around the Yukon Range.   

 

Despite the adjacent geographic proximity of Alaska-East and Alaska-West clusters, the 

Alaska-West cluster is a western lineage with substantial Alaskan lineage admixture 

(Puckett et al. Accepted).  I hypothesize that this cluster established following 

deglaciation from northward range expansion out of the Pacific Northwest refugium.  The 

Alaska-West cluster includes four populations within the southern extent of the 

Alexander Archipeligo on Kuiu, Kupreanof, and Prince of Wales Islands, and the 

southeastern mainland (Peacock et al. 2007).   

 

Genetic Diversity  

Species that contracted into glacial refugia then expanded their ranges in interglacial 

climates are expected to show a pattern of higher genetic diversity in the refugial area and 

lower diversity in the expanded range (Excoffier & Ray 2008).  This pattern is expected 

during range expansions because only a subset of alleles expand with the expansion front, 

thereby reducing genetic diversity before a reduction of heterozygosity (Allendorf 1986).  

The American black bear does not exhibit this pattern of diversity for either mean number 

of alleles (A) nor observed heterozygosity (HO; Figure 5.1) despite contraction into 

multiple refugia.  Specifically, the refugial areas in the Southeast, Southwest, and Pacific 

Northwest have lower genetic diversity than the continuous, and previously glaciated, 

range in the north (Figure 5.1). 
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One explanation for the patterns of genetic diversity in black bears is the variability of 

continuous habitat across the range.  Fragmented habitat would be expected to support 

fewer bears due to limited resources including food and territory.  In these smaller 

patches, genetic drift will have a larger effect and alleles will be lost from the population; 

the converse is expected for continuous habitat that may support large populations, higher 

levels of gene flow, and weak genetic drift.  This is congruent with data for black bears, 

as the isolated mountain ranges of the southwest and the Sierra Nevadas of California 

(both surrounded by deserts), islands (Newfoundland and Vancouver), and peninsulas 

(Kenai, Alaska and Bruce, Ontario) have the lowest genetic diversity (Table 5.1).  The 

highest levels of genetic diversity were observed across Canada and in the northern 

Rocky Mountains (Figure 5.1). 

 

Further, anthropogenic processes such as abundance declines due to overharvest or 

habitat fragmentation may also affect genetic diversity similarly to areas of natural 

geographic isolation.  As the pressures from both overharvest and habitat fragmentation 

occurred within the past 200 years, populations may not have had time to recover lost 

genetic diversity via gene flow or mutation.  For example, despite long-term habitat 

stability on the Florida peninsula, recent habitat fragmentation and lack of dispersal 

corridors have been implicated in both reduced population size and genetic diversity in 

the seven habitat patches within the state (Dixon et al. 2007).  Similarly, historic 

overharvest decreased bear abundance; currently, these populations are expanding locally 

(in population size and geographic range) as hostility towards carnivores has waned in 
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recent decades.  Local bear population expansions into previously extirpated regions have 

been documented in Ohio and Connecticut (Scheick & McCown 2014).  The low genetic 

diversity observed in Connecticut may be due to a recent founder event (Table 5.1). 

 

The high genetic diversity across the northern range may have several explanations.  

First, as mentioned above the larger population sizes and weaker genetic drift result in 

more alleles being maintained in the population.  Second, long distance dispersal events, 

as opposed to a purely stepping-stone expansion, may increase genetic diversity and 

heterozygosity and decrease differentiation along the expansion axis by continually 

bringing alleles to the expanding edge (Ray & Excoffier 2010).  Black bear natal 

dispersal distances up to 250 km have been reported for both sexes (Costello 2010; 

Moore et al. 2014), indicating that while rare, this may be a viable hypothesis for long 

distance gene flow.  Third, admixed regions have higher genetic diversity than un-

admixed populations due to unique sets of alleles, including private alleles, combining, 

thereby increasing genetic diversity.  As admixture was observed across the Alaska-East, 

Alaska-West, West, Great Lakes, and Northeast clusters, admixture may in part explain 

the higher genetic diversity across the northern range.  Of note, Frary et al. (2011) 

hypothesized that allelic richness and heterozygosity were high in the recently expanded 

population of eastern Kentucky due to admixture.  However, genetic diversity in 

Kentucky was within the range of nearby bears sampled in West Virginia and North 

Carolina (Table 5.1, Figure 5.1A).  While admixture between the Southeast and Northeast 

clusters is a testable hypothesis, current evidence indicates that the Northeast expansion 

into eastern Ohio has yet to expand as far south as Kentucky (Scheick & McCown 2014).  
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Both this example from Kentucky, as well as the reintroduction of bears into Arkansas 

(Clark & Smith 1994), show that genetic diversity will not necessarily be reduced during 

founding events, although large numbers of founding individuals will aid in maintaining 

high genetic diversity (Puckett et al. 2014). 

 

Open Questions in American Black Bear Population Genetics  

While black bears are intensely studied due to their game status, there remains much to 

learn about the species.  Given that the range map (Scheick & McCown 2014) for the 

species has a more northern distribution than mapped presence locations from the Global 

Biodiversity Information Facility database, one open question is: how far north does the 

species extend?  Specifically, does this mismatch represent a lack of information in the 

database or an overestimation of the range?  Either may be possible as many studies are 

biased to either the continental United States or populations along the Pacific Coast.  This 

bias extends to studies of genetic structure; I will outline open questions on the genetics 

of the species and present my hypotheses below. 

 

First, to which genetic cluster(s) do bears in Mexico belong?  Two subspecies have been 

described in Mexico, U. a. machetes in the west and U. a. eremicus in the east (Lariviere 

2001).  Considering that Varas-Nelson (2010) observed clade A-west mitochondrial 

haplotypes in her study of Mexican populations semi-continuous with Arizona, and 

Onorato et al. (2007) observed A-east haplotypes in his study of Mexican populations 

continuous with Texas (U. a. machetes and U. a. eremicus, respectively), I hypothesize 

that the western populations are an extension of the Southwest genetic cluster and the 
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eastern populations share a most recent population level ancestor with the CIH cluster of 

the eastern lineage. 

 

Second, to which genetic cluster do bears in California belong?  Brown et al. (2009) 

identified four populations within the state of California.  As stated above, I hypothesize 

that the North Coast/Klamath population is contiguous with bears in coastal Oregon 

(Puckett et al. Accepted) based upon work in other species which observed a 

phylogeographic suture zone between coastal Oregon and California (Soltis et al. 1997; 

Swenson & Howard 2005).  While FST statistics were significantly different between all 

pairwise comparisons of the North Coast, and northern, central, and southern Sierra 

Nevada Mountains (Brown et al. 2009), the significance may be at the level of 

populations and not genetic clusters, thereby suggesting that all of California belongs to 

the Pacific Coast cluster. 

 

Third, when did bears colonize islands?  Black bears live on Newfoundland, Vancouver, 

Haida Gawaii, and the Princess Charlotte Islands, where each of these island populations 

has been described as a subspecies: U. a. hamiltoni, U. a. vancouveri, U. a. carlottae, and 

U. a. kermodei respectively.  The primary question relates to if bears colonized islands 

before or after the LGM.  While bear fossils on some of these islands have been 

identified and dated to before the LGM (Wooding & Ward 1997), that does not mean that 

those islands were unglaciated and supported bears during the LGM.  Thus genetic 

analyses that estimated population divergence times between mainland and island 

populations would provide a clearer understanding of colonization history, including 
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patterns of range expansion out of glacial refugia.  Population genetics could also be used 

to infer the mainland population which founded each island population.  Understanding 

the level of divergence and any adaptations between the mainland and island populations 

would also help to clarify the level of differentiation needed to warrant subspecies status.  

Answering these questions would also answer broader evolutionary questions about the 

extent of genetic drift at neutral and potentially adaptive loci, as the colonization of 

islands represents a natural experiment within the species. 

 

Fourth, what is the spatial extent of the Alaskan lineage?  The samples from Puckett et al. 

(Accepted) observed the Alaskan lineage along the Pacific coast (Kenai Peninsula and the 

Alexander Archipelago) but did not sample inland.  The subspecies designations for 

Alaska include U. a. perniger on Kenai Peninsula, U. a. emmonsii along the southern 

coast of Alaska, U. a. pugnax on the Alexander Archipelago, and U. a. americanus in 

central Alaska and Yukon (Lariviere 2001).  I hypothesize that the Alaskan lineage is 

found throughout central Alaska and adjacent Yukon and Northwest Territories.  There 

may be admixed signatures from long distance range expansion of the Great Lakes or a 

western lineage signature; however, I hypothesize that the Alaskan lineage is not 

confined to coastal areas.  

 

Answering these questions regarding population structure will contribute to both the 

conservation and evolutionary understanding of black bears.  Identifying geographic 

regions with unique diversity will aid future translocations of bears by identifying source 

populations for translocations that are genetically similar to recipient populations.  
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Further, in the process of identifying genetic structure across the range, we subsequently 

estimate genetic diversity and inbreeding levels.  This information may be used along 

with census size estimates to target populations where supplementation would be an 

effective conservation management strategy.  Understanding population structure will 

also aid evolutionary inference by accounting for neutral differentiation due to population 

structure in statistical estimates of adaptation and selection. 
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Figure 5.1- Interpolated surfaces for (A) mean number of alleles and (B) observed 

heterozygosity across the range of the American black bear.  In each map, darker brown 

and darker green regions respectively represent areas of low and high genetic diversity.   
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Table 5.1- Population genetic estimates of American black bears across studies showing estimates of mean number of alleles (A) and 

observed heterozygosity (HO) for varying sample sizes (n) and number of microsatellite loci.  

              

Location n Loci A HO Reference 

Southwest 

     

 

Arizona- North 102 11 5.8 0.538 Atwood et al 2011 

 

Arizona- Sky Islands 33 11 4.3 0.422 Atwood et al 2011 

 

Arizona 8 15 4.1 0.515 Puckett et al In Review 

 

Colorado 20 15 5.3 0.615 Puckett et al In Review 

 

New Mexico- Sangre de Cristo Mountains 211 11 6.5 0.626 Costello et al 2008 

 

New Mexico- Mogollon Mountains 195 11 5.9 0.549 Costello et al 2008 

 

New Mexico- Mogollon Mountains 29 7 

 

0.493 Onorato et al 2007 

 

New Mexico 11 15 4.8 0.551 Puckett et al In Review 

 

New Mexico 143 12 4.8 0.559 Winslow 2012 

 

Utah- East Tavaputs Plateau 71 7 

 

0.529 Sinclair et al 2003 

West 

     

 

Alberta- Banff National Park 85 13 10.3 0.850 Sawaya et al 2010 

 

Alberta 13 15 7.4 0.739 Puckett et al In Review 

 

British Columbia- Mainland East of Princess Royal 21 8 6.6 

 

Marshall and Ritland 2002 

 

British Columbia- Princess Royal Island 50 8 6.5 

 

Marshall and Ritland 2002 

 

British Columbia- Vancouver 19 8 4.4 

 

Marshall and Ritland 2002 

 

British Columbia- Terrace 17 8 7.5 

 

Marshall and Ritland 2002 

 

British Columbia- Don Peninsula 23 8 5.9 

 

Marshall and Ritland 2002 

 

British Columbia- Hawkesbury 20 8 5.7 

 

Marshall and Ritland 2002 

 

British Columbia- Golden (West Slopes) 116 8 9.5 

 

Paetkau et al 1997 

 

British Columbia 19 15 8.1 0.799 Puckett et al In Review 

 

Nevada- Lake Tahoe 50 9 4.6 0.465 Breck et al 2008 

 

Idaho- Purcell Mountains 72 9 9.0 0.760 Schwartz et al 2006 

 

Idaho- Selkirk Mountains 73 9 9.3 0.800 Schwartz et al 2006 

 

Idaho 57 15 9.3 0.679 Puckett et al In Review 

 

Montana 28 15 7.8 0.784 Puckett et al In Review 

Pacific Coast 

     

 

California- North Coast 167 12 9.2 0.610 Brown et al 2009 
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Location n Loci A HO Reference 

 

California- Cascades 93 12 5.5 0.520 Brown et al 2009 

 

California- Central Sierra Nevada 161 12 4.9 0.510 Brown et al 2009 

 

California- Southern Sierra Nevada 117 12 4.5 0.440 Brown et al 2009 

 

California- Yosemite 46 9 3.8 0.450 Breck et al 2008 

 

Oregon 9 15 5.6 0.783 Puckett et al In Review 

Alaska 

     

 

Alaska- Kenai Peninsula 79 13 

 

0.671 Robinson et al 2007 

 

Alaska- Kenai Peninsula 10 15 5.4 0.725 Puckett et al In Review 

 

Alaska- Mainland 20 13 

 

0.704 Robinson et al 2007 

 

Alaska- ABC Islands 254 7 

 

0.690 Peacock et al 2007 

 

Alaska-ABC Islands East 14 15 5.8 0.759 Puckett et al In Review 

 

Alaska-ABC Islands West 6 15 5.2 0.77 Puckett et al In Review 

 

Alaska- Kennicott 84 6 

 

0.751 Wilder 2003 

 

Yukon 15 15 7.5 0.714 Puckett et al In Review 

Central Interior Highlands 

     

 

Ozarks- Arkansas and Oklahoma 114 15 8.0 0.779 Puckett et al 2014 

 

Ouachitas- Arkansas and Oklahoma 135 15 8.3 0.733 Puckett et al 2014 

 

Missouri 36 15 5.0 0.777 Puckett et al 2014 

Great Lakes 

     

 

Manitoba 9 15 6.9 0.822 Puckett et al In Review 

 

Michigan- Upper Peninsula 10 15 6.2 0.822 Puckett et al In Review 

 

Minnesota 28 15 8.5 0.791 Puckett et al In Review 

 

Wisconsin- Apostle Islands 32 6 

 

0.840 Belant et al 2005 

 

Wisconsin 10 15 6.1 0.713 Puckett et al In Review 

Northeast 

     

 

Connecticut 12 15 4.7 0.694 Puckett et al In Review 

 

Massachusetts 5 15 4.5 0.923 Puckett et al In Review 

 

Maine 10 15 6.7 0.853 Puckett et al In Review 

 

Michigan- Lower Peninsula 10 15 6.1 0.808 Puckett et al In Review 

 

New York 47 6 

 

0.800 Gardner et al 2009 

 

New York 7 15 5.5 0.719 Puckett et al In Review 
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Location n Loci A HO Reference 

 

Ontario 2839 15 8.8 0.750 Pelletier et al 2012 

 

Ontario-Red Lake 44 15 9.4 0.769 Pelletier et al 2012 

 

Ontario-Nipigon 49 15 9.8 0.813 Pelletier et al 2012 

 

Ontario- Wawa 37 15 9.3 0.761 Pelletier et al 2012 

 

Ontario- Sault Ste. Marie 52 15 9.8 0.765 Pelletier et al 2012 

 

Ontario- Bruce 135 15 4.6 0.549 Pelletier et al 2012 

 

Ontario- Peterborough 10 15 6.1 0.783 Pelletier et al 2012 

 

Ontario
1
 51 15 9.5 0.800 Puckett et al In Review 

 

Pennsylvania 15 15 6.8 0.702 Puckett et al In Review 

 

Quebec 141 10 11.5 0.829 Roy et al 2012 

 

Quebec- La Mauricie National Park 32 8 8.75 

 

Paetkau et al 1997 

Southeast 

     

 

Florida- Apalachicola 40 12 5.9 0.690 Dixon et al 2007 

 

Florida- Aucilla 40 12 5.0 0.566 Dixon et al 2007 

 

Florida- Big Cypress 41 12 5.5 0.642 Dixon et al 2007 

 

Florida- Chassahowitzka 29 12 2.3 0.287 Dixon et al 2007 

 

Florida- Eglin 40 12 4.1 0.613 Dixon et al 2007 

 

Florida- Highlands/Glades 28 12 2.8 0.327 Dixon et al 2007 

 

Florida- Ocala 40 12 4.8 0.579 Dixon et al 2007 

 

Florida- Ocala 9 15 4.3 0.601 Puckett et al In Review 

 

Florida- Osceola 41 12 6.7 0.705 Dixon et al 2007 

 

Florida- St. Johns 40 12 5.8 0.650 Dixon et al 2007 

 

Georgia 23 21 2.9 0.500 Sanderlin et al 2009 

 

Georgia 23 8 2.6 

 

Sanderlin et al 2009 

 

Louisiana- Coastal 20 5 4.2 

 

Csiki et al 2003 

 

Louisiana- Coastal 57 8 

 

0.506 Triant et al 2004 

 

Louisiana- Inland 32 8 

 

0.704 Triant et al 2004 

 

Louisiana- Lower Atchafalaya 26 8 6.1 0.420 Warrillow et al 2001 

 

Louisiana- Three Rivers Complex 39 23 4.4 

 

Laufenberg 2014 

 

Louisiana- Upper Atchafalaya 60 23 4.1 

 

Laufenberg 2014 

 

Mississippi 59 23 4.8 

 

Laufenberg 2014 



150 
 

              

Location n Loci A HO Reference 

 

Kentucky 54 6 7.5 0.81 Frary et al 2011 

 

North Carolina- Mountains 17 15 6.8 0.801 Puckett et al In Review 

 

North Carolina- Coast 14 15 6.5 0.765 Puckett et al In Review 

 

South Carolina- Lewis Bay 16 21 5.1 0.630 Drewry et al 2013 

 

West Virginia 20 15 7.2 0.743 Puckett et al In Review 

Eastern Lineage- Unknown Cluster 

     

 

Arkansas- White River 6 5 1.8 

 

Csiki et al 2003 

 

Arkansas- White River 22 8 2.4 0.380 Warrillow et al 2001 

 

Arkansas- White River 105 23 2.2 

 

Laufenberg 2014 

 

Newfoundland 32 8 3 

 

Paetkau et al 1997 

 

Newfoundland
1
 93 12 3.9 

 

Marshall et al 2011 

 

Newfoundland- Northern Peninsula 25 12 

 

0.443 Marshall et al 2011 

 

Newfoundland- Baie Verte Peninsula 47 12 

 

0.42 Marshall et al 2011 

 

Newfoundland- Bonavista Peninsula 21 12 

 

0.373 Marshall et al 2011 

 

Texas- Big Bend 32 7 

 

0.722 Onorato et al 2007 

  Mexico- Burros 58 7   0.732 Onorato et al 2007 
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APPENDIX 1- Approximate Bayesian computation of five models including four 

populations to understand the relationship between the unique MO cluster and the 

OU and OZ genetic clusters.  

 

MATERIALS and METHODS  

Model selection for demographic history in Missouri  

Following identification of the demographic model for the three population scenarios, we 

wanted to determine how the hierarchically substructured MO population was related to 

OU and OZ using Admix as the base model.  In SplitMO (Figure A1.1A), MO diverges 

from CIH lineages before OU and OZ diverge; while in SplitOU, OU diverges from CIH 

before OZ and MO (Figure A1.1B).  In SequentialMO (Figure A1.1C), one generation 

after the Source-OZ admixture event, MO was founded from the OZ lineage. In the 

RemnantMO (Figure A1.1D) and AdmixMO (Figure A1.1E) models all three CIH areas 

diverge at the same time, where the OZ and MO lineages admix seven generations from 

the present in the AdmixMO model.  Each model was simulated 1.5x10
6
 with priors equal 

to those used for the Admix model.  For parameters not present in the Admix model, priors 

included: NMO [1-1,000], λMO [0.001-0.999], and tMO and tOU [1-20,000].  Again we used 

DIYABC’s logistic regression on the 1% of data with the shortest Euclidian distance in 

multivariate space to calculate the posterior probabilities of the models.  We calculated 

type I and II error rate as described in the main text. 

 

RESULTS  

The logistic regression of the five models including MO supported RemnantMO as the 

most likely model with posterior probability 0.581 where AdmixMO and SplitMO had 
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posterior probabilities of 0.228 and 0.164, respectively (Figure A1.1).  The type I and II 

errors of the RemnantMO model were 4.0% and 88.0% respectively. 

 

DISCUSSION  

The coalescent modeling could not distinguish between the five models with four 

populations.  The RemnantMO model was the simplest of the models and only 

distinguishes that the four contemporary populations have divergent levels of allele 

frequencies and genetic diversity.  In the calculation of Type II error, this model was 

repeatedly preferred over the model of interest indicating that the data have low power to 

distinguish between more complex alternative scenarios.  This may be due to the short 

time periods in which differentiation occurred, shared ancestry, high genetic drift, and/or 

loss of alleles in MO.   

 

We hypothesize that the SplitOU model is the most congruent with knowledge about 

habitat fragmentation in the Ozark Mountains due to clear cutting.  In this model, the OZ 

and MO genetic clusters would separate concurrent with or prior to the demographic 

bottleneck due to fragmentation of the landscape.  The fragmented landscape in 

conjunction with low population size may have prevented gene flow within the Ozark 

Mountains thereby allowing drift to act independently in OZ and MO before the 

translocation.  Missouri and Arkansas were heavily logged between 1880 to 1920 

(Giessman et al. 1986; Stausberg & Hough 1997).  Pre-settlement forest cover in 

Missouri was estimated at 70% with approximately half removed through intensive 

logging (Giessman et al. 1986).  While the distribution of clear cutting and the resultant 
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forest patches are unknown, it is possible that connectivity between patches suitable for 

bears was removed during intensive logging.  Forest protection began in Arkansas 

between 1907 to 1909 as the Ouachita and Ozark National Forests were established 

(Stausberg & Hough 1997).  In Missouri, the Mark Twain and Clark National Forests 

were established in 1934 and 1935 (Guldin et al. 2008).  These federal land buys along 

with new management practices allowed forests to regrow and may have connected 

disjunct patches over time. 
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Figure A1.1- Five models used to identify the most likely demographic scenario for the 

unique MO genetic cluster in DIYABC.  Patterns for OU, OZ, and Source were fixed as 

in the Admix model.  In the SplitMO (A) and SplitOU (B) models, MO or OU diverge (t) 

from the ancestral Central Interior Highlands (CIH) lineage first.  In the SeqentialMO (C) 

model, MO was founded from OZ following the admixture. In the RemnantMO (D) and 

AdmixMO (E) models, all CIH subpopulations diverged at the same time; where the 

models differ in that in AdmixMO MO genotypes admix with OZ following the admixture 

from the Source.  
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Table A1.1- Primer sequences used in this study to shorten PCR amplified products for 

more efficient amplification from hair samples.  

        

Locus Name 

Florescent 

Dye Orientation Sequence (5' to 3') 

G10O
a
 NED Forward CTTTGGCTACCTCAGATGG 

  

Reverse TGCCTACTGCACCAACAG 

G10U
a
 VIC Forward CAGTGTCAGTTGTTAGGAAGCAG 

  

Reverse TATTTCCAATGCCCTAAGTGAT 

UarMU05
b
 PET Forward AATCTTTTCACTTATGCCCA 

  

Reverse GAAACTTGTTATGGGAACCA 

UarMU10
b
 NED Forward TTCAGATTTCATCAGTTTGAC 

  

Reverse CAGCATAGTTACACAAATCTCC 

UarMU23
b
 PET Forward GCCTGTGTGCTATTTTATCC 

  

Reverse TTTAGGATTCGGCTTGCTTG 

UarMU59
b
 NED Forward GCTCCTTTGGGACATTGTAA 

  

Reverse AGGCATGGGGAAGAAATTG 

UA-P2H03
c
 6FAM Forward CCACCATTTTGGCATTACTT 

    Reverse TCCCTCTGTGCACTCATCTG 
a
- Paetkau, D. and C. Strobeck.  1996.  Mitochondrial DNA and the phylogeography of 

Newfoundland black bears.  Canadian Journal of Zoology 74, 192-196. 
b
- Taberlet, P., J.J. Camarra, S. Griffin, E. Uhres, O. Hanotte, L.P. Waits, C. Dubois 

Paganon, T. Burke, and J. Bouvet.  1997.  Noninvasive genetic tracking of the 

endangered Pyrenean brown bear population.  Molecular Ecology 6, 869-876. 
c
- Sanderlin, J.S., B.C. Faircloth, B. Shamblin, and M.J. Conroy.  2009.  Tetranucleotide 

microsatellite loci from the black bear (Ursus americanus).  Molecular Ecology 

Resources 9, 288-291. 
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Table A1.2- Range of prior distributions for each parameter used in three population 

models between Ouachita (OU), Ozark (OZ), and Source black bear populations.  

Parameters included in each model are noted.  See Figure 2.2 for a pictorial 

representation.  

          

 

Models   

Parameter Split Admix Founder Priors 

Posterior Probability 0.044 0.942 0.014 

 NOU    1-10,000 

NOZ    1-10,000 

NSource    10,000-40,000 

NOU-Post-translocation 



  1-1,000 

NOZ-Post-translocation 



  1-1,000 

NOU-Bottleneck  



1-1,000 

NOZ-Bottleneck  



1-1,000 

NOU-Historical  



100-10,000 

NOZ-Historical  



100-10,000 

λOU 







0.100-0.999 

λOZ 







0.100-0.999 

t1  



14-20,000 

t2  



1-10,000 
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Table A1.3- Microsatellite loci that display non-random assortment (+) or random assortment (-) of alleles within each study 

area.  First panel: AR-Ou (above diagonal), OK-Ou (below diagonal); second panel: AR-Oz (above diagonal), OK-Oz (below 

diagonal); third panel: Manitoba (above diagonal), Minnesota (below diagonal); fourth panel: MO-Oz (above diagonal), MO 

(below diagonal). 

  

                  G10L G10P G1D G10C G10M G1A G10B G10J P2H03 G10U MU10 G10O MU59 MU05 MU23 

G10L * - - - - - - - - - - - - - - 

G10P - * + - - - - - - - + - - - - 

G1D - + * - + - - - + - + + + - - 

G10C - - - * - - - - - - - - - - - 

G10M - - - - * - + - - - - - - - + 

G1A - - - - - * - - - - - - - - - 

G10B - - - - - + * - - - - - - - - 

G10J + - - - - - - * - - - - - - - 

P2H03 - - - - - - - - * - - - + - - 

G10U - - - - - - - - - * - - - - - 

MU10 - - - - - - - - - - * - - - - 

G10O - - - - - - - - - - - * - - - 

MU59 - - - - - - - - - - - - * - - 

MU05 - - - - - - - - - - - - - * - 

MU23 - - - - - - - - - - - - - - * 
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                  G10L G10P G1D G10C G10M G1A G10B G10J P2H03 G10U MU10 G10O MU59 MU05 MU23 

G10L * - - - - - - - - - - - - - - 

G10P - * + - - - - - - - - - - - - 

G1D - - * - - - - - - - - - - - - 

G10C - - - * - - - - - - - - - - - 

G10M - - - - * - - - - - - - - - - 

G1A - - - - - * - - - - - - - - - 

G10B - - - - - - * - - - - - - - - 

G10J - - - - - - - * - - - - - - - 

P2H03 - - - - - - - - * - - - - - - 

G10U - - - - - - - - - * - - - - - 

MU10 - - - - - - - - - - * - - - - 

G10O - - - - - - - - - - - * - - - 

MU59 - - - - - - - - - - - - * - - 

MU05 - - - - - - - - - - - - - * - 

MU23 - - - - - - - - - - - - - - * 
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                  G10L G10P G1D G10C G10M G1A G10B G10J P2H03 G10U MU10 G10O MU59 MU05 MU23 

G10L * - - - - - - - - - - - - - - 

G10P - * - - - - - - - - - - - - - 

G1D - - * - - - - - - - - - - - - 

G10C - - - * - - - - - - - - - - - 

G10M - - - - * - - - - - - - - - - 

G1A - - - - - * - - - - - - - - - 

G10B - - - - - - * - - - - - - - - 

G10J - - - - - - - * - - - - - - - 

P2H03 - - - - - - - - * - - - - - - 

G10U - - - - - - - - - * - - - - - 

MU10 - - - - - - - - - - * - - - - 

G10O - - - - - - - - - - - * - - - 

MU59 - - - - - - - - - - - - * - - 

MU05 - - - - - - - - - - - - - * - 

MU23 - - - - - - - - - - - - - - * 
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                  G10L G10P G1D G10C G10M G1A G10B G10J P2H03 G10U MU10 G10O MU59 MU05 MU23 

G10L * + - - - - - - - - - - - - - 

G10P - * - - - - - - - - - - - - - 

G1D - - * - - - - - - - - - - - - 

G10C - - - * - - - - - - - - - - - 

G10M - - - - * - - - - - - - - - - 

G1A + - - + - * - - - - - - - - - 

G10B - - - - - - * - + - - - - - - 

G10J - - - + - - - * - - - - - - - 

P2H03 - - - - - - - - * - - - - - - 

G10U - - - - + - - - - * - - - - - 

MU10 - - - - - - - - - - * - - + - 

G10O - - + - + + - - - - - * - - - 

MU59 - - - + - - - - - - - + * - - 

MU05 - - - - - - - - - - - - - * - 

MU23 - - - - - + - - - - - + - - * 
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Table A1.4- Mean and standard deviation of 10 replicate STRUCTURE runs at each 

number of a priori clusters (K), and change in the second order derivatives (ΔK) between 

successive K values.  

        

 
LnP(K) 

 K Mean Std ΔK 

1 -19228.15 0.242  -  

2 -18056.19 0.396 1,823.813 

3 -17605.86 0.775 327.340 

4 -17409.18 2.132 33.077 

5 -17283.01 19.125 0.131 

6 -17159.35 23.521 1.827 

7 -17078.67 33.371 0.157 

8 -16992.74 11.039  -  
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Table A1.5- Frequency of mitochondrial haplotypes in Source (Manitoba and Minnesota), Central Interior Highlands (Ouachitas, 

Ozarks, and Missouri), and historic (Minnesota) areas.  

                                

 
Clade A- East 

  A B C F G H K O P R S V X
3
 Z Hap4 

Ontario
1
 16 111 68 103 

     
1 

  
116 

 
17 

Manitoba 1                       1     

Manitoba
2
 

    
2 

 
1 

        
Minnesota   7         2           2 1   

Minnesota
2
 

 
5 

             
MN-Historic 

       
1 1 2 1 

    
Ouachitas   14   24               2       

Ouachitas
2
 

 
12 

 
83 

 
1 

         
Ozarks   6       18                   

Ozarks
2
 

 
1 

   
6 

         
Missouri-OZ 

 
6 

 
2 

 
3 

         
Missouri   1                           
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 Clade A- West 

 

Clade B   
  D E I J L M N T U W Y   Q   
Ontario

1
 19 83 2 

          
  Manitoba 2 2   1 1   1                 

Manitoba
2
 5 5 3 3 

 
1 

       
  Minnesota   1           6 1   6         

Minnesota
2
 

    
1 

        
  MN-Historic 2 

    
 

      
1 

  Ouachitas   11               1           

Ouachitas
2
 

 
18 

           
  Ozarks   3                           

Ozarks
2
 

 
4 

           
  Missouri-OZ 

 
10 

           
  Missouri   36                       

  1
- Data from Pelletier et al. (2011) where summary statistics (n, h, and π) represent all samples (n=660) but only high frequency 

haplotypes from each clade were reproduced (n=419) for this table. 
2
- Data from Van Den Bussche et al. (2009) with MN summary statistics adjusted for six individuals reported in original table. 

3
- Identical at all 312 bp of Hap5 from Pelletier et al. (2011).
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APPENDIX 2  

 

 
 

Figure A2.1- Network of mitochondrial haplotypes identified in Chapters 2 and 3.  Clade B haplotypes are oriented towards left of 

page, clade A-east haplotypes oriented towards bottom of page, and clade A-west haplotypes oriented towards top of page.  Individual 

haplotype names are at the tips of the network and their frequencies were described in Tables A1.5 and A3.4.  
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APPENDIX 3- Rangewide population genetic analyses of American black bears at 

15 microsatellite loci.  

 

Microsatellite genotyping and genetic diversity analysis  

We genotyped all samples using the same loci and procedures as in Puckett et al. (2014).  

We removed samples that genotyped at fewer than 10 markers.  As samples may have 

come from related individuals, we identified parent-offspring pairs within each sampling 

area in MLRelate (Kalinowski, et al. 2006) and removed one individual from each pair 

for a final sample size of 506 bears.  We estimated expected (HE) and observed (HO) 

heterozygosity, and mean number of alleles (A) in each sampling area and genetic cluster 

(where samples were grouped to the closest cluster inferred from the SNP analysis) in 

ARLEQUIN v3.5 (Excoffier and Lischer 2010).  See Table A3.1 for results. 

 

Effective population size analysis  

We used the microsatellite data to estimate effective population size (Ne) in the following 

groups identified in the SNP analysis: Southeast, Northeast, Great Lakes, AK-East, CIH, 

Southwest and West.  We previously attempted to do this analysis with the SNP data; 

however, the models would not coalesce, hence the decision to use the microsatellite 

data.  Additionally, the larger sample sizes per group in the microsatellite data also 

suggested that bias would be less than if using the SNP datasets.   

 

Since population structure upwardly biases estimates of θ, samples were structured by 

state within each group as informed by the FINESTRUCTURE analysis (Figure 3.1).  

The structure for each group was as such: 
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Southeast: ((Florida, North Carolina-coast), (North Carolina-mountains, West Virginia)) 

Northeast: ((Maine/Massachusetts, New York), (Michigan-Lower Peninsula, 

Pennsylvania)) 

Great Lakes: ((Michigan-Upper Peninsula, Wisconsin), (Manitoba, Minnesota))  

AK-East: ((Alaska-ABC, Yukon), Alaska-Kenai Peninsula) 

CIH: (Missouri, Arkansas-Ozarks) 

Southwest: ((Arizona, Colorado), New Mexico) 

West: ((Oregon, Idaho), Montana) 

 

Simulation models were run in DIYABC v2 (Cornuet, et al. 2014) with 10
6
 simulations 

per group.  We estimated a single Ne over the full model with a uniform prior of 10-

10,000.  Each divergence event was given the uniform prior of 10-3,000 generations.  All 

models were checked using DIYABC’s internal PCA program to ensure that the observed 

data fell within the simulation state space. 

 

We used the 1% of the data closest to the observed data to estimate θ and µ.  We report 

the mode and 90% highest density probability (HPD) for both metrics; however, the 

calculations for Ne used only the modal value of µ for both the point estimate and 90% 

HPD (Table A3.3). 
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2414-2427. 
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Figure A3.1- The first two principal components from a PCA using 22k SNPs in 94 

American black bear samples distributed across the range.  Samples were colored 

according to their nuclear genomic cluster (Alaska-East: purple; Central Interior 

Highlands: navy; Great Lakes: light blue; Northeast: bright blue; Southeast: medium 

blue; Alaska-West: light pink; West: pink; Pacific Coast: coral; Southwest: raspberry).  
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Table A3.1- Sample size (n), mean number of alleles (A), observed (HO) and expected (HE) heterozygosity, haplotype 1 
diversity (h) and standard deviation, and nucleotide diversity (π) and standard deviation.  Microsatellite data were calculated 2 

with 15 loci.  3 

                          

   

Microsatellites 

 

Mitochondrion 

Study Area Abbreviation n A HO HE   n h hsd π πsd 

Southwest 

 
39 6.8 0.576 0.624 

 

34 0.8699 0.0367 0.0064 0.0037 

 

Arizona AZ 8 4.1 0.515 0.577 

 

10 0.8444 0.1029 0.0051 0.0033 

 

Colorado CO 20 5.3 0.615 0.649 

 

15 0.8286 0.0643 0.0039 0.0026 

 

New Mexico NM 11 4.8 0.551 0.600 

 

9 0.6389 0.1258 0.0013 0.0012 

West 

 
94 10.5 0.700 0.770 

 

64 0.9484 0.0121 0.0203 0.0104 

 

Idaho ID 57 9.3 0.679 0.760 

 

25 0.9067 0.0350 0.0213 0.0111 

 

Montana MT 28 7.8 0.748 0.786 

 

29 0.9286 0.0251 0.0128 0.0069 

 

Oregon OR 9 5.6 0.783 0.775 

 

10 0.7778 0.0907 0.0198 0.0111 

Alaska and Canada 

 
77 10.2 0.719 0.833 

 

71 0.9131 0.0177 0.0160 0.0082 

 

Alaska- Kenai Peninsula AK-K 10 5.4 0.725 0.713 

 

10 0.3778 0.1813 0.0007 0.0008 

 

Alaska- ABC Islands AK-ABC 20 7.1 0.627 0.795 

 

19 0.9591 0.0277 0.0144 0.0078 

 

Alberta AB  13 7.4 0.739 0.811 

 

10 0.7111 0.1175 0.0027 0.0020 

 

British Columbia BC 19 8.1 0.799 0.814 

 

18 0.7516 0.1031 0.0194 0.0104 

 

Yukon YT 15 7.5 0.714 0.795 

 

14 0.7033 0.1088 0.0043 0.0028 

Great Lakes 

 
57 10.9 0.789 0.814 

 

52 0.8824 0.0298 0.0069 0.0039 

 

Manitoba MB 9 6.9 0.822 0.821 

 

9 0.9167 0.0725 0.0068 0.0043 

 

Michigan- Upper Peninsula MI-up 10 6.2 0.822 0.808 

 

10 0.7778 0.1374 0.0070 0.0043 

 

Minnesota MN 28 8.5 0.791 0.787 

 

26 0.8492 0.0382 0.0069 0.0040 

 

Wisconsin WI 10 6.1 0.713 0.766 

 

7 0.8571 0.1371 0.0059 0.0040 

Northeast 

 

110 10.7 0.778 0.812 

 

63 0.8715 0.0214 0.0052 0.0031 

 

Connecticut CT 12 4.7 0.694 0.667 

 

14 0.2747 0.1484 0.0010 0.0009 

 

Massachusetts
1
 MA 5 4.5 0.923 0.793 

 
14 0.5714 0.1322 0.0029 0.0021 

 

Maine
1
 ME 10 6.7 0.853 0.830 
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Microsatellites 

 

Mitochondrion 

Study Area Abbreviation n A HO HE   n h hsd π πsd 

 

Michigan- Lower Peninsula MI-lp 10 6.1 0.808 0.790 

 

10 0.2000 0.1541 0.0022 0.0017 

 

New York NY 7 5.5 0.719 0.796 

 

6 0.8667 0.1291 0.0078 0.0052 

 

Ontario
2
 ON 51 9.5 0.800 0.805 

      

 

Pennsylvania PA 15 6.8 0.702 0.760 

 

19 0.5789 0.1138 0.0053 0.0032 

East 

 
62 8.6 0.747 0.793 

 

60 0.7192 0.0379 0.0034 0.0022 

 

Florida
1
 FL 9 4.3 0.601 0.636 

 
11 0.5091 0.1008 0.0009 0.0009 

 

Mississippi
1
 MS 2 2.3 0.682 0.636 

 

 

North Carolina- Coast NC-c 14 6.5 0.765 0.781 

 

14 0.6264 0.1098 0.0016 0.0013 

 

North Carolina- Mountains NC-mt 17 6.8 0.801 0.786 

 

17 0.8015 0.0761 0.0055 0.0034 

 

West Virginia WV 20 7.2 0.743 0.779 

 

18 0.3072 0.1316 0.0013 0.0011 

CIH
3
 

 
67 7.6 0.774 0.748 

 

58 0.3587 0.0753 0.0038 0.0024 

 

Missouri MO 39 5.6 0.775 0.687 

 

37 0.0541 0.0505 0.0006 0.0007 

  Missouri OZ 28 6.9 0.773 0.772   21 0.6952 0.0697 0.0066 0.0039 
1
- Adjacent sampling areas were combined for haplotype analysis when one study area had a small sample size. 4 

2
- See Pelletier et al. (2011) for an extensive survey of haplotype diversity in Ontario. 5 

3
- All samples collected in Missouri.  MO refers to unique cluster of samples identified in Puckett et al. (2014).  OZ refers to 6 

samples from Missouri that clustered with the larger Ozark Mountains cluster in Puckett et al. (2014).7 
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Table A3.2- Sample sizes, average minor allele frequency (MAF), and average 

inbreeding coefficient (FIS) of the SNP dataset reported by inferred clusters.  

        

Study Area n MAF FIS 

AK-East 10 0.097 0.358 

CIH 7 0.093 0.273 

Great Lakes 12 0.092 0.221 

Northeast 14 0.091 0.248 

Southeast 19 0.089 0.361 

AK-West 3 0.110 0.436 

West 12 0.105 0.300 

Pacific Coast 2 0.118 0.397 

Southwest 15 0.111 0.509 
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Table A3.3- Estimates of the mode and 90% highest density probabilities for θ (=Neµ) 

and µ for each of the seven unadmixed (Southeast, AK-East, CIH, and Southwest) and 

admixed (Northeast, Great Lakes, and West) groups inferred from coalescent models in 

DIYABC using 15 microsatellites.  Calculations for Ne are also presented where the point 

estimate was used for final calculations of divergence or admixture time.  

        

  θ µ Ne 

Southeast 1.19 2.08x10
-4

 5720 

 

0.82 - 2.02 1.30x10
-4 

- 7.58x10
-4

 3940 - 9710 

Northeast 1.05 3.24x10
-4

 3240 

 

0.88 -4.83 2.09x10
-4

 - 8.56x10
-4

 2720 - 14900 

Great Lakes 2.50 8.84x10
-4

 2830 

 

1.10 - 8.10 3.01x10
-4

 - 9.44x10
-4

 1240 - 9160 

AK-East 1.33 3.24x10
-4

 4100 

 

1.11 - 3.00 2.04x10
-4

 - 8.66x10
-4

 3430 - 9260 

CIH 0.82 1.85x10
-4

 4450 

 

0.70 - 1.71 1.23x10
-4

 - 8.19x10
-4

 3780 - 9240 

Southwest 0.91 9.70x10
-5

 9380 

 

0.61 - 1.97 6.17x10
-5

 - 5.29x10
-4

 6290 - 20300 

West 1.21 1.59x10
-4

 7610 

  1.03 - 4.30 1.06x10
-5

 - 6.87x10
-4

 6480 - 27000 
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Table A3.4- Counts of mitochondrial haplotypes in each sampling area with sums across 

each genetic cluster and the range (Total).  Proportion of haplotypes belonging to clades 

A-east, A-west, and B for each sampling area, cluster, and range are also presented.  
                          

  
Clade A-East 

    A B C F H R S X Z AA AB 

Southwest 0 2 0 0 0 0 0 0 0 1 4 

 

AZ 

 

2 

       

1 4 

 

NM 
           

 

CO 
           West 0 0 0 0 0 0 0 0 0 0 0 

 

ID 

           

 

MT 
           

 

OR 
           Alaska & Canada 0 1 0 0 0 0 0 0 0 0 0 

 

AK-ABC 

           

 

AK-Kenai 
           

 

AB 
           

 

BC 

           

 

YT 

 

1 

         Great Lakes 2 15 0 0 0 0 0 4 3 0 0 

 

MB 1 
      

2 
   

 

MN 

 

7 

     

2 1 

  

 

MI-up 

 

5 

      

1 

  

 

WI 1 3 
      

1 
  Northeast 0 1 12 0 0 2 1 9 0 0 0 

 

CT 

           

 

MA 

           

 

ME 
 

1 
         

 

MI-lp 
       

9 
   

 

NY 

     

2 1 

    

 

PA 

  

12 

        Southeast 0 25 19 0 0 0 0 0 0 1 0 

 

FL 
 

2 7 
        

 

MS 

 

2 

         

 

NC-mt 

 

2 3 

        

 

NC-c 
 

4 8 
      

1 
 

 

WV 
 

15 1 
        CIH1 0 7 0 2 3 0 0 0 0 0 0 

 

MO 

 

1 

           OZ   6   2 3             

Total 2 51 31 2 3 2 1 13 3 2 4 
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Clade A-East 

    AC AD AE AF AG AH AI AJ AK AL 

Southwest 1 1 0 0 0 0 0 0 0 0 

 

AZ 1 1 

        

 

NM 

          

 

CO 
          West 0 0 0 0 0 0 0 0 0 0 

 

ID 

          

 

MT 

          

 

OR 
          Alaska & Canada 0 0 0 0 0 0 0 0 0 0 

 

AK-ABC 

          

 

AK-Kenai 

          

 

AB 
          

 

BC 

          

 

YT 

          Great Lakes 0 0 0 0 0 0 0 1 1 1 

 

MB 
          

 

MN 

          

 

MI-up 

       

1 1 1 

 

WI 

          Northeast 0 0 1 1 16 9 1 0 0 0 

 

CT 

  

1 1 12 

     

 

MA 

    

3 1 

    

 

ME 

     

8 1 

   

 

MI-lp 
          

 

NY 

          

 

PA 

    

1 

     Southeast 0 0 0 0 0 0 0 0 0 0 

 

FL 

          

 

MS 

          

 

NC-mt 

          

 

NC-c 

          

 

WV 
          CIH1 0 0 0 0 0 0 0 0 0 0 

 

MO 

            OZ                     

Total 1 1 1 1 16 9 1 1 1 1 
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Clade A-Easat Proportion 

    AM AN AO AP AQ AR AS AT AU AV   

Southwest 0 0 0 0 0 0 0 0 0 0 0.26 

 

AZ 

          

0.90 

 

NM 

          

0.00 

 

CO 
          

0.00 

West 0 0 0 0 0 0 0 0 0 0 0.00 

 

ID 

          

0.00 

 

MT 

          

0.00 

 

OR 
          

0.00 

Alaska & Canada 0 0 0 0 0 0 0 0 0 0 0.02 

 

AK-ABC 

          

0.00 

 

AK-Kenai 

          

0.00 

 

AB 
          

0.00 

 

BC 

          

0.00 

 

YT 

          

0.07 

Great Lakes 0 2 0 0 0 0 0 0 0 0 0.56 

 

MB 
          

0.33 

 

MN 

 

2 

        

0.46 

 

MI-up 

          

0.90 

 

WI 

          

0.71 

Northeast 1 0 0 0 1 2 4 1 1 0 1.00 

 

CT 

          

1.00 

 

MA 

          

1.00 

 

ME 

          

1.00 

 

MI-lp 1 
         

1.00 

 

NY 

    

1 2 

    

1.00 

 

PA 

      

4 1 1 

 

1.00 

Southeast 0 0 3 1 0 0 0 0 0 2 0.85 

 

FL 

          

1.00 

 

MS 

          

1.00 

 

NC-mt 

  

2 1 

      

0.47 

 

NC-c 

  

1 

       

1.00 

 

WV 
         

2 1.00 

CIH1 0 0 0 0 0 0 0 0 0 0 0.21 

 

MO 

          

0.03 

  OZ                     0.52 

Total 1 2 3 1 1 2 4 1 1 2 0.45 
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Clade A-West 

    D E I J N T U Y AW AX AY AZ 

Southwest 10 5 1 0 0 0 0 0 0 0 0 0 

 

AZ 1 

           

 

NM 5 3 1 
         

 

CO 4 2 
          West 13 8 2 0 0 0 0 0 0 0 0 0 

 

ID 4 6 1 

         

 

MT 5 2 1 
         

 

OR 4 
           Alaska & Canada 8 15 5 0 1 0 0 0 1 8 1 1 

 

AK-ABC 3 2 

         

1 

 

AK-Kenai 1 
        

8 1 
 

 

AB 1 5 3 

     

1 

   

 

BC 2 1 2 

 

1 

       

 

YT 1 7 

          Great Lakes 2 6 0 1 1 6 1 5 0 0 0 0 

 

MB 2 2 
 

1 1 
       

 

MN 

 

2 

   

6 1 5 

    

 

MI-up 

 

1 

          

 

WI 
 

1 
          Northeast 0 0 0 0 0 0 0 0 0 0 0 0 

 

CT 

            

 

MA 

            

 

ME 
            

 

MI-lp 
            

 

NY 

            

 

PA 

            Southeast 7 2 0 0 0 0 0 0 0 0 0 0 

 

FL 
            

 

MS 

            

 

NC-mt 7 2 

          

 

NC-c 
            

 

WV 
            CIH1 0 46 0 0 0 0 0 0 0 0 0 0 

 

MO 

 

36 

            OZ   10                     

Total 40 82 8 1 2 6 1 5 1 8 1 1 
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Clade A-West 

    BA BB BC BD BE BF BG BH BI BJ BK BL 

Southwest 0 0 0 0 0 0 0 0 5 2 1 1 

 

AZ 

            

 

NM 

            

 

CO 
        

5 2 1 1 

West 0 0 0 0 0 0 0 0 0 0 0 0 

 

ID 

            

 

MT 

            

 

OR 
            Alaska & Canada 2 1 1 2 1 1 1 1 0 0 0 0 

 

AK-ABC 2 1 1 2 1 1 1 1 

    

 

AK-Kenai 

            

 

AB 
            

 

BC 

            

 

YT 

            Great Lakes 0 0 0 0 0 0 0 0 0 0 0 0 

 

MB 
            

 

MN 

            

 

MI-up 

            

 

WI 

            Northeast 0 0 0 0 0 0 0 0 0 0 0 0 

 

CT 

            

 

MA 

            

 

ME 

            

 

MI-lp 
            

 

NY 

            

 

PA 

            Southeast 0 0 0 0 0 0 0 0 0 0 0 0 

 

FL 

            

 

MS 

            

 

NC-mt 

            

 

NC-c 

            

 

WV 
            CIH1 0 0 0 0 0 0 0 0 0 0 0 0 

 

MO 

              OZ                         

Total 2 1 1 2 1 1 1 1 5 2 1 1 
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Clade A-West Proportion 

    BM BN BO BP BQ BR BS BT BU BV BW BX BY   

Southwest 0 0 0 0 0 0 0 0 0 0 0 0 0 0.74 

 

AZ 

             

0.10 

 

NM 

             

1.00 

 

CO 
             

1.00 

West 1 3 2 3 5 3 1 1 1 1 0 0 0 0.73 

 

ID 1 3 

           

0.60 

 

MT 

  

2 3 5 3 1 1 1 1 

   

0.86 

 

OR 
             

0.40 

Alaska & Canada 0 0 0 0 0 0 0 0 0 0 0 4 1 0.70 

 

AK-ABC 

             

0.84 

 

AK-Kenai 

             

1.00 

 

AB 
             

1.00 

 

BC 

             

0.33 

 

YT 

           

4 1 0.93 

Great Lakes 0 0 0 0 0 0 0 0 0 0 1 0 0 0.44 

 

MB 
             

0.67 

 

MN 

             

0.54 

 

MI-up 

             

0.10 

 

WI 

          

1 

  

0.29 

Northeast 0 0 0 0 0 0 0 0 0 0 0 0 0 0.00 

 

CT 

             

0.00 

 

MA 

             

0.00 

 

ME 

             

0.00 

 

MI-lp 
             

0.00 

 

NY 

             

0.00 

 

PA 

             

0.00 

Southeast 0 0 0 0 0 0 0 0 0 0 0 0 0 0.15 

 

FL 

             

0.00 

 

MS 

             

0.00 

 

NC-mt 

             

0.53 

 

NC-c 

             

0.00 

 

WV 
             

0.00 

CIH1 0 0 0 0 0 0 0 0 0 0 0 0 0 0.79 

 

MO 

             

0.97 

  OZ                           0.48 

Total 1 3 2 3 5 3 1 1 1 1 1 4 1 0.47 
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Clade B 

    BZ CA CB CC CD CE CF CG CH 

Southwest 0 0 0 0 0 0 0 0 0 

 

AZ 

         

 

NM 

         

 

CO 
         West 3 3 0 0 0 0 3 1 1 

 

ID 2 

     

3 1 1 

 

MT 1 

        

 

OR 
 

3 
       Alaska & Canada 1 2 9 1 1 1 0 0 0 

 

AK-ABC 1 2 

       

 

AK-Kenai 

         

 

AB 
         

 

BC 

  

9 1 1 1 

   

 

YT 

         Great Lakes 0 0 0 0 0 0 0 0 0 

 

MB 
         

 

MN 

         

 

MI-up 

         

 

WI 

         Northeast 0 0 0 0 0 0 0 0 0 

 

CT 

         

 

MA 

         

 

ME 

         

 

MI-lp 
         

 

NY 

         

 

PA 

         Southeast 0 0 0 0 0 0 0 0 0 

 

FL 

         

 

MS 

         

 

NC-mt 

         

 

NC-c 

         

 

WV 
         CIH1 0 0 0 0 0 0 0 0 0 

 

MO 

           OZ                   

Total 4 5 9 1 1 1 3 1 1 
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Clade B Proportion 

    CI CJ CK CL CM CN   

Southwest 0 0 0 0 0 0 0.00 

 

AZ 

      

0.00 

 

NM 

      

0.00 

 

CO 
      

0.00 

West 3 1 1 1 2 1 0.27 

 

ID 1 1 1 

   

0.40 

 

MT 2 

  

1 

  

0.14 

 

OR 
    

2 1 0.60 

Alaska & Canada 0 0 0 0 0 0 0.28 

 

AK-ABC 

      

0.16 

 

AK-Kenai 

      

0.00 

 

AB 
      

0.00 

 

BC 

      

0.67 

 

YT 

      

0.00 

Great Lakes 0 0 0 0 0 0 0.00 

 

MB 
      

0.00 

 

MN 

      

0.00 

 

MI-up 

      

0.00 

 

WI 

      

0.00 

Northeast 0 0 0 0 0 0 0.00 

 

CT 

      

0.00 

 

MA 

      

0.00 

 

ME 

      

0.00 

 

MI-lp 
      

0.00 

 

NY 

      

0.00 

 

PA 

      

0.00 

Southeast 0 0 0 0 0 0 0.00 

 

FL 

      

0.00 

 

MS 

      

0.00 

 

NC-mt 

      

0.00 

 

NC-c 

      

0.00 

 

WV 
      

0.00 

CIH1 0 0 0 0 0 0 0.00 

 

MO 

      

0.00 

  OZ             0.00 

Total 3 1 1 1 2 1 0.08 
1
- Samples for the CIH were from Puckett et al. (2014) where MO was from the unique 

Missouri cluster, and OZ were samples collected in Missouri that grouped with the 

broader Ozarks cluster. 
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APPENDIX 4- Supplemental figures and tables for Chapter 4  

 

 
 

Figure A4.1- PCA of the (A) Equal200 and (B) Equal1000 SNP datasets, and (C) 

PartialMicro microsatellite dataset for black bears across the range.  Sample locations 

were organized by symbology (abbreviations described in Table A4.1) where colors 

identified genomic cluster (raspberry, Southwest; pink, West; coral, Pacific Coast; light 

pink, Alaska- ABC Islands west cluster; purple, Alaska- ABC Islands east cluster; navy, 

Central Interior Highlands; light blue, Great Lakes; bright blue, Northeast; medium blue, 

Southeast).  
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Figure A4.2- Map of true and estimated locations for test samples with the spatial 

smoothing method with the Equal200 (A) and Equal1000 (B) datasets.  Arrows point 

towards estimated locations.   
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Figure A4.3- Box plots of distance between true and estimated locations using both the 

principal component regression (A) and spatial smoothing (B) methods with SNP (blue) 

and microsatellite (gold and brown for the microsatellite dataset comparable to the SNPs) 

datasets.  Properties of datasets were detailed in Table 4.1.  
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Table A4.1- Counts of training and test samples used for spatial smoothing and PC regression analyses by marker type.  Study area 

corresponds to the regional clusters employed within SCAT.  

              

   

Microsatellites SNPs 

Study Area Abbreviation Training Test Training Test 

Southwest 

     

 

Arizona AZ 8 0 4 0 

 

Colorado CO 19 1 6 1 

 

New Mexico NM 11 0 4 0 

West 

     

 

Idaho ID 56 1 5 1 

 

Montana MT 28 0 3 0 

 

Oregon OR 7 0 3 0 

 

Oregon- Pacific Coast cluster Pac 2 0 2 0 

Alaska and Canada 

     

 

Alaska- Kenai Peninsula AK-Kenai 9 1 3 1 

 

Alaska- ABC Islands (East cluster) AK-East 9 1 5 1 

 

Alaska- ABC Islands (West cluster) AK-West 10 0 3 0 

 

Alberta AB  12 1 0 0 

 

British Columbia BC 19 0 0 0 

 

Yukon YT 14 1 0 0 

Great Lakes 

     

 

Manitoba MB 8 1 0 0 

 

Michigan- Upper Peninsula MI-up 10 0 3 0 

 

Minnesota MN 27 1 3 0 

 

Wisconsin WI 9 1 5 1 

Northeast 

     

 

Connecticut CT 12 0 0 0 

 

Massachusetts MA 4 1 0 0 

 

Maine ME 10 0 6 0 

 

Michigan- Lower Peninsula MI-lp 10 0 3 0 

 

New York NY 7 0 3 0 

 

Ontario ON 50 1 0 0 
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Microsatellites SNPs 

Study Area Abbreviation Training Test Training Test 

 

Pennsylvania PA 14 1 2 0 

Southeast 

     

 

Florida FL 8 1 4 0 

 

Mississippi MS 0 2 0 0 

 

North Carolina- Coast NC-c 14 0 4 0 

 

North Carolina- Mountains NC-mt 16 1 5 1 

 

West Virginia WV 19 1 5 0 

Central Interior Highlands 

     

 

Missouri MO 39 0 3 0 

  Ozark Mountains OZ 26 2 3 1 
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Table A4.2- The median distance (km) and range between true and estimated locations 

using spatial smoothing with the Equal200, Proportional200, and Top200 SNP datasets.  

All datasets had the same 87 training samples and 7 test samples.  The datasets were not 

significantly different (P = 0.15) in an ANOVA.  

        

 
Spatial Smoothing 

Dataset Median Min Max 

Equal 302 66 555 

Top 673 109 1207 

Proportional 398 197 2592 
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Table A4.3- Eigenvalues for significant PCA axes using the SNP (29k, Equal200, and Equal1000) and microsatellite (Micro and 

PartialMicro) datasets, where ns indicates not significant.  

  

  

      

PC 29k Equal200 Equal1000 Micro PartialMicro 

1 10.9 16.2 16.3 23.2 4.4 

2 3.3 10.2 7.9 14.0 3.2 

3 2.4 9.4 7.0 9.0 2.8 

4 2.2 7.5 5.8 8.5 ns 

5 1.9 6.1 5.6 7.1 ns 

6 1.7 5.0 4.4 6.5 ns 

7 1.5 3.0 2.9 6.5 ns 

8 1.4 2.5 2.2 ns ns 

9 1.4 2.0 1.9 ns ns 

10 1.3 1.9 1.1 ns ns 

11 ns 1.2 1.0 ns ns 

12 ns 1.2 ns ns ns 

13 ns 1.0 ns ns ns 
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