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Abstract 

When faced with rapidly changing environmental conditions, wildlife species are left to 

adapt in situ, disperse or disappear. While it is commonly accepted that environmental changes 

are important drivers in shaping the evolutionary paths of organisms, the functional mechanisms 

of adaptations to changing environments are not fully understood. With the present thesis, I begin 

to investigate the relative importance of stochastic (genetic drift) versus deterministic (natural 

selection) processes in shaping genetic variation in the American pika (Ochotona princeps; 

Richardson, 1828). I begin by describing a novel and noninvasive sampling technique to collect 

hair from American pikas (Chapter 2). In that chapter, I test different DNA isolation techniques 

and identify the most promising approach, which was then used to extract DNA from a large 

number of samples distributed along three elevation gradients in the central Coast Mountains of 

British Columbia. In Chapter 3, I use a conservation genetic approach and microsatellite data to 

assess population genetic structure and gene flow among populations. In this chapter I found my 

populations to be genetically impoverished in comparison to populations from the centre of their 

range. The BC populations also exhibited limited gene flow, even among geographically 

proximate sites. Additionally, correlative analyses suggested that warm summer temperature limit 

pika dispersal across low elevation valley bottoms. In Chapter 4, I use Amplified Fragment 

Length Polymorphism (AFLP)-based genomic scans to shed light on the genetic basis of 

adaptation in this system. Based on a set of independent analyses including population genomic 

and landscape genomic approaches, I revealed that a small proportion (1.5%) of the genome 

displays evidence of natural selection. These outlier loci were found to differ among each 

elevation transect. Additionally, some loci that were under selection were also significantly 

associated with environmental variables such as mean annual precipitation and summer mean 
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maximum temperature. This highlights the importance of these environmental variables in 

driving evolutionary adaptation in American pikas. Overall, the work presented here suggests that 

American pikas from the central Coast Mountains of BC will rely on local adaptations or 

plasticity in situ rather than range shifts to cope with changing climates. 
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Chapter 1. Introduction 

 

1.1. Humans as drivers of biodiversity loss 

Human societies are dominating ecosystems through their activities: habitat destruction and 

fragmentation, the alteration of biogeochemical cycles, the introduction of alien organisms and 

global climate change all adversely affect nature (Pimm and Raven, 2000; Vitousek, 1997). With 

individual’s ecological footprints growing, these trends are on the rise (Dietz et al., 2007; 

Pimentel and Pimentel, 2003). One of the more dire consequences of these anthropogenic 

changes is the decline and disappearance of species from their natural habitats. Besides the 

philosophical reasons that compel humans to care for their living kin (Wilson, 1984), ecosystems 

services [including air and water purification, pollination, timber, pharmaceuticals, and food] 

warrant the conservation of the diversity of life on Earth for the sake of human welfare (Costanza 

et al., 1997; Daily, 1997). 

There is now ample evidence that biodiversity has been negatively affected by anthropogenic 

activities (Venter et al., 2006; Wilcove et al., 1998). Some authors refer to this environmental 

crisis as “the last extinction” (Myer and Pimm, 2003), as an estimated 25% of known species are 

currently facing risks of extinction (Schipper et al., 2008), and extinction rates are predicted to 

rise two to three orders of magnitude above their historical background levels (Novacek and 

Cleland, 2001). While numerous conservation efforts have been undertaken in an attempt to slow 

the rate of biodiversity loss, and have sometimes resulted in success stories (Butchart et al., 2006; 

Rodrigues, 2006), the current trend is still towards a rapid loss of species (Hoffmann et al., 



 2	  

2010). Thus, identifying and prioritizing species or populations for conservation action remains 

an integral part of effective measures to slow the rate of biodiversity loss (Brooks et al., 2006).  

 

1.2. Documented effects of global climate changes on biodiversity 

According to the Intergovernmental Panel on Climate Change (IPCC 2007), the Earth has 

warmed on average 0.6°C in the last century as a result of increased greenhouse gases 

concentrations and is predicted to warm an additional 2 - 6°C by the end of the century. On the 

regional and local scales, patterns appear more complex, with uneven warming occurring from 

the poles to the equator, and high latitudes warming at faster rates (Walther et al., 2002). 

The most obvious impacts of global climate change are shifts in phenology, i.e. the timing of 

biological phenomena with respect to climatic conditions, such as flowering, breeding and 

migration. To date the most comprehensive meta-analysis compiling published data from 820 

species of amphibians, birds, invertebrates, trees and shrubs and other plants found consistent and 

significant advance in vernal activities in all taxonomic groups examined, with a mean advance 

of 2.8 days per decade over the last century (Parmesan, 2007). Amphibians and butterflies 

responded twice and three times as fast respectively as other groups. Species at higher latitudes 

also tended to be more affected than species from lower latitudes (Parmesan, 2007). While most 

studies of phenology in vertebrates have largely focused on birds, some studies have documented 

change occurring in mammals. For example, a population of red squirrels (Tamiasciurus 

hudsonicus; Erxleben, 1777) from the Yukon advanced its breeding date by 3.7 days per decade 

over the last 50 years as a result of both plastic and genetic responses to climate warming (Reale 

et al., 2003). Another study documented a 5-12 day advance in key reproductive parameters over 
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the past three decades in a wild population of red deer (Cervus elaphus scoticus; Linnaeus, 1758) 

in Scotland (Moyes et al., 2011).  

Another major response of species to climate change has been shifts in geographical range. 

Species of butterflies, birds and alpine plants have shifted their distributions on average 6 km 

northwards and 6 m upwards per decade over the last century (Parmesan and Yohe, 2003). 

Species distribution models have shown that shifting geographical ranges will result in species 

loss ranging from 10% to 50% depending on the species’ dispersal abilities and the severity of 

forecasted climate change (Thomas et al., 2004). While it is thought that most species will shift 

their geographical ranges in response to global climate change (Parmesan, 2006) rather than 

adapt in situ, factors such as habitat fragmentation will act synergistically to impair species’ 

dispersal to more favorable conditions, thus exacerbating the loss of species.  

In addition, species living at high altitudes and species with limited dispersal capacities will 

most likely be unable to track climate changes due to geographical and physical constraints. In 

this case, the species will either rely on adaptations to mitigate the adverse effects of global 

change, or if evolutionary constraints such as low standing genetic variation or mutation rates 

that are too low to cope with the rates of changes, the species will undergo local extinction 

(Hewitt and Nichols, 2005). Perhaps the most striking example of local extinction directly 

correlated with recent trends in climate comes from a small alpine mammal, the American pika 

(Ochotona princeps). Recent research involving long-term monitoring of some populations from 

the Great Basin, USA have documented an upward range retraction averaging 145 m per decade 

(Beever et al., 2003; 2011), about 1.5 orders of magnitude larger than previous average estimates 

of upward movement of organisms in response to climate change (Parmesan and Yohe, 2003). 

Given the above, O. princeps may represent an ideal system in which to study the extent of local 
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adaptation and the relative importance of stochastic (genetic drift) versus deterministic (natural 

selection) genetic processes in shaping genetic variation within a climate change-sensitive 

species. 

 

1.3. Conservation genetics 

The field of conservation genetics arose in the early 1980s as a crisis discipline with the 

central tenet that small isolated populations will inherently suffer genetic erosion due to drift (i.e. 

the random change in allele frequencies over time, leading to stochastic fixation or loss of alleles) 

and inbreeding (Frankel and Soulé, 1981). Population genetic theory predicts that increased 

homozygosity caused by genetic drift and inbreeding will lead to an increased frequency of 

deleterious alleles, thus reducing the short-term viability of a population. Moreover, the loss of 

genetic variability is expected to have negative effects on the long-term viability of populations, 

resulting in a decreased evolutionary adaptive potential (Frankham, 2003). 

Major contributions range from tests of the central tenet of conservation genetics, i.e. 

correlations between population size, genetic diversity, inbreeding and fitness related traits (e.g. 

Markert et al., 2010; Reed and Frankham, 2003), to more practical conservation issues such as 

population genetic structure, demographic history and gene flow (e.g. Estes-Zumpf et al., 2010; 

Henry et al., 2009), species and individual identification (e.g. Haag et al., 2009; Sloane et al., 

2000), molecular sexing (e.g. Fontanesi et al., 2008), and ex situ conservation (e.g. Goncalves da 

Silva et al., 2010). Noninvasive genetic sampling (e.g. Henry et al., 2011; Taberlet et al., 1999) 

has gained popularity among conservation geneticists as a means to obtain samples with a 

minimal impact on their species of interest. While most conservation genetics studies used a 
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limited number of genetic markers that were assumed to be neutral, such as microsatellites and 

mitochondrial DNA, advances in molecular techniques are now enabling researchers to assay a 

large number of genetic markers that are potentially under selection, opening new horizons for 

future research in conservation biology. Characterizing adaptive variation in populations of 

conservation concern will contribute to predictions on the potential effects of forecasted global 

climate change on sensitive species. 

 

1.4. Conservation genomics 

Neutral genetic markers, such as microsatellites, have been widely used to study population 

level patterns and processes in a myriad of organisms. Such studies have brought about a wealth 

of knowledge regarding population history and demography, and will continue to yield important 

insights to inform conservation management strategies. While it has previously been assumed 

that the amount of neutral genetic variation in a population is a surrogate for its evolutionary 

potential (Reed and Frankham, 2003), this assumption may be specious since natural selection 

likely affects only a small number of loci in the genome (Nielsen 2005). It is now possible to 

assess adaptive genetic diversity in wild populations by employing a population genomics 

approach (Luikart et al., 2003). Population or conservation genomics entails the characterization 

of a large set of molecular markers, such as AFLPs (Amplified Fragment Length Polymorphisms) 

or SNPs (Single Nucleotide Polymorphisms) in a large number of individuals (Luikart et al. 

2003). The basic premise of this approach is that only a small number of loci in the genome are 

affected by natural selection (locus-specific effects) as opposed to the genome-wide effects 

brought about by genetic drift and gene flow (Nielsen, 2005), resulting in a few loci with very 
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high genetic differentiation indices (termed outlier loci), and many loci with low to intermediate 

genetic differentiation indices consistent with neutral expectations (Nosil et al., 2009). This idea 

was initially proposed by Lewontin and Krakauer (1973) and was further refined by Beaumont 

and Nichols (1996), Vitalis and colleagues (2003), Beaumont and Balding (2004) and Foll and 

Gaggiotti (2008). This statistical framework has been successfully applied to systems where 

adaptive genetic variation segregates into two divergent ecotypes (e.g. Campbell and Bernatchez, 

2004; Kirk and Russello, Submitted) along altitudinal gradients (e.g. common frog; Bonin et al., 

2006) and in populations exposed to environmental pollutants (Williams and Oleksiak, 2008).  

 

1.5. Study species 

The American pika (Fig. 1.1) is a small lagomorph, discontinuously distributed in 

mountainous areas throughout western North America (Fig. 1.2). Pikas are largely restricted to 

talus slopes and broken rock debris in proximity to meadows that provide their food (Smith and 

Weston, 1990). O. princeps is found at higher elevations in the southern parts of its range, and 

may occur along a range of elevations (2500 - 3500 m; Grinnell, 1917). Yet, some exceptions 

have been noted, such as in the Columbia River Gorge, Oregon (Simpson, 2009), on the western 

slopes of the Cascades, Oregon (Manning and Hagar, 2011), Craters of the Moon National 

Monument and Preserve, Idaho (Rodhouse et al. 2010) and in Hays Canyon mountain range, 

northwestern Nevada (Beever et al. 2008).  Some recent studies suggest that contemporary global 

warming may have recently led to the extirpation of 28% of pika populations surveyed in the 

Great Basin, USA (Beever et al., 2003) and contributed to the displacement of the species 145 m 

upwards in elevation (Beever et al., 2011). Other work suggests that global warming is not acting 
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in isolation from other anthropogenic factors such as grazing and transportation (Beever et al., 

2008b). Yet this may not be the case throughout the range of the pika as the latest study on the 

topic shows no such declines in populations from Wyoming, Colorado and New Mexico (Erb et 

al., 2011). An interesting situation exists at the northwestern edge of the O. princeps distribution 

(Coastal Mountains of British Columbia, Canada), where the species occurs along an altitudinal 

gradient ranging from sea level to 1500 m. Such elevation gradients provide a rare system to 

study adaptation as specific environmental conditions (e.g. temperature) change rapidly over 

short distances (e.g. Bonin et al. 2006). In a spatial context, altitudinal gradients can thus be used 

as a surrogate for the expected temporal changes in selection pressures caused by global climate 

change (Davis and Shaw, 2001; Davis et al., 2005; Reusch and Wood, 2007). Indeed, average 

temperatures along an altitudinal gradient at our study location typically show differences of up 

to six degrees Celsius from top to bottom (Henry et al., Submitted-a; Appendix 1), thus 

mimicking the differences in temperature predicted by the most pessimistic scenarios of climate 

change for the end of this century (IPCC, 2007).  
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Figure 1.1. A photograph of an American pika (Ochotona princeps) taken at Heckman’s pass at the top of the Bella 

Coola Valley, British Columbia. © Philippe Henry 

 

1.5.1. Taxonomy and distribution 

Pikas (Ochotona sp.) are lagomorphs of the Family Ochotonidae. They diverged from other 

members of their order (Leporidae, i.e. rabbits and hares) 37 million years ago, during the 

Oligocene (Smith, 2008). The genus Ochotona includes 30 extant species, which are mainly 
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found in the highlands of central Asia (Hoffmann and Smith, 2005; Niu et al., 2004). While no 

taxonomic consensus has been reached to date, an accepted view is to further split the genus into 

three groups (Yu et al., 2000): the northern pikas (subgenus Pika), the shrub-steppe pikas 

(subgenus Ochotona) and the mountain pikas (subgenus Conothoa). In North America, two 

species of pikas (subgenus Pika) inhabit rocky slides and talus slopes in mountainous regions: the 

Collared pika (O. collaris) which is distributed in the mountains of Alaska, the Northwest 

Territories, the Yukon and the northern tip of BC, and the American pika (O. princeps) which is 

discontinuously distributed in mountainous areas throughout western North America from central 

BC south to the Sierra Nevada in California and east to New Mexico, USA (Fig. 1.2). A gap of 

several hundred kilometers separates the ranges of O. collaris and O. princeps. Both species are 

monophyletic in comparison to Asian Ochotona species, and diverged from the Palearctic 

representatives of the subgenus Pika sometime between 4.7 to 15.7 million years ago (depending 

on the calibration of Ochotonidae-Leporidae split; Lanier and Olson, 2009). 

Due to the discontinuous distribution of O. princeps, several subspecies have been described. 

A recent revision of the specie’s taxonomy using evidence from morphology (skull 

morphometry, fur coloration and body size), molecular evidence (allozymes, mitochondrial DNA 

and nuclear DNA) as well as dialects of calls has resulted in a taxonomic consensus consisting of 

five subspecies (Fig.1.2; Hafner and Smith, 2010): O. p. princeps (Northern Rocky Mountains), 

O. p. fenisex (Coast Mountains and Cascade Range), O. p. saxatilis (Southern Rocky Mountains), 

O. p. schisticeps (Sierra Nevada and Great Basin), and O. p. uinta (Uinta Mountains and Wasatch 

Range of central Utah).  
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Figure 1.2. Geographic distribution of the five Ochotona princeps subspecies in western North America (Hafner and 

Smith, 2010; Reproduced with permission from David Hafner, University of New Mexico). 

 

1.5.2. Natural History 

O. princeps is a small (< 200g), diurnal inhabitant of talus and broken rock slopes in close 

proximity to meadows that provide their food. The dens of pikas are built in the interstices of the 

talus slopes that provide protection from predators and thermal stresses (Smith, 1974b). Pikas do 

not hibernate and their activities include grazing, defending territories and watching for 

predators. Haying, the active collection of plant material in haypiles for later consumption during 
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the winter months, becomes the predominant activity in late summer (Mckechnie et al., 1994). 

Pikas defend individual territories by scent marking, vocalization and aggression (Smith and 

Ivins, 1986). They preferentially establish territories close to the talus-vegetation interface 

(Brandt, 1989) as it may limit their exposure to potential predators while feeding. Female pikas 

exhibit preferential mating with males who have territories close to the talus-vegetation interface 

and dens with multiple entrances (Brandt, 1983). Territories range from 600 to 3000 m2, and 

population density is generally low (4-8 individuals per hectare). Individuals of different sexes 

tend to establish adjacent home ranges as it increases their chances of finding a mate and may 

reduce aggression between individuals of the same sex (Brown et al., 1989). A first litter 

(typically three offspring) is initiated shortly before snow melt, generally in April and gestation 

lasts 30 days (Golian and Whitworth, 1985). Offspring are typically weaned within a month, after 

which juveniles disperse and establish their own territories. Females generally initiate a second 

litter shortly after the first litter is weaned, yet this second litter is rarely successful, unless the 

first litter is lost (Smith and Ivins, 1983a). Juveniles attain adult size within three months (Golian 

and Whitworth, 1985). They are often philopatric and tend to settle in the first available territories 

left vacant by over-winter adult mortality (Smith, 1978). After establishing territories, juveniles 

start haying and generally reproduce as yearlings the following season. Adult mortality per year 

is 37-45% and pikas are relatively long-lived, with an average lifespan of five to seven years 

(Smith and Weston, 1990). 

 

1.5.3. Dispersal abilities 

The obligatory habitat of pikas (e.g. talus adjacent to meadows) is scattered in the landscape 
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like islands in a matrix of inhospitable terrain. Although juveniles tend to settle on the first 

available territories, dispersal to other patches of habitat will occur when no vacant territories are 

available within the natal talus slope (Peacock, 1997). Successful dispersal of juveniles will thus 

depend on traveling across the matrix unharmed to settle in a neighboring or distant patch. 

Juveniles are faced by two main dangers while dispersing: predators and elevated temperatures. 

Regarding the latter, even short exposures to temperatures above 28°C has been documented to 

be fatal (Smith and Weston, 1990). In studies conducted in the Californian Sierra Mountains, 

Smith (1974a; b) found dispersal distances > 300 m to be rare at low elevations, while individuals 

at higher elevation or cooler latitude may be able to disperse up to 10 km (Hafner and Sullivan, 

1995). Although mortality during dispersal is thought to be high (Smith and Ivins, 1983b), gene-

flow has been shown to occur between patches of habitat separated by 2-10 km (Peacock, 1997). 

However, a recent consensus adopted by pika researchers is to consider the approximate upper 

limit of dispersal of American pikas to be 3 km (Beever et al., 2008; 2010; C. Ray, personal 

communication). 

 

1.5.4. Susceptibility to climate change 

During the late Pleistocene (c. 30,000 years before present), O. princeps displayed a more 

widespread distribution than that observed today, and could be found both at lower elevations 

and in more easterly locations in North America (Hafner, 1993). The current distribution of Pikas 

in mountainous areas of western North America is presumably the direct consequence of 

warming temperatures after the end of the last Ice age (c. 10,000 BP), that led to an upwards 

movement of populations of 800 m in elevation (Grayson, 2005). Contemporary global warming 
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is an important factor driving the decline of pikas in the Great Basin, USA, where 28% of 

surveyed populations have gone extinct during the 20th century alone (Beever et al., 2003), and 

this trend has increased in severity in the last decade, as a new study revealed a five-fold increase 

in the rate of extinction of pikas across the Great Basin (Beever et al., 2011). 

While O. princeps may become increasingly threatened by increasing temperatures, 

American pikas are listed as a species of least concern by the International Union for the 

Conservation of Nature (Beever and Smith, 2008), and a recent status review by the US Fish and 

Wildlife Services concluded that the species did not warrant listing under the Endangered Species 

Act (Ray et al., 2010). 

 

1.6. Objectives 

I used the continuous distribution of pika populations along altitudinal gradients in the Bella 

Coola valley as a surrogate for forecasted global climate change. Conservation genetic and 

genomic approaches were used to shed light on demographic and evolutionary processes 

occurring in pika populations sampled across altitudinal gradients ranging from sea level to 

1500m. Specifically, this was explored in the three following chapters:  

- In Chapter 2, I describe a novel noninvasive method to collect pika hair samples. While 

most conservation genetic studies rely on live trapping to acquire samples from wild species, my 

approach ensures a minimal impact on the species of interest, thus providing a safer and more 

ethical way to collect samples from pika populations.  
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- In Chapter 3, I characterize the amount and distribution of neutral genetic variation present 

within and between sampled populations. Analyses are directed at identifying the underlying 

population genetic structure and population demography to inform on the potential of dispersal as 

a mitigation strategy.  

- In Chapter 4, I use a genomic scan approach to identify genomic regions under selection in 

the populations studied. Furthermore, I aim to identify the major environmental factors driving 

adaptive change in this system. This approach represents a stepping-stone towards discovering 

the genes underlying ecologically important traits in this system. 
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Chapter 2. Obtaining high quality DNA from elusive small mammals using 

low-tech hair snares 

 

2.1. Overview 

Molecular approaches have become common to ecological and evolutionary studies of 

wildlife populations. DNA-based tools have contributed significantly to our understanding of 

wildlife biology, with advances ranging from identifying cryptic species (Gomez et al., 2007; 

Russello et al., 2005) to discovering genes responsible for adaptation in heterogeneous 

environments (Nachman, 2005). Traditionally, sampling involved live-trapping and non-

destructive collection of tissue or blood from wild animals, followed by DNA extraction and 

downstream Polymerase Chain Reaction (PCR; Mullis et al., 1986) amplification of informative 

DNA fragments (mitochondrial DNA or nuclear microsatellite markers; DeYoung and 

Honeycutt, 2005; Sunnucks, 2000). Concomitant advances in analytical methods and 

development of user-friendly software (Excoffier and Heckel, 2006) have further led to the 

expansion and application of DNA-based studies to the fields of ecology, evolution and 

conservation (DeSalle and Amato, 2004). 

Noninvasive genetic sampling (NGS; Taberlet et al., 1999) has gained in popularity as an 

alternative to traditional live-trapping sampling techniques for several reasons. First, by 

unobtrusively collecting biological material (e.g., feces, hairs, feathers, saliva and mucus) from 

wild populations, researchers can study these species without disturbing, handling, or even 

observing them, thus reducing risks to both animals and researchers. Second, NGS enables 

biologists to study populations of elusive and rare species, a task that can prove difficult with 
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more traditional live-trapping approaches (Piggott and Taylor, 2003; and references therein). And 

third, NGS can potentially increase sample sizes by reducing disturbance to animals, sampling 

efforts, and costs, thus helping to minimise biases in estimates of population parameters (Banks 

et al., 2003; Litvaitis et al., 2006). This latter point may prove crucial when dealing with 

threatened species, since biased estimates of population parameters may result in inappropriate 

management.  

NGS has been applied to identify species (e.g. Rudnick et al., 2007), identify sexes and 

individuals (e.g. Hedmark et al., 2004; Russello and Amato, 2001; Sastre et al., 2009), estimate 

population structure and gene flow (e.g. Henry et al., 2009; Regnaut et al., 2006), and monitor  

populations (e.g. Kendall et al., 2009; Paetkau, 2003; Woods et al., 1999). Despite the 

advantages of NGS, there are important caveats associated with this approach including poorer 

quality and quantity of recovered DNA, lower PCR success rates, greater potential for 

contamination, and enhanced rates of genotyping errors compared to those observed when using 

traditional tissue or blood samples. While beyond the scope of this chapter, these limitations are 

well understood and have been addressed by others (e.g. Beja-Pereira et al., 2009; Broquet and 

Petit, 2004; Piggott et al., 2004; Taberlet et al., 1996; Waits and Paetkau, 2005). 

Many innovative approaches for sampling hair have been developed, but these have mainly 

targeted medium-sized or large mammals (e.g. Amendola-Pimenta et al., 2009; Bremner-

Harrison et al., 2006; Kendall and McKelvey, 2008; Mullins et al., In Press; Pauli et al., 2008; 

Toth, 2008). At present, we are unaware of a noninvasive hair sampling method that specifically 

targets small mammals. To fill this gap, we describe a novel and inexpensive method to obtain 

hair from the American pika (Ochotona princeps), an elusive and climate sensitive lagomorph 

from western North America. We evaluated the quality and quantity of DNA obtained from two 
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different amounts of starting material using four commercially available DNA isolation kits.  We 

further quantified PCR amplification success of resulting DNA extracts across a series of 

mitochondrial DNA fragments and nuclear microsatellites of varying length.  Amplification 

success was also evaluated for fragments of the ZFX/ZFY genes used for molecular sexing. 

 

2.2. Materials and methods  

2.2.1. Study species 

The American pika (Ochotona princeps) is a small lagomorph, discontinuously distributed in 

mountainous areas throughout western North America from central British Columbia (BC), 

Canada, south to the Sierra Nevada in California and east to New Mexico, USA. Pikas are 

restricted to talus slopes and broken rock debris in proximity of meadows that provide their food 

(Smith and Weston, 1990). Recent extirpations of pika populations in the Great Basin, USA have 

been attributed, in part, to increasing temperatures (Beever et al., 2003). Pikas are individually 

territorial and concentrate their daily activities on the collection of plant material stored in hay-

piles at the center of their territories. Pikas are elusive animals that emit alarm calls and rapidly 

retreat underground upon intrusion of their territories by predators. Live-trapping pikas can be 

resource intensive, with previous studies reporting an effort of over 12 hours/trapped animal 

(Peacock, 1997). In addition, trapping is stressful for the pikas. Thus, noninvasive genetic 

sampling has the potential to improve sampling efficiency while minimising stress levels inflicted 

by live-trapping and handling. 
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2.2.2. Study site 

This study was carried out 3 km southwest of Heckman’s Pass at the top of the Bella Coola 

Valley, British Columbia, Canada (N52°31’01.0’’ W125°49’36.7’’; altitude 1500 meters above 

sea level). The area was surveyed on the 24th of June 2009, and 12 putative pika territories were 

identified over an area of approximately 6 hectares. We targeted pika travel routes by setting up 

snares (described below) at hay-piles and latrine sites in each of the 12 individuals’ territories. 

Snares were set up on the 24th and 25th of June 2009, and hairs were collected daily from June 

25th to the 31st. 

 

2.2.3. Hair snares 

Each snare consisted of a scaffold of fishing line wrapped around a boulder approximately 

30 cm above the ground. Pieces of clear packing tape (3M, St. Paul, MN, USA) ranging from 10 

to 50 cm long were rolled up to provide a 360° sticky surface. The pieces of packing tape were 

then folded around the fishing line and stuck to each other in a zigzag fashion to cover a 

maximum of the space from the ground up (Fig. 2.1A). The operation of setting up a hair snare 

usually takes about 30 minutes per site. Pikas travelling in and out of their hay-piles or latrine 

sites brush up against the sticky surface of the snares, resulting in hairs being stuck to the tape 

(Fig. 2.1B).  Pikas are known to intrude into neighboring territories, potentially leading to the 

sampling of multiple individuals in a single hair snare. Yet, when a pika runs through a hair 

snare, the piece of tape was entirely covered by hair at the impact location. Thus, it is very likely 

that hair collected from a single impact location belongs to a single individual.   
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The collected hair samples were removed from the sticky tape using sterile forceps and 

stored in 2 ml cryogenic tubes (Eppendorf AG, Hamburg Germany) in a liquid nitrogen-filled dry 

shipper (Thermo Scientific, Waltham, MA, USA) until reaching to the lab. Samples were then 

transferred to an -80°C freezer until DNA isolation.  

   

Figure 2.1. Photograph of a hair snare used to noninvasively sample pikas in the Bella Coola Valley, BC. A) General 

configuration, including a fishing line scaffold and rolled up clear packing tape arranged in a zigzag fashion around 

an individual haypile. B) Successful hair snare containing a large number of plucked hairs at a single impact location 

on the tape. 
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2.2.4. DNA extractions and PCR amplifications 

In order to assess the optimal amount of starting material to obtain DNA extracts suitable 

for downstream PCR amplification of nuclear and mitochondrial markers, we used a factorial 

design of two amounts of hair using 4 extraction methods. We used hair sampled from four 

individuals and separated the hair from each of the four individuals into two tubes, one 

containing a single hair and another containing 25 hairs. DNA was then extracted for each sample 

using one of four commercially available DNA isolation kits: A) DNA IQTM Tissue and Hair 

Extraction Kit (Promega, Madison, WI, USA); B) Nucleospin®
 Tissue kit (Macherey-Nagel, 

Düren, Germany); C) DNeasy® Blood and Tissue kit (Qiagen, Valencia, CA, USA) and, D) 

Chelex® 100 resin (Bio-Rad, Hercules, CA, USA). The DNA IQTM system uses DNA binding 

paramagnetic resin to isolate a set amount of DNA. We followed the manufacturer’s protocol for 

DNA extraction from hair with DNA being eluted in 100 µl of elution buffer. The Nucleospin®
 

and DNeasy®
 columns harness the DNA binding capacities of silica-based membranes. We 

followed the manufacturers’ protocol for hair extractions and samples were eluted in 100 µl of 

elution buffer. Chelex® is an ion exchange resin that acts as a chelating agent to bind polyvalent 

ions, especially magnesium, thus inactivating nucleases. DNA present in the starting material 

remains in solution and can be used for PCR. Chelex® extractions were performed according to 

the forensics grade protocol for hair developed by the National Forensic Science Technology Cen

ter (http://static.dna.gov/labmanual/DNA_Lab_Manual.zip). In all cases, water was used as a 

negative control and 20 mg of liver from four different individuals were used as positive controls 

and a basis for comparison with hair extractions. DNA was quantified using a NanoDrop® ND-

1000 Spectrophotometer (Thermo Scientific, Waltham, MA, USA). DNA quality was assessed 

by 260 nm and 280 nm absorbance ratio (A260/A280 ratio; Manchester, 1995).  
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Isolated DNA (1 and 25 hairs as well as a negative and positive control for each extraction 

method) was used as template for a series of PCR reactions to amplify nuclear and mitochondrial 

DNA fragments of varying size. Specifically, we designed species-specific primers to amplify 

mitochondrial cytochrome b fragments of 250 and 800 basepairs (bp; Appendix 3; 

Supplementary material Table A3.1) and used one primer previously described for the genus 

Ochotona  (Yu et al., (2000).  Likewise, nuclear DNA amplification was tested at two 

microsatellite loci previously described for the American pika, Ocp8 (250 bp) and Ocp2 (400 bp) 

(Peacock et al., 2002). PCRs were performed using a Veriti® thermal cycler (Applied Biosystems, 

Foster City, CA, USA) in a 25 µL volume containing: 1 - 20 ng DNA, 0.5 µM of each primer, 10 

mM Tris-HCl (pH 8.3), 50 mM KCl, 1.5 mM MgCl2, 200 µM dNTPs, 10 µg bovine serum 

albumin (BSA; New England Biolabs, Ipswich, MA, USA) and 0.5 U AmpliTaq Gold® DNA 

polymerase (Applied Biosystems Foster City, CA, USA). Cycling parameters for the 

microsatellite loci were optimised using a touchdown cycling program (10 min at 95°C, 35 cycles 

at 95°C for 30 s, 30 s annealing, and 45 s at 72°C, followed by a final step at 72°C for 10 min). 

The annealing temperature decreased by 1°C per cycle from 60 to 55°C until reaching the sixth 

cycle, at which point the 29 remaining cycles continued at 55°C. Cycling parameters for the 

mitochondrial fragments were as described above but consisted of 35 cycles with an annealing 

temperature of 50°C. Each PCR was repeated three times to check for consistency in 

amplification success. PCR products were then run alongside a 100 bp ladder (New England 

Biolabs, Ipswich, MA, USA) on a 1.5% agarose gel containing 2.5% SYBR® Safe DNA gel stain 

(Invitrogen, Carlsbad, CA, USA) and visualised using a RED® personal gel imaging system 

(Alpha Innotech, San Leandro, CA, USA).  
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Lastly, molecular sexing was undertaken using the PCR-RFLP of ZFX/ZFY loci with HinfI 

restriction enzyme digestion according to Fontanesi et al., (2008). This approach relies on the 

observation that the Y chromosome possesses a HinfI restriction site in this region that the X 

chromosome lacks.  Thus females produce 2 co-migrating fragments of 432 bp while males 

produce fragments of 432 bp, 261 bp and 171 bp.  Products of the PCR-RFLP sexing were then 

run on a 3% agarose gel as described above. 

 

2.3. Results 

2.3.1. Hair snare success 

We found pika hair in eight of 12 hair snares (67% success) yielding between one and four 

impact patches ranging from 10 to over 100 hairs (Fig. 2.1B). Each patch was considered to come 

from a single individual. Additionally, we checked snares daily and sampled collected hairs in 

order to decrease the probability of collecting hairs from multiple individuals in the same tube. 

We also found hair in one of the twelve snares that was identified in the field as belonging to a 

species other than pikas. It was later confirmed in the lab that these hairs yielded a 100% mtDNA 

sequence similarity (12s rDNA and 16S rDNA (data not shown) to the American Red Squirrel 

(Tamiasciurus hudsonicus), another small mammal that is sympatric with O. princeps in BC.  

 

2.3.2. DNA extractions and PCR amplifications 

The various DNA extraction techniques yielded widely different levels of DNA purity and 

quantity (Table 2.1). Mean DNA concentrations (± Standard Error) were 4.47 ng/µl (± 2.24) 
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across all DNA isolation methods using a single hair, 86.7 ng/µl (± 43.3) for extractions using 25 

hairs, and 1307 ng/µl (± 653) for extractions using liver. As a general trend, samples extracted 

using the DNA IQTM system had a rather constant concentration of DNA across different 

quantities of starting material (which was expected given the finite binding capacity of the resin) 

as opposed to that observed using the other three methods, where positive controls differed by 

two to three orders of magnitude (Table 2.1). DNA purity was similar for DNA IQTM, 

Nucleospin® and DNeasy®
 with mean A260/A280 ratios of 1.48, 1.30 and 1.42 respectively. 

Chelex®produced a mean 260/280 ratio of 0.89, which is substantially lower than the metric 

expected for ‘pure’ DNA (i.e. 260/280 = 1.8).  

PCR amplification success varied across both amounts of starting material and molecular 

marker type and size, but was correlated to the purity and quantity of template DNA. In general 

the use of multiple hairs in a DNA extraction increased the amplification success. With regard to 

the choice of DNA isolation method, the best amplification success was obtained with using the 

DNA IQTM with 100% amplification success over three consecutive repetitions of PCRs for each 

marker class used (Table 2.1). This step was followed by the DNA extraction using 25 hairs and 

the DNeasy® kit with 83.3% of success in amplification of microsatellite loci, 100% of 

mitochondrial DNA fragments, but without any success at amplifying the sex-linked gene.  PCR 

amplification success was assessed using band presence and intensity on an agarose gel. 

Although DNA IQTM yielded greater quantities of amplification products, the other methods used 

here (except Chelex®) also produced scorable genotypic data when run on a capillary DNA 

Analyser (Table 2.1; 16.7% of extractions using Nucleospin® kits also produced a genotype on a 

capillary assay while no apparent bands were detected on the agarose gel).  
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Table 2.1. DNA concentration, purity and amplification success for each of four DNA isolation methods across two different amounts of hair and a positive 

control (liver) 
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Figure 2.2. A representative gel pattern showing the specific amplifications of two nuclear microsatellite markers 

[Ocp8 (∼250 bp) and Ocp2 (∼400 bp); top rows] as well as two mitochondrial Cytochrome b fragments [Cyt B a 

(∼250 bp) and Cyt B b (∼800 bp)] for pika DNA extracted using four different commercially available techniques: 

A) DNA IQTM Tissue and Hair Extraction Kit (Promega), B) Nucleospin®
 Tissue kit (Macherey-Nagel), C) DNeasy® 

Blood and Tissue kit (Qiagen) and D) Chelex® 100 resin (Bio-Rad) and two different quantities of starting material: 1 

and 25 hairs as well as a positive control (+; 20 mg of liver) and a negative control (-, water). The first lane is 100 bp 

ladder (New England Biolabs). 
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With regard to marker choice and sizes, the two nuclear microsatellites (Ocp 2, Ocp 8) of 

varying size successfully amplified across both quantities of starting material for the DNA IQTM 

(A1, A25) and for 25 hairs using the DNeasy® kit (C25).  No microsatellite amplification was 

observed for the Nucleospin® or Chelex® extractions (Fig. 2.2). Overall, mitochondrial 

cytochrome b fragments amplified better than nuclear microsatellite loci with 100% amplification 

success of the smaller 250 bp mitochondrial DNA fragment across all extraction methods and 

quantities of starting material.  Only the Chelex® hair extractions failed to amplify the larger 800 

bp mitochondrial DNA fragment (Fig. 2.2). Lastly, only the DNA extracted using 25 hairs as 

starting material and the DNA IQTM system produced successful PCR-RFLP of the ZFX/ZFY loci 

to enable sex determination of pikas (Fig. 2.3). 

 

Figure 2.3. A representative gel pattern showing the PCR-RFLP of ZFX/ZFY loci with HinfI restriction enzyme 

following Fontanesi et al. (2008) for DNA extracted using four different commercially available techniques: A) 

DNA IQTM Tissue and Hair Extraction Kit (Promega), B) Nucleospin®
 Tissue kit (Macherey-Nagel), C) DNeasy® 

Blood and Tissue kit (Qiagen) and D) Chelex® 100 resin (Bio-Rad) and two different quantities of starting material: 1 

and 25 hairs as well as a positive control (+; 20 mg of liver) and a negative control (-; water). The first lane is 100 bp 

ladder (New England Biolabs). 
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2.4. Discussion 

2.4.1. Hair snare success 

While live-trapping enables non-destructive collection of DNA of high quality and quantity, 

trapping efficiencies below 50% are commonly reported for small mammals (Connior and Risch, 

2009).  This capture frequency is likely much lower when dealing with elusive animals such as 

O. princeps (C. Ray, personal observation). Our noninvasive hair snares allowed us to efficiently 

sample eight pikas over a seven-day period. The four unsuccessful traps possibly reflect vacant 

territories in the pika population we surveyed. Additional studies comparing both traditional and 

noninvasive trapping techniques are required to compare trapping efficiencies and to estimate 

capture probabilities for each method.  

 

2.4.2. DNA extractions and PCR amplifications 

Three of the four DNA extraction methods we tested reliably extracted high quality DNA 

from pika hair (DNA IQTM, Nucleospin®, and DNeasy®). It is not clear why hair samples extracted 

using Chelex®
 did not yield successful amplification for the nuclear microsatellite loci, since 

Chelex® has been classically employed in forensic studies and routinely used to extract DNA 

from hair collected from wildlife (Mitrovski et al., 2005). Although DNA concentrations were 

high, it is possible that the Chelex® extractions contained more impurities than the other methods 

that employed several washing steps, which is consistent with the low 260/280 ratios observed. 

These impurities may have inhibited the PCR reactions, yet sequential dilutions of the Chelex® 

extract did not provide better results than the straight extracts (data not shown). Additional 

optimization of the Chelex® protocol may be required in order to match the success obtained in 
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other studies using mammalian hair as a starting material. Moreover, pika hairs differ from 

forensic material such as human hair since the root bulbs are substantially smaller, likely 

containing only a fraction of the nucleated cells found in human hair (P. Henry, personal 

observation). Additionally, Chelex® resin may inhibit PCR reactions (Willard et al., 1998). 

The length of the amplicons proved to be an important factor in PCR amplification 

success, with smaller nuclear and mitochondrial fragments being recovered more frequently than 

larger ones, corroborating similar observations in other species (e.g. Morin et al., 2001). In order 

to target nuclear markers, researchers should try to remove as much of the hair shaft as possible, 

as nuclear DNA is found primarily in the root bulb (Beja-Pereira et al., 2009). This operation was 

not undertaken here since we targeted both nuclear and mitochondrial DNA. Conditions under 

which hair samples are collected and stored may also have direct implications for DNA 

amplification success. We collected hair daily to minimise exposure to the elements. Storing 

samples at -20°C to -80°C and minimising the time between hair collection and DNA extractions 

may substantially increase amplification success, especially with regards to larger amplicons 

(Roon et al., 2003).  

 

2.5. Summary 

Overall, our results suggest that the novel tape snares described here are effective at 

obtaining adequate amounts of hair that yield DNA of sufficient quality and quantity for PCR. 

We anticipate that this approach could provide an effective way to collect samples for 

downstream population genetic analyses of elusive small mammals. For pikas, this method may 

also enable sampling of juvenile individuals and estimation of the frequency with which pikas 
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intrude into neighbouring territories, a task that until now required hours of observation. We 

found the greatest success in amplifying fragments of both mitochondrial DNA (~800 bp), 

nuclear microsatellites (~400 bp) and ZFX/ZFY loci (432 bp) when using 25 hairs as starting 

material and the DNA IQTM system. These results may vary depending upon species and study 

conditions, but offer a cost-effective [estimated cost of € 2.00 per trap and € 3.4 per DNA 

extraction (manufacturer’s list price at www.promega.com)] and noninvasive approach for 

collecting population genetic data to inform studies of small mammal ecology, evolution and 

conservation.  
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Chapter 3. Genetic evidence for highly restricted dispersal along continuous 

altitudinal gradients in the climate change-sensitive American pika (Ochotona 

princeps) 

 

3.1. Overview 

Anthropogenic activities are having an unprecedented impact on wild populations. Perhaps 

one of the largest challenges facing wildlife will be coping with climate change (Reusch and 

Wood, 2007). Altered selection regimes caused by increasing air and water temperatures will 

operate in the near future (IPCC, 2007), however, some particularly sensitive species have 

already become extirpated due to contemporary temperature changes (Beever et al., 2011). When 

faced with rapidly changing environmental conditions, species must adapt, disperse or disappear 

(Lovejoy and Hannah, 2005). While it has been suggested that most species will shift their 

geographical ranges rather than adapt in situ (Parmesan, 2006), factors such as habitat 

fragmentation may act synergistically to impair species’ dispersal to more favorable conditions 

(Stockwell et al., 2003). Range shifts may be particularly challenging for species with limited 

dispersal capacity or those with highly specialized habitat requirements (Sgro et al., 2011). 

Consequently, there is value in investigating the connectivity of populations of species inhabiting 

markedly different environments in order to evaluate dispersal as a potential strategy for 

persistence in the face of predicted climate change. 

Species that have successfully established populations along a continuous range of elevations 

may represent ideal systems in which to study the synergistic effects of genetic drift, inbreeding 

and natural selection on the extent and distribution of genetic variation as environmental 
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conditions (e.g. temperature) change rapidly over short distances (Gebremedhin et al., 2009). In a 

spatial context, altitudinal gradients can thus be used as surrogates for the expected temporal 

changes in selection pressures caused by climate change (Reusch and Wood, 2007). 

The American pika (Ochotona princeps) is a small lagomorph discontinuously distributed in 

mountainous areas throughout western North America from central British Columbia and 

Alberta, Canada, south to the Sierra Nevada in California and east to New Mexico, USA. Pikas 

are restricted to talus slopes and broken rock debris in proximity to meadows that provide their 

food (Smith and Weston, 1990). The fragmented nature of their habitats has propelled 

O. princeps to the position of a model mammalian species for studies of metapopulation 

dynamics, island biogeography and source-sink dynamics (e.g. Peacock and Smith, 1997a). In 

recent years, pikas have also gained notoriety as a model system for testing extinction dynamics 

in the face of climate change (Beever et al., 2011). In that vein, pikas are considered harbingers 

of global warming, predicted by some to constitute the first mammalian species to go extinct due 

to the direct effects of climate change (Smith et al., 2004).  

Recent studies have examined American pika phylogeography in the context of climate 

change since the late Pleistocene (Galbreath et al., 2010). Additionally, DNA fingerprinting has 

been applied to shed light on mating behaviour and dispersal in this species (Peacock and Smith, 

1997a; b). Given the above, O. princeps may represent an ideal system in which to study the 

relative importance of stochastic (genetic drift) versus deterministic (natural selection) genetic 

processes in shaping genetic variation within a climate change-sensitive species. 

In the present study, I begin to address these questions by sampling O. princeps populations 

found along three elevation gradients in the central Coast Mountains of British Columbia, 



 32	  

Canada, ranging from sea level to greater than 1500 m. Specific objectives include: 1) 

investigating the extent and distribution of genetic variation within and among populations; 2) 

quantifying gene flow among populations along continuous, altitudinally distributed transects as 

well as disjunctly among transects; 3) reconstructing population demographic histories; and 4) 

evaluating the degree to which patterns of genetic variation correlate with observed 

environmental variation. 

 

3.2. Materials and methods 

3.2.1. Study Site 

This study was carried out in the Bella Coola Valley, BC (Fig. 3.1). This area was initially 

chosen because historical records show the presence of O. princeps from sea level to tree line and 

the presence of an extensive network of roads connecting the bottom of the valley to higher 

elevations. American pikas were sampled from August 2008 to September 2010 at 10 sites along 

three elevation gradients ranging from sea level to 1500 m using recently developed noninvasive 

hair snares (Fig. 3.1) (Henry et al., 2011; Henry and Russello, 2011). Pikas at site A1 were 

extirpated in the late summer of 2009 due to a forest fire that burned through the area, but the site 

was recolonized as of summer 2011 (M.A. Russello, personal communication). Samples were 

collected in sites B, C, D and E in 2008, 2009 and 2010, from site A1 in 2008 and 2009, and from 

sites A2, F, G, H and I in 2010. A total of 288 geo-referenced individual hair snares were set up 

across these ten sites (Fig. 3.1) and samples were brought back to the laboratory for subsequent 

DNA extraction and PCR amplification.  
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Figure 3.1. Map of the study area in the Bella Coola Valley, British Columbia, Canada, with the ten sampling sites 

located along three altitudinal gradients: the Hill, Nusatsum and Bentinck from east to west. 

 

3.2.2. DNA Isolation, PCR Amplification and Genotyping 

I previously determined that DNA extracted from 15-20 hairs per sample yielded DNA of 

sufficient quality and quantity for downstream assays (Henry and Russello, 2011).  Given these 

findings, I isolated DNA from 206 individual samples with sufficient starting material.  DNA was 
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extracted using the DNA IQTM Tissue and Hair Extraction Kit (Promega, Madison, WI, USA) 

and a modified version of the manufacturer’s protocol as demonstrated in Henry et al. (2011). 

Isolated DNA was used as template for PCR amplification of 28 nuclear microsatellite loci 

previously described for the American pika (Appendix 3; Supporting material Table A3.2; 

Peacock et al., 2002; Peacock et al., unpublished). Initially I used a representative sample of 16 

individuals distributed throughout our study area to assess amplification success and 

polymorphism of all microsatellite loci (Appendix 3; Supplementary material Table A3.2).  

Based on results from the pilot analysis, ten polymorphic loci were retained and screened on the 

remainder of the sampled individuals (see Results). All PCRs were performed using a Veriti® 

thermal cycler (Applied Biosystems, Foster City, CA, USA) in a 12.5 µL volume containing: 1 - 

20 ng DNA, 0.5 µM of labelled M13, 0.5 µM reverse primer and 0.05 µM forward primer, 10 

mM Tris-HCl (pH 8.3), 50 mM KCl, 1.5 mM MgCl2, 200 µM dNTPs, 10 µg bovine serum 

albumin (BSA; New England Biolabs, Ipswich, MA, USA) and 0.5 U AmpliTaq Gold® DNA 

polymerase (Applied Biosystems). All forward primers were 5’-tailed with an M13 sequence [5’-

TCCCAGTCACGA-CGT -3’] to facilitate automated genotyping. Specifically, the M13-tailed 

forward primer was used in combination with an M13 primer of the same sequence 5’-labeled 

with one of four fluorescent dyes (6-FAM, VIC, NED, PET; Applied Biosystems; Appendix 3; 

Supplementary material Table A3.2), effectively incorporating the fluorescent label into the 

resulting PCR amplicon (Schuelke, 2000). 

Cycling parameters were optimised using a touchdown cycling program (10 min at 95°C, 

40 cycles at 95°C for 30 s, 30 s annealing, and 45 s at 72°C, followed by a final step at 72°C for 

10 min; Appendix 3; Supplementary material Table A3.2). The annealing temperature decreased 

by 1°C per cycle from 60 to 55°C until reaching the sixth cycle, at which point the 34 remaining 



 35	  

cycles continued at 55°C. Two of the markers produced stuttering using this touch down protocol 

and thus were amplified using a program that consisted of the same PCR cycling conditions 

except the annealing temperature was kept constant at 50°C for 40 cycles (Appendix 3; 

Supplementary material Table A3.2). PCR products were multiloaded and run on an ABI 

3130XL genetic analyser (Applied Biosystems) with GeneScan™ 500 LIZ® size standard and 

genotypes were called using GENEMAPPER 4.0 (Applied Biosystems). Two people (P. Henry and 

Z. Sim) called alleles independently and incongruent calls were repeated from the PCR stage. 

 

3.2.3. Quality Control and Genetic Variation 

Since our sampling strategy involved the use of a non-conventional DNA source, I applied a 

multi-tube approach in which each PCR was repeated at least twice for heterozygote genotypes 

and at least three times in order to confirm homozygotes. Genotyping errors were quantified and 

consensus genotypes were obtained using PEDANT 1.0 (Johnson and Haydon, 2007). Additional 

tests for stuttering and allelic dropout were undertaken using MICROCHECKER 2.2.3 (Van 

Oosterhout et al., 2004). Incidence of repeated genotypes were identified using GENALEX 6.4.1 

(Peakall and Smouse, 2006) and duplicated multilocus genotypes were removed. Deviations from 

Hardy-Weinberg equilibrium (HWE) as well as linkage disequilibrium (LD) within sampled sites 

were assessed using ARLEQUIN 3.5.1.2 (Excoffier and Lischer, 2010) with the following settings: 

1,000,000 steps in Markov Chain Monte Carlo (MCMC), and 100,000 dememorisation steps. 

Significance of deviations from HWE and LD were determined after sequential Bonferroni 

correction for multiple comparisons. 
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Within population genetic variation was quantified using observed and expected 

heterozygosity (HO, HE) and the number of alleles (NA) calculated in ARLEQUIN 3.5.1.2 (Excoffier 

and Lischer, 2010).  In addition, I used a measure of allelic richness (AR) based on a rarefaction 

index accounting for differences in sample sizes as implemented in FSTAT 2.94 (Goudet, 1995). 

The inbreeding coefficient (FIS) was also calculated for each site and its deviation from zero was 

assessed using 100,000 permutations between loci using FSTAT 2.94 (Goudet, 1995). 

 

3.2.4. Population Genetic Structure 

Genotypic differentiation between pikas in different study sites was tested using a log-

likelihood G-test not assuming HWE within samples using FSTAT 2.94 (Goudet, 1995) and based 

on 100,000 permutations of alleles between sites. In order to shed additional light on underlying 

population genetic structure, I used discriminant analysis of principle components (DAPC; 

Jombart et al., 2010). This model-free approach extracts information from genetic data by 

transforming the genotypes into uncorrelated components using principal components analysis 

(PCA). A discriminant analysis is then applied to a number of principal components retained by 

the user in order to maximize the among-population variation and minimize the variation within 

predefined groups. The fact that these methods lack underlying assumptions such as HWE and 

LD make them applicable to a wide range of situations where such assumptions are not met, as is 

often the case with small populations. I ran these analyses using the R package ADEGENET 1.3-1 

(Jombart, 2008), retaining 30 principal components representing 92% of the total genetic 

information and using each site as a priori populations.  
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I estimated rates and direction of recent migration events between each sample site using the 

Bayesian method implemented in BAYESASS+ 1.3 (Wilson and Rannala, 2003) with the 

following parameters: 3,000,000 iterations with sampling every 2000 iterations, 999,999 burnin 

and delta values of 0.15. This method makes use of gametic disequilibrium information in a 

Bayesian inferential framework to estimate recent (last two generations) migration rates from one 

population into another. This approach has one major assumption, namely that the loci used are 

in linkage equilibrium, but it does not require that populations are in HWE. 

To test for associations between local environmental conditions and observed population 

genetic structure, I applied a hierarchical Bayesian method that estimates local FST values and 

relates them to environmental variables of interest as implemented in GESTE 2 (Foll and 

Gaggiotti, 2006). Our framework included the comparison of genetic differentiation (FST) with 

population geographical isolation (Foll and Gaggiotti, 2006), elevation and five other 

uncorrelated environmental variables (mean annual temperature, mean annual precipitation, 

precipitation as snow, mean maximum summer temperature and mean minimum winter 

temperature) calculated for each site using CLIMATEBC 3.1 (Wang et al., 2006). This software 

downscales and interpolates PRISM 1961-1990 monthly normal data (2.5 x 2.5 arcmin) into 100 

m x 100 m resolution and outputs a number of measured and derived variables. Initially, I 

targeted the 39 annual and seasonal environmental variables available through CLIMATEBC. In 

order to remove redundant information from this large number of variables, I performed a 

principal component analysis (PCA) and calculated correlation coefficients between each pair of 

variables using the R packages ADE4TKGUI (Thioulouse and Dray, 2007) and RCMDR (Fox, 

2005) respectively. Variables were considered as redundant if they produced a correlation 

coefficient higher than 0.9, in which case the variables that made least biological relevance (e.g. 
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derived variables or variables that a priori do not affect the species) were removed from further 

analyses. 

Generalized linear models were run using all seven factors and resulting in a total of 27 (128) 

models. The method evaluates the posterior probabilities of each factor and their combinations in 

shaping the observed population genetic structure using reversible jump MCMC. For example, 

the model that compares only genetic differentiation and geographic isolation can be viewed as a 

null model for isolation by distance, while other models can incorporate more complex scenarios. 

I followed the approach of Gaggiotti et al. (2009) in that I first ran GESTE using all seven factors 

and then performed a second round of analyses using the three factors with the highest 

cumulative posterior probabilities from the first round of analyses. 

 

3.2.5. Demographic history 

Genetic signatures of demographic contraction were assessed within each site and each 

transect using three different approaches: 1) the heterozygote excess test and 2) the mode-shift 

test, both implemented in the software package BOTTLENECK 1.2.02 (Piry et al., 1999), as well as 

3) the M-ratio test using M_P_VAL.EXE and CRITICAL_M.EXE (Garza and Williamson, 2001). For 

the heterozygote excess test, significance was assessed using 100,000 iterations with the 

Wilcoxon sign-rank test and under a Two Phase Model (TPM) consisting of 10% multi-state 

change and a variance among multiple steps of 12 as recommended by Piry et al. (1999). For the 

M-ratio test, I used a TPM mutation model with 10% multi-state change, assuming a marker 

mutation rate µ of 5 x 10-4 and a pre-bottleneck Ne ranging from 500 to 12,500 resulting in a 

value of θ (4 Ne µ) ranging from 1 to 25 and 3.5 bases steps for multi-step mutations. I used both 
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approaches since the heterozygosity excess and mode shift test have been suggested to reflect 

recent demographic contractions, while M-ratio reflects historical contractions (Williamson-

Natesan, 2005). 

I tested for signatures of population expansion using two separate tests implemented in 

the EXCEL macro KGTESTS (Bilgin, 2007). The within-locus k test assesses the distribution of 

allele lengths against the expectation of unimodality in expanding populations (Reich et al., 

1999), the significance of which is based on a simulated one-tailed binomial distribution. The 

second test is the interlocus g test, which is based on the expectation that the variance in the 

widths of the distribution of allele lengths will be low in expanding populations, as determined by 

the 5% cutoff value from simulations (Table 1 in Reich et al., 1999).   

 

3.3. Results 

3.3.1. Quality Control and Genetic Variation 

Of the 28 microsatellite loci screened, six markers failed to amplify and 12 markers were 

monomorphic (Appendix 3; Supplementary material Table A3.2).  Ten markers were 

polymorphic and used to genotype the 206 hair samples.  The overall dataset contained 2.8% 

missing data, ranging from 0 % (Ocp 13) to 7.7 % (Ocp 12).   

The multi-locus probability of identity for this suite of ten microsatellite loci was 8.3 x 10-6. 

Of the 206 hair samples genotyped, 38 pairs harbored identical multi-locus genotypes.  I removed 

one sample from each pair, resulting in a final dataset containing 168 individuals. The mean 

number of individuals sampled per site was 16.2, ranging from 5 (H) to 32 (D) (Table 3.1).  
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After correcting for multiple tests, eight out of ten microsatellite loci were found to deviate 

from Hardy-Weinberg expectations (HWE) in at least one of the ten sampled sites (Appendix 3; 

Supplementary material Table A3.3). Ocp 15 showed the highest evidence for violation of this 

assumption, deviating from HWE in five of ten sites. The other loci that deviated from HWE did 

so at only one or two sites (Appendix 3; Supplementary material Table A3.3). Since I found no 

systematic deviation of HWE in all sites, all loci were retained for further analyses, but for tests 

that assumed loci were in HWE, I repeated the analyses without the loci that violated this 

assumption.  

Linkage disequilibrium (LD) occurred between four pairs of loci, yet this significant linkage 

was never observed at all sites (Appendix 3; Supplementary material Table A3.4). The most 

frequent pair of loci exhibiting deviation from linkage equilibrium (Ocp12/Ocp23) occurred in 

five of 10 sites (C, D, E, F, G; Appendix 3; Supplementary material Table A3.4).  The other three 

instances of LD were specific to only one (D: Ocp2/Ocp11; E: Ocp15/Ocp22) or two sites (A, D: 

Ocp2/Ocp6; Appendix 3; Supplementary material Table A3.4). As above, when the underlying 

assumptions of the tests required that loci be at linkage equilibrium, one locus from each linked 

pair was omitted from these calculations. Furthermore, no evidence for stuttering was detected 

and allelic dropout and false allele rates were estimated based on repeated genotypes to be as low 

as 0.002 and 0.0015 respectively, resulting in a total error rate of 0.0035. 

Our samples harboured 73 alleles at ten microsatellite loci, ranging from four to 11 alleles 

per locus. The three sites with the lowest sample sizes contained monomorphic loci: A2 (Ocp12 

and Ocp23), H (Ocp22 and Ocp 7) and I (Ocp12, Ocp22, Ocp23 and Ocp7) while all other sites 

were polymorphic at all ten loci (Appendix 3; Supplementary material Table A3.5). Within 

population genetic variation was moderate with a mean observed heterozygosity of 0.47 (SD = 
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0.1), ranging from 0.63 in site B to 0.28 in site I (Table 3.1). A similar pattern was revealed for 

allelic richness with a mean AR of 2.95 (SD = 0.66) with values ranging from 3.7 in site D to 1.7 

in site I. Within-site inbreeding coefficients (FIS) were always positive and differed significantly 

from zero in all instances except one (site B; Table 3.1).  

 

3.3.2. Population Genetic Structure 

Log-likelihood tests of population differentiation between sites were all significant, except in 

the pairwise comparisons that involved the sites with the smallest sample sizes (A2-H, A2-I, H-I). 

While average FST values for most sites were centred around 0.20 (0.17 – 0.26), the high 

elevation site from the Bentinck transect (I) displayed an unusually high FST value of 0.36 (Table 

3.2). 

The DAPC analysis grouped the sites into clusters corresponding to the three elevation 

transects (Hill, Nusatsum and Bentinck; Fig. 3.2). The Hill samples were separated from the 

Bentinck sites by the first axis of the DAPC and from the Nusatsum samples by the second axis, 

while the Nusatsum samples were separated from the Bentinck samples by the first axis only 

(Fig. 3.2). While the samples from the Hill and Nusatsum transects overlap with samples within 

their respective transects, the two sites from the Bentinck transects were completely separated. 

Estimates of recent migration rates (m) yielded results that were consistent with observed 

patterns of population differentiation, in that mean migration rates were very low in all cases,  

(0.001 to 0.07; Table 3.3; Appendix 3; Supplementary material Table A3.6).  
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Table 3.1. Site-specific information including site names, transect, geographical location, elevation, sample size (N), observed (HO) and expected (HE) 

heterozygosites, number of alleles (NA), allelic richness (AR), and within-site inbreeding coefficient (FIS). 
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 These values are orders of magnitude lower than the suggested migration rate at which two 

populations are considered to exchange sufficient migrants to influence each other’s dynamics 

(m = 0.1; Hastings, 1993). 

 

Table 3.2. Pairwise population differentiation indices.  

 

 

 

 

 

FST values are represented below the diagonal. Asterisks above the diagonal represent a significant differentiation 

based on log-likelihood G-tests (Goudet et al., 1996).  

 

Bayesian model testing using all seven factors identified mean maximum summer 

temperature as the variable with the highest cumulative probability (Pr = 0.5) in explaining the 

observed population genetic structure, followed by geographic isolation (Pr = 0.497) and mean 

minimum winter temperature (Pr = 0.493). The model with the highest probability (Pr = 0.01) 

contained all three variables listed above. The second round of MCMC containing only these 

three factors identified that the model with the highest posterior probability contained a constant 

term (a0 = -2.13) and mean maximum summer temperature only (Pr = 0.134).  This latter model 

resulted in a positive regression coefficient (a1 = 0.205), suggesting that genetic differentiation 
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increases with increasing temperature. Yet, a high proportion of the variance remains 

unexplained by this model as illustrated by a relatively large σ2 value (1.13). 

 

 

Figure 3.2. Scatter plot from the Discriminant Analysis of Principal Components (DAPC; Jombart et al., 2010) 

showing the regional cohesion of sample sites into clusters that represent the three elevation gradients sampled. 
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3.3.3. Demographic history 

Signatures of recent demographic contraction were evidenced in half the sites as they 

displayed a significant excess heterozygosity relative to the number of alleles expected at 

mutation-drift equilibrium (Appendix 3; Supplementary material Table A3.7). Four of these five 

sites (A1, C, G and H) also displayed shifted allele frequency distributions, another indication of 

recent demographic contraction. These results were not affected when loci that deviated from HI 

expectations were excluded from the analyses. 

 

Table 3.3. Mean estimates of the distribution of recent migration rates (m) calculated using BAYESASS+ (Wilson and 

Rannala, 2003), given as the proportion of migrant individuals per population per generations. 

 

 

 

 

 

Columns represent the incoming migration rates and rows represent the outgoing migration rates. Bold values 

represent the proportion of non-migrant individuals in a population 

  

Conversely, the M-ratios were always larger than the critical M value simulated for a stable 

population with the same number of individuals and loci used here, suggesting historically stable 

populations. The outcome of the M-ratio tests remained unchanged when θ was varied from 1 to 
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25. Likewise, results from the k and g tests yielded no evidence for population expansion in any 

of the ten sites, also suggesting that these populations have had historically stable population 

sizes (Appendix 3; Supplementary material Table A3.7). 

 

3.4. Discussion 

3.4.1. Quality Control and Genetic Variation 

In the present study, I used a noninvasive sampling approach that enabled us to effectively 

collect population-level samples of the American pika. Following appropriate quality control, our 

final microsatellite dataset presented a 0.35% error rate corresponding to 0.2% allele dropout 

(seven false homozygotes out of 3360 alleles) and 0.15% of false alleles (five false heterozygotes 

out of 3360 allelles), values that are towards the low end of reported genotyping errors for high 

quality starting material such as plucked hair (Bonin et al., 2004).  

Given the extent of quality control used in our study, the observed deviations from HWE at 

several loci in some of our sites are most likely biologically meaningful, associated with pika life 

history rather than by genotyping errors (Morin et al., 2009). Indeed, O. princeps populations are 

usually small (at most 10 individuals per ha; Merideth, 2002) and exhibit non-random mating 

(Peacock and Smith, 1997b). Additionally, inbreeding coefficients were significantly above zero 

in nine out of ten of our study sites, indicating that the hypothesis of random mating should be 

rejected. These results are in contrast with those observed in O. princeps populations from the 

centre of their range, where Merideth (2002) did not find evidence of inbreeding at six sites in 

Nevada. Other life history characteristics that may have contributed to high within-site inbreeding 

coefficients and deviations from HWE are the potential for overlapping generations, post-glacial 
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colonization, limited dispersal capacities (see below) and metapopulation structure. Regarding 

the latter, I directly observed the impacts of environmental stochasticity over the course of this 

study, as illustrated by the likely extirpation of one of the high elevation sites on the Hill transect 

(A1) due to a 2010 forest fire and subsequent re-emergence or recolonization in 2011. Further 

research would be required, however, in order to definitively determine whether pikas observed 

at A1 in 2011 were the result of re-emergence or recolonization from a neighbouring source 

population that was not sampled in the current study. Overall, these results suggest that the Bella 

Coola pikas may be distributed in meta-population structure, as previously evidenced in other 

parts of their range (Peacock and Smith, 1997a). 

The amount of genetic variation found in the O. princeps samples from the Bella Coola 

Valley was lower, on average, than that previously reported in other studies of Ochotona spp. that 

employed an overlapping subset of the microsatellite markers used here (Merideth, 2002; 

Peacock et al., 2002; Yin et al., 2009; Zgurski et al., 2009). Although these studies only 

incorporated four and three out of the ten loci I used [(Ocp2, Ocp 6, Ocp 7 and Ocp 9 in 

Merideth, 2002; Peacock et al., 2002; Zgurski et al., 2009) and (Ocp2, Ocp 7 and Ocp 9 in Yin et 

al., 2009)], meaningful comparisons are still possible. After removing the non-overlapping loci 

and the three sites for which I had fewer than 10 samples (A2, H and I), mean observed 

heterozygosity was 0.50 (SD = 0.19).  This value is substantially lower than those reported in 

previous studies of O. princeps from Montana, California and Nevada [0.65, SD = 0.14 (Peacock 

et al., 2002); 0.64, SD = 0.15 (Merideth, 2002)].  The levels of observed heterozygosity reported 

here are also lower than those found in previous studies of congenerics, including 0.64 (SD = 

0.19) from Yukon O. collaris (Zgurski et al., 2009), and 0.72 (SD = 0.25) from O. curzoniae 

sampled from the Qinghai-Xizang plateau, China (Yin et al., 2009). Additionally, the allelic 
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richness I observed (AR = 3.3; SD = 0.33) was also lower than that found in O. princeps 

populations in Nevada, USA [AR = 4.8; SD = 0.99; (Merideth, 2002)]. 

The low level of genetic variation recovered in our samples may be explained by one or a 

combination of the following: 1) relatively small population sizes; 2) measurable levels of 

inbreeding; and 3) location of the Bella Coola Valley at the northwestern tip of the American 

pika distribution.  Based on this latter consideration, lower levels of genetic variation observed in 

Bella Coola Valley O. princeps populations may be a result of a more recent post-glacial 

expansion from southerly refugia compared to core populations in the USA (Galbreath et al., 

2009). In practical terms, these observed low levels of genetic variability may represent an 

impediment to the evolutionary potential of our study populations (Sgro et al., 2011). 

 

3.4.2. Population Genetic Structure, lack of dispersal and the effect of increasing temperatures 

The marked population genetic structure revealed in this system is not surprising given the 

life history characteristics of pikas (e.g. limited dispersal abilities, high mortality of dispersing 

individuals). All sites displayed significant differentiation except for the pairwise comparisons of 

the three sites that contained the fewest samples (A2, H, I; n < 10). As the FST values for these 

sites were still very high, and in the case of site I, the highest observed in our samples, it is quite 

likely that the lack of significance for these comparisons is an artefact of small sample sizes. 

Consequently, each sampled site likely represents an independent unit characterized by a unique 

allele frequency distribution. While it has been suggested that pikas are able to disperse to 

neighbouring talus patches located up to three km apart (Merideth, 2002; Peacock, 1997), I found 

no evidence for such a pattern here, even in cases where the geographical distances between sites 
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was less than three km (A1 – A2: 0.6 km, B – C : 1.3 km, C – D : 2 km, D – E : 2 km). Estimates 

of migration rates corroborated this finding, failing to yield any evidence of recent gene flow 

between any of the study sites, even those with close geographical distances (A1 – A2: 0.6 km).  

Although low levels of gene flow were generally detected between sites, I did uncover 

regional cohesion at the level of the transect (Fig. 3.2).  These results suggest that all sites within 

a transect have a common origin, with some historical exchange of migrants. On a broader scale, 

the low elevation of the Bella Coola Valley floor (sea level to 300m) may constitute a major 

barrier to gene flow between transects over the distances studied here (35 to 70 km).  

Along the same line, I identified that the mean maximum summer temperature is the one 

predictor that best explains the underlying population genetic structure, exhibiting the highest 

posterior probability of any alternative model including the null model for geographical isolation 

(classically used to study isolation by distance). This result suggests there may be an association 

between elevated summer temperatures and lack of migration among the sampled transects.  

Previous studies have shown that pikas are at high risk of hyperthermia if exposed to 

ambient temperatures above 27˚C and behaviourally thermoregulate by seeking shelter in their 

rocky habitat where temperatures remain cooler (Macarthur and Wang, 1974). Dispersal thus 

represents a major source of mortality due, in part, to the inability for thermoregulation during 

attempted migrations, which may differ at varying elevations. Indeed, I found that temperatures 

differed significantly along one of our elevation gradients (the Hill; Fig. 3.1), varying up to six 

degree Celsius from low to high elevation sites (Henry et al., Submitted-a; Appendix 1). 

Moreover, this work quantified the insulation properties of talus habitat, finding that below talus 

temperatures were significantly lower than above talus temperatures throughout the afternoon, 
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and were significantly warmer than above talus temperatures in the morning and night (Henry et 

al., Submitted-a; Appendix 1).  

Previous studies have shown that increasing rates of environmental change over the past 

decade are correlated with pika population extirpation in the southern part of their range (Beever 

et al., 2011). Results from the present study suggest that warmer temperatures may not only 

increase the rate of population extirpation, but may also reduce the dispersal occurring between 

sites. Thus, limited thermal tolerance and restricted dispersal capacity may interact synergistically 

with future climate warming to inhibit recolonization of extirpated patches and reduce survival of 

resident animals, leading local populations into an extinction vortex. Yet, the association between 

pika population genetic structure and mean maximum summer temperature revealed here should 

be taken with caution as alternative biotic or abiotic factors or historical factors not considered 

may also explain these patterns.  

 

3.4.3. Demographic history 

Tests of demographic contraction yielded no evidence of historical bottlenecks occurring in 

any of the ten sites as illustrated by high M-ratios. On the other hand, tests for recent population 

bottlenecks displayed evidence of population contraction in half the sampled sites, found at 

different elevations. A similar pattern was described by Merideth (2002), who found that two of 

six populations displayed genetic signatures of population decline, but failed to detect evidence 

of historical contractions. This pattern is congruent with a high turnover of populations and 

colonization of empty sites by a few migrants. Lastly, our analyses did not reveal any evidence 

for population expansion, which may contradict the hypothesis that recent post-glacial 
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colonization of the Bella Coola Valley contributed to lower levels of observed population genetic 

variation than previously reported for O. princeps. Yet, a combination of recent population 

contraction, with population turnover and inbreeding may be responsible for the lack of 

expansion signal in our dataset, as has been suggested by Galbreath et al., (2009). Based on 

mitochondrial DNA sequence data collected from O. princeps in the northern part of their 

distribution, Galbreath and colleagues (2009) concluded that the magnitude of population growth 

exhibited in post-glacial lineages, such as the pikas from the Bella Coola Valley, might have 

remained under a given threshold to leave a genetic signature of expansion. 

 

3.5. Summary 

The present study revealed low levels of neutral genetic variation in O. princeps populations 

from the northern edge of their distribution. While the implications of such impoverished gene 

pools on the persistence of O. princeps are unknown, low levels of genetic variation may increase 

risks of extinction (Spielman et al., 2004). Additionally, the lack of evidence of migration 

between local populations sampled along continual altitudinal gradients suggest that in the face 

of climate change, O. princeps will have to rely on local adaptations or phenotypic plasticity in 

order to survive that magnitude of environmental change. The latter remains to be investigated, 

including the use of non-neutral molecular markers in order to shed light on the evolutionary 

potential of O. princeps and the importance of local adaptation versus plasticity. 
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Chapter 4. Adaptive population divergence and associated environmental 

correlates detected in the climate change-sensitive American pika (Ochotona 

princeps)	  

 

4.1. Overview 

A significant challenge facing wildlife species will be coping with contemporary climate 

change (Reusch and Wood, 2007). When challenged with environmental stresses, species have 

three options: disperse, adapt or go extinct (Hewitt and Nichols, 2005). Altered selection regimes 

caused by increasing air and water temperatures will operate in the near future (IPCC, 2007) and 

while it has been suggested that most species will shift their geographical ranges rather than adapt 

in situ (Parmesan, 2006), factors such as habitat fragmentation may act synergistically to impair 

species’ dispersal to more favorable conditions (Stockwell et al., 2003). Such a strategy may be 

particularly challenging for species with limited dispersal capacity or those with highly restricted 

habitat requirements (Sgro et al., 2011), thus local adaptation may represent the only option for 

continued persistence. 

Species that have successfully established populations along environmental gradients may 

represent ideal systems in which to study the effects of natural selection on the extent and 

distribution of genetic variation, as environmental conditions (e.g. temperature, precipitation) 

change rapidly over short distances (Bonin et al., 2006; Gebremedhin et al., 2009). In a spatial 

context, environmental gradients may thus be used as surrogates for the expected temporal 

changes in selection pressures generated by climate change (Davis and Shaw, 2001; Davis et al., 

2005; Reusch and Wood, 2007). 
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Investigating the genetic basis of species’ adaptations to their environments continues to be 

an important focus in evolutionary biology (Nielsen, 2005). Besides an essential contribution to a 

more profound understanding of species’ evolutionary histories, elucidating the genetic basis 

underlying ecologically important traits can yield other fundamental knowledge regarding the 

biology of the species of interest. For examples, quantifying: 1) the number of genes and alleles 

involved in adaptations (Orr and Coyne, 1992); 2) the degree to which adaptations differ in their 

genetic basis among populations (e.g. Nachman, 2005); and 3) the extent to which such 

information may guide conservation strategies for the long-term persistence of species 

(Hoffmann and Parsons, 1997), especially with regards to defining conservation units in a 

changing environment (Bonin et al., 2007a; Sgro et al., 2011). 

The identification of genes underlying ecologically important traits has traditionally been 

limited to well-studied or model organisms using a targeted gene approach within systems where 

individual adaptive traits segregate into contrasting [e.g. the detection of the genetic basis of fur 

coloration in mammals (Hoekstra, 2006)]. Additionally, associations between phenotypes and 

genotypes have been characterized using quantitative trait loci (QTL). Yet, QTL studies are 

restricted to well-studied taxa that can be experimentally manipulated and crossed (Stinchcombe 

and Hoekstra, 2008). Moving beyond model systems, the development of population genomic 

approaches (Luikart et al., 2003) have enabled the investigation of the genetic basis of adaptation 

in natural populations of non-model organisms. By screening large numbers of loci distributed 

throughout the genome, researchers are able to tease apart neutral (genome-wide) and adaptive 

(locus-specific or “outlier”) effects. This approach has been applied at multiple scales for 

investigating the genetic basis of adaptation, from continuous distributions along gradients of 

altitude (Bonin et al., 2006) and temperature (Jump et al., 2006), to phenotypically discrete 
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ecotypes (Campbell and Bernatchez, 2004; Nosil et al., 2008) and subspecies (Nunes et al., 

2011). 

The American pika (Ochotona princeps) is a small lagomorph discontinuously distributed in 

mountainous areas throughout western North America from central British Columbia and 

Alberta, Canada, south to the Sierra Nevada in California and east to New Mexico, USA. Pikas 

are restricted to talus slopes and broken rock debris in proximity of meadows that provide their 

food (Smith and Weston, 1990). The fragmented nature of their habitats has propelled 

O. princeps to the position of a model mammalian species for studies of metapopulation 

dynamics, island biogeography and source-sink dynamics (Clinchy et al., 2002; Moilanen et al., 

1998; Peacock and Smith, 1997b; Smith, 1974a). In recent years, pikas have also gained notoriety 

as a model system for testing extinction dynamics in the face of climate change (Beever et al., 

2003; 2010; 2011). In that vein, pikas are considered harbingers of global warming, predicted by 

some to constitute the first mammalian species to go extinct due to the direct effects of climate 

change (Smith et al., 2004).  

In the present study, I used population and landscape genomic approaches to investigate the 

genetic basis of adaptation in populations of O. princeps found along three elevation gradients in 

the central Coast Mountains of British Columbia, Canada, ranging from sea level to 1500 m. 

Specifically I addressed the following questions: 1) what proportion of the American pika 

genome is under positive selection in this system? 2) What are the main environmental variables 

associated with adaptive population divergence in this species? 3) Are different adaptive gene 

variants detected along independent elevation and longitudinal gradients? 
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Figure 4.1. Map of the study area in the Bella Coola Valley, British Columbia, Canada, with the ten sampling sites 

located along three elevation gradients: the Hill, Nusatsum and Bentinck from east to west. For each elevation 

gradient, the extent of altitudinal differences is described. The valley bottom is indicated as the dark grey area at the 

centre of the map. 

 

4.2. Materials and methods 

4.2.1. Study Site 

This study was carried out in the Bella Coola Valley, British Columbia, Canada (Fig. 4.1). 

This area was chosen for several reasons, including historical records of the occurrence of 
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O. princeps from sea level to tree line and the presence of an extensive network of roads 

connecting the bottom of the valley to higher elevations. The valley runs from east to west and 

thus provides a longitudinal gradient from the interior to the coast, with marked differences in 

precipitation. American pikas were sampled from August 2008 to September 2010 at 10 sites 

along three elevation gradients (Table 4.1; Hill, Nusatsum and Bentinck gradients) using recently 

developed noninvasive hair snares (Fig. 4.1) (Henry et al., 2011; Henry and Russello, 2011). 

Altitudes at which pikas are found in the Bella Coola Valley range from sea level to over 1500 m, 

and such elevation transects represent strong temperature gradients, with differences of up to six 

degrees Celsius from the bottom to the top of the Hill over a distance of only 16 kilometres (Fig. 

4.1; Henry et al., Submitted-a; Appendix 1).   

	  

Table 4.1. Site-specific information including site names, transect, geographical location, elevation and sample size 

(N). 
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4.2.2. DNA isolation, AFLP genotyping and band scoring 

I previously determined that DNA extracted from 15-20 hairs per sample yielded DNA of 

sufficient quality and quantity for downstream assays (Henry and Russello, 2011).  Given these 

findings, I used DNA isolated from a total of 168 samples previously shown to represent unique 

multilocus genotypes based on 10 microsatellite markers (Henry et al., Submitted-b; Chapter 3). 

I used Amplified Fragment Length Polymorphism (AFLP; Vos et al., 1995)-based genomic 

scans  to screen large numbers of molecular markers in our samples. AFLPs produce a large 

number of markers at a relatively low cost and are popular in studies of non-model organisms, as 

they do not require prior sequence information (Bonin et al., 2007b; Meudt and Clarke, 2007). 

Additionally, AFLPs are distributed throughout the genome and thus represent an ideal marker 

choice for genomic scans (Bensch and Akesson, 2005). About 50 ng of isolated DNA was 

digested sequentially using TaqI and EcoRI restriction endonucleases (New England Biolabs, 

Ipswitch, MA, USA) following the protocol outlined in Bonin et al. (2005) with the following 

modifications: double stranded adapters (Table 4.2) were prepared fresh each time the procedure 

was repeated and ligation took place at 16°C overnight in order to maximize the efficiency of the 

reaction (Papa et al., 2005). Following ligation, the reaction volume was diluted four instead of 

10 times. Pre-selective and selective amplifications were performed using a Veriti® thermal 

cycler (Applied Biosystems, Foster City, CA, USA) in a 25µL volume (Bonin et al., 2005). 

Initially, I used a representative sample of 16 individuals distributed throughout our study area 

and across elevation gradients to assess amplification success and polymorphism of all possible 

selective primer combinations (Table 4.2).  Based on results from the pilot analysis, twenty 

primer combinations that produced a large number of bands with high repeatability were retained 

and screened on the remainder of the sample. In order to quantify error rates and check 
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repeatability of our protocol, 42 individuals (25% of total sample) were randomly selected as 

duplicates.  

Cycling parameters for pre-selective and selective amplification were carried out according 

to Bonin et al. (2005) with the exception that I used KAPA Taq (KAPA Biosystems, Cape Town, 

South Africa) for the pre-selective amplification. Each EcoRI primer was fluorescently labelled 

(Table 4.2) to enable analysis on a capillary system. PCR products were multiloaded and run on 

an ABI 3130XL genetic analyser (Applied Biosystems, Foster City, CA, USA) with GeneScan™ 

600 LIZ® size standard.  

AFLP profiles were called using a semi-automated approach in GENEMAPPER 4.0 (Applied 

Biosystems, Foster City, CA, USA). First, I allowed GENEMAPPER to automatically generate bins 

of 1 base pair (bp) width between 50 bp and 600 bp. Then I manually checked all bins and 

removed overlapping bins. Fragments with relative fluorescent unit (rfu) less than 50 were 

discarded as this threshold was used to represent instrument noise (Keyghobadi et al., 2009) and 

the peak heights were left as un-normalized. The output from GENEMAPPER (fragment size and 

peak heights) was then imported into SCANAFLP 1.3 (Herrmann et al., 2010) for further 

processing. Marker selection proceeded by first discarding fragments with the following 

characteristics: 1) peaks lower than 200 rfu; 2) heights lower than 10% of the mean height of the 

maximum height frequency class; and/or 3) a coefficient of variation higher than one.  In 

addition, markers that differed by more than one fragment among replicates were also discarded. 

The resulting binary matrix was handled with AFLPDAT (Ehrich, 2006) to produce files 

formatted for further analyses.  
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4.2.3. Environmental data  

Climatic data were calculated based on geographical location and elevation for each site 

using CLIMATEBC 3.1 (Wang et al., 2006). This software downscales and interpolates PRISM 

(Daly et al., 2002) 1961-1990 monthly normal data (2.5 x 2.5 arcmin) into 100 m x 100 m 

resolution and outputs a number of measured and derived variables. Initially, I targeted the 39 

annual and seasonal environmental variables available through CLIMATEBC. In order to remove 

redundant information from this large number of variables, I performed a principal component 

analysis (PCA) and calculated correlation coefficients between each pair of variables using the R 

packages ADE4TKGUI (Thioulouse and Dray, 2007) and RCMDR (Fox, 2005), respectively. 

Variables were considered redundant if they produced a correlation coefficient higher than 0.8 

(Manel et al., 2010), in which case the variables that were deemed less biologically-relevant (e.g. 

derived variables or variables that a priori do not affect the species) were removed from further 

analyses. I thus retained altitude (ALT), mean annual precipitation (MAP), mean annual 

temperature (MAT), precipitation as snow (PAS), summer mean maximum temperature (TMAX) 

and winter mean minimum temperature (TMIN) as the explanatory variables in tests of associations 

with allele frequency data. 
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Table 4.2. AFLP adapters, primers and primer combinations used. 
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4.2.4. Detection of outlier loci  

I used a set of alternative methods to identify loci potentially subject to selection in our 

system: 1) two frequentist FST outlier detection methods relying on different simulation 

frameworks; 2) a Bayesian FST outlier detection method; and 3) a spatial analysis method 

incorporating multiple linear regression models to correlate AFLP band frequencies with 

environmental variables. I chose to use the multiple methods available as each approach has its 

own assumptions and algorithm. I applied the frequentist method implemented in MCHEZA 

(Antao and Beaumont, 2011), which is based on the algorithm of  FDIST (Beaumont and Nichols, 

1996a). This software estimates allele frequencies using the Bayesian method of Zhivotovsky 

(1999) and calculates FST indices (Weir and Cockerham, 1984) between predefined populations 

(ten sample sites). Coalescent simulations are performed under a finite island model to generate 

an FST null distribution. Loci with unusually high or low FST values contingent on their allele 

frequency are considered outliers, and thus potentially under selection. I performed these 

analyses using 1,000,000 iterations and the most stringent setting including a 0.995 confidence 

interval (CI) and 1% false discovery rate (FDR) to guard against false positives. All other 

parameters used default values with θ = 0.1, β-a and β-b = 0.25 and a critical frequency of 0.99. 

Additionally, I used the neutral mean FST and force mean FST options. This undertakes an initial 

run and removes potential outliers in order to compute an unbiased neutral FST. The second 

frequentist method, also derived from FDIST (Beaumont and Nichols, 1996a) and implemented in 

ARLEQUIN 3.5 (Excoffier and Lischer, 2010), applies a hierarchical island model (Excoffier et al., 

2009) that takes underlying population genetic structure into account in calculating FST. This 

method has been shown to substantially reduce false positive rates in hierarchically structured 

populations (Excoffier et al., 2009), such as that observed in our system (Henry et al., Submitted-
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b; Chapter 3). I thus grouped populations belonging to the same elevation transect as suggested in 

this previous study and used a 99% CI to identify outliers. I applied 1,000,000 iterations and 

simulated 100 demes per group for 10 groups with minimum and maximum expected 

heterozygosities bounded between 0 and 1, and a minimum DAF = 0 under a pairwise difference 

model.  

The second general approach I used for outlier detection was the Bayesian method 

implemented in BAYESCAN 2.01 (Foll and Gaggiotti, 2008). This approach directly estimates the 

probability that each locus is subject to selection by teasing apart population-specific and locus-

specific components of FST coefficients using a logistic regression. The posterior probability of a 

given locus being under selection is assessed by defining two alternative models, one including 

the locus-specific effect and the other excluding it. Departure from neutrality is assumed when 

the locus-specific component is necessary to explain the observed pattern of diversity using a 

reversible jump Markov chain Monte Carlo (MCMC) algorithm which takes into account all loci 

at once, thus resolving the issue of multiple testing of a large number of loci. I ran chains of 

1,000,000 iterations with a thinning of 10, resulting in 100,000 iterations considered following a 

burnin of 50,000. As above, all other parameters were kept as default, including 20 pilot runs of 

5,000 iterations in length, prior odds for the neutral model of 10, and a uniform distribution of FIS 

between 0 and 1. As above, I opted for the most stringent settings, implementing a 1% false 

discover rate in order to identify outlier loci. 

The third independent approach I used for outlier detection was the spatial analysis method, 

SAM (Joost et al., 2008), that computes multiple univariate logistic regression models to test for 

associations between the frequency of AFLP bands and data from selected environmental 

variables. To ensure the robustness of the method, likelihood ratio (G) and Wald statistical tests 
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are implemented to assess the significance of coefficients calculated by the logistic regression 

function. A model is considered significant only if the null hypothesis is rejected by both tests, 

after Bonferroni correction for multiple testing. For both tests, the null hypothesis is that the 

model with the examined variable does not explain the observed distribution better than a model 

with a constant only (Joost et al., 2007). I used a significance threshold corresponding to a 99% 

CI after Bonferroni correction. After identifying the loci that showed outlier behavior or 

significant association with the selected environmental variables using the approaches described 

above, I performed linear regression analysis using R (R Development Core Team, 2011). For 

each linear regression, the residuals were extracted and the assumption of normality was verified 

by plotting the distribution of residuals and corresponding Normal Quantile Plots. 

Homoscedasticity was verified by look at each residual plots and using a Levene test for 

homogeneity of variances. Given the normality and homoscedasticity of residuals, I calculated 

the adjusted R2 values (R2
adj) for each regression model separately and for each environmental 

variable. The R2
adj values were used as they provide an unbiased estimate of the explanatory 

power of each alternative model (Ohtani, 2000). All above analyses were repeated four times, 

once at a regional scale using all the sampled populations representing a longitudinal gradient 

from the interior to the coast, and once across each of the three elevation gradients separately. In 

the latter cases, the analyses using hierarchical population structure implemented in ARLEQUIN 

3.5 (Excoffier and Lischer, 2010) were omitted since it is not applicable to within-transect 

comparisons. 
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4.3. Results 

4.3.1. Detection of outlier loci across a longitudinal gradient  

A total of 1509 AFLP loci ranging in size from 50 to 473 base pairs produced using 20 

selective primer combinations were reliably scored in our sample (Appendix 3; Supplementary 

material Table A3.8). Each primer combination yielded on average 75 bands, with a mean error 

rate of 4.5% ranging from 3% to 6.4%.  

Using a combination of four different analytical methods, I detected 21 outlier loci across all 

sampling sites along this longitudinal gradient (1.4% of the genomic scan; Table 4.3). The first 

approach, MCHEZA identified 13 loci with FST values significantly greater than that expected 

under a neutral model, indicative of positive or directional selection, nine of which were also 

identified by at least one other approach (Table 4.3). ARLEQUIN identified 11 loci under selection, 

nine of which were shared with MCHEZA. The Bayesian approach of BAYESCAN was the most 

conservative of all, and detected five outliers, two of which were also identified by both 

ARLEQUIN and MCHEZA. Lastly the SAM identified six loci potentially associated with at least one 

of the six environmental variables under study (MAP, PAS and TMAX), two of which were also 

identified as outliers by BAYESCAN.  

One outlier (E43T37_215) was identified by all methods and was found to be associated with 

mean annual precipitation (MAP), yet this outlier did not produce a significant R2
adj. After 

performing linear regression analysis on each of the 21 outliers with each of the six 

environmental variables separately, only a single locus (E31T37_104) showed a negative, strong 

and significant association with an environmental variable, in this case MAP (Figure 4.2; R2
adj = 

0.84, F-test, F= 47.27, DF= 8, p = 0.0001). 
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Figure 4.2. Linear regression of the frequency of E31T37_104 against mean annual precipitation, depicting a 

significant negative relationship (R2
adj = 0.84, F-test, F = 47.27, DF = 8, p = 0.0001) across the longitudinal gradient 

from coast to interior. Points indicate sampling locations. 
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Table 4.3. List of outlier loci detected by four methods across our entire sample. For MCHEZA an “x” indicates that 

the locus was detected as an outlier at the 99.5% significance level and using a 1% FDR. In ARLEQUIN, an “x” 

indicates significance at the 99% CI, and using BAYESCAN, an  “x” indicates a posterior probability above 0.99 and a 

1% FDR. For the SAM, the environmental variables significantly correlated at a 99% CI and after Bonferroni 

corrections are indicated. MAP- mean annual precipitation, PAS- precipitation as snow and Tmax- summer mean 

maximum temperature. The bold values indicate a significant linear regression between AFLP band frequency and a 

given environmental variable. 
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4.3.2. Detection of outlier loci across elevation gradients 

The above analyses were repeated separately for each transect in order to assess if there was 

evidence for adaptive population divergence by elevation. In the Hill transect, which consisted of 

three low elevation (C, D, E), a mid elevation (B) and two high elevation (A1, A2) populations, a 

total of 20 outliers were detected (1.3% of the genomic scan; Table 4.4). A large number of these 

outliers (n=16) were detected by MCHEZA, nine of which also showed a significant association 

with at least one environmental variable based on the SAM (MAP, MAT, PAS, TMAX). Similar to 

the regional scale analysis, BAYESCAN was the most conservative approach and identified a single 

outlier (E38T37_260) that was also identified by all other approaches. After regression analysis, 

two loci showed significant and strong association with an environmental variable: E38T32_136 

showed a negative and significant correlation with MAP (Figure 4.3a; R2
adj = 0.82, F-test, F= 

24.6, DF= 5, p = 0.008) and a positive correlation with TMAX (Figure 4.3b; R2
adj = 0.81, F-test, F= 

23, DF= 5, p = 0.009). Additionally, E43T43_80 showed a negative relationship with TMAX 

(Figure 4.4; R2
adj = 0.79, F-test, F= 20.28, DF= 5, p = 0.01).  
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Table  4.4. List of outlier loci detected by three methods across the elevation gradient “the Hill”. For MCHEZA an “x” 

indicates that the locus was detected as an outlier at the 99.5% significance level and using a 1% FDR. In 

BAYESCAN, an  “x” indicates a posterior probability above 0.99 and a 1% FDR. For the SAM, the environmental 

variables significantly correlated at a 99% CI and after Bonferroni corrections are indicated. MAP- mean annual 

precipitation, MAT- mean annual temperature, PAS- precipitation as snow and Tmax- summer mean maximum 

temperature. The bold values indicate a significant linear regression between AFLP band frequency and a given 

environmental variable. 
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A)	   	   	   	   	   	   	   	   	   B)	  

	  

 

 

 

 

 

 

 

 

 

Figure 4.3. Linear regression of the frequency of E38T32_136 against: A) mean annual precipitation, depicting a negative and significant correlation (R2
adj = 

0.82, F-test, F = 24.6, DF = 5, p = 0.008) and B) summer mean maximum temperature, depicting a positive correlation (R2
adj = 0.81, F-test, F = 23, DF = 5, p = 

0.009) across the elevation transect at the Hill ranging from 300m to 1500m. Points indicate sampling locations. 
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Figure 4.4. Linear regression of the frequency of E43T43_80 against summer mean maximum temperature, showing 

a significant negative relationship (R2
adj = 0.79, F-test, F = 20.28, DF = 5, p = 0.01) across the elevation transect at 

the Hill ranging from 300m to 1500m. Points indicate sampling locations. 

  

Since both the Nusatsum and Bentinck transects consisted of only two populations, no linear 

regression or SAM were undertaken. In Nusatsum, MCHEZA identified 19 outliers (1.2% of 

genomic scan), one of which was also identified using BAYESCAN (E44T38_115; Table 4.5). In 

the Bentinck transect only three outliers (0.3% of genomic scan) were detected by MCHEZA, one 

of which was also identified by BAYESCAN (Table 4.6). Interestingly, I found no overlap in 

outliers among elevation transects as each gradient was characterized by its own set of outliers. 
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Table 4.5. List of outlier loci detected by two methods across the elevation gradient “Nusatsum”. For MCHEZA an 

“x” indicates that the locus was detected as an outlier at the 99.5% significance level and using a 1% FDR. In 

BAYESCAN, an  “x” indicates a posterior probability above 0.99 and a 1% FDR. 

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

Table 4.6. List of outlier loci detected by two methods across the elevation gradient “Bentinck”. For MCHEZA an “x” 

indicates that the locus was detected as an outlier at the 99.5% significance level and using a 1% FDR. In 

BAYESCAN, an  “x” indicates a posterior probability above 0.99 and a 1% FDR.  
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4.4. Discussion 

While climate change is regarded as a potential threat to humanity and other species, 

relatively little knowledge on the genetic basis underlying biotic responses to environmental 

changes is available. This information will likely become increasingly important for the 

implementation of future conservation strategies that will explicitly take environmental changes 

into consideration. Population genomic approaches offer innovative analytical tools that may be 

applied in that regard, by screening the genomes of non-model organisms and assessing the 

genetic changes incurred by varying environmental conditions. In this study I used an AFLP-

based genomic scan to screen for loci potentially under selection in O. princeps populations 

experiencing contrasting environmental conditions. Our AFLP-based genomic scan produced 

>1500 loci that were analysed with three independent outlier detection methods with their most 

stringent thresholds to reveal several candidate loci under divergent selection across a 

longitudinal and three elevation gradients. I also identified significant association of several loci 

with environmental variables across these gradients. 

 

4.4.1. Detection of outlier loci across a longitudinal gradient  

At the regional scale, I identified 1.4% of the loci analyzed as displaying evidence for 

positive selection or significant association with an environmental variable. This percentage falls 

below the reported values for AFLP-based genomic scans using DFDIST (5 - 10%; Nosil et al., 

2009). Several reasons may be responsible for the low percentage of outliers detected in our 

study. First, our study was conducted within a subspecies of American pika (O. princeps fenisex) 

and at a finer scale in comparison to previous work. Indeed, other studies have used populations 
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that were separated by several hundred kilometers (e.g. Nunes et al., 2011), or at both continental 

and regional scales (e.g. Manel et al., 2010).  The only comparable study to our knowledge is that 

of Bonin et al (2006), which focused on common frog populations sampled along an altitudinal 

gradient and recovered a similar percentage of outliers as those reported here. Second, I chose to 

use the most stringent significance levels permitted by the outlier detection analyses to minimize 

our false discovery rate, incorporating corrections for multiple testing where applicable. With 

these precautions in mind, the low level of outliers detected here may not represent an unusually 

low level of loci under selection, but rather, previous studies at similar scales may have contained 

a higher percentage of false positives (Hermisson, 2009; Perez-Figueroa et al., 2010).  

In that vein, I used the algorithm implemented in ARLEQUIN, which takes hierarchical 

population structure into account in the detection of outlier loci. This approach performed 

similarly to MCHEZA, which does not account for population structure and implements a finite 

island model. The two approaches were mostly consistent with one another, with two loci being 

identified by the latter, but not the former. These two loci may thus represent false positives 

caused by the use of an over simplistic model of the underlying population genetic structure 

present in this system.   

As previously reported (Perez-Figuera et al. 2010; Narum & Hess, 2011), BAYESCAN was the 

most conservative of all approaches used, detecting five loci under positive selection across the 

longitudinal sampling, four of which were also detected by at least one other approach. Perez-

Figueroa et al. (2010) suggested that a true outlier locus is one that is identified by multiple, 

independent methods.  Using that criterion, I may have identified four true outliers and one false 

positive (see Fig. 3 in; Perez-Figueroa et al., 2010). The use of coincident outliers detected by 

multiple, independent methods may provide a conservative approach for detecting true outliers to 
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be targeted for further analyses, such as linking candidate loci with genomic regions or gene 

sequences in order to understand the functional basis of adaptation (Storz and Wheat, 2010). 

 The spatial analysis method identified loci that were significantly correlated with several 

environmental variables. Four out of six loci were correlated with mean annual precipitation, 

which may be considered the main driver of population differentiation across this longitudinal 

gradient ranging from the wet coast to the dry interior. Targeting these loci as candidates for 

further analyses may shed light on the genomic region or identity of the gene responsible for 

adaptations to different environmental conditions in this species. For example, locus 

E31T43_104 displayed a negative association with mean annual precipitation (Fig. 4.2), and was 

entirely absent from populations experiencing high amounts of precipitation. Identifying the 

functional gene represented by or linked to this locus would enable us to move from correlation 

to causation.  

 

4.4.2. Detection of outlier loci across elevation gradients 

While differences in sampling design for each transect has precluded the use of all the 

analyses described above, our sample still enabled us to make meaningful comparisons with 

regards to differences in the genetic basis of adaptation across multiple elevation gradients. As a 

general trend, each elevation gradient was characterized by its own set of outlier loci. The 

populations from the Hill displayed the largest amount of outliers with 1.3% of the genome 

identified as outlier loci by at least one approach, followed by Nusatsum (1.2%) and Bentinck 

(0.2%). This discrepancy between proportion of outliers may be due to sample size differences, 

and is correlated with sample size as the Bentinck populations had the lowest sample size. As in 
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the above analysis including all the populations, MCHEZA identified the bulk of the outlier loci 

(see results), with BAYESCAN identifying a single and different outlier locus per elevation 

transect.  

Within the Hill transect, six outliers were found to be correlated with mean annual 

temperature, mean annual precipitation, precipitation as snow, and summer mean maximum 

temperature. When analyzed separately, two loci (E43T43_80 and E38T32_136) showed 

significant and strong correlation with summer mean maximum temperature and mean annual 

precipitation, respectively. Interestingly, one of these (E43T43_80) displayed a negative 

relationship with summer mean maximum temperature, representing a promising candidate for 

further studying a potential association with adaptation to cold tolerance. In contrast, 

E38T32_136 showed the opposite trend, potentially representing a variant associated with 

adaptation to warmer environmental conditions. In a conservation context, these loci could be 

screened in other populations and their relative frequencies may be used to calculate a population 

adaptive index, which may help prioritize populations for conservation action with regards to 

anticipated climate changes (Bonin et al., 2007a; Sgro et al., 2011). 

Although different outliers were detected across different elevation gradients, it is unknown 

to what extent these different loci overlap with respect to genomic location and putative function. 

AFLP-based genomic scans are a repeatable and cost effective way to screen the genome of non-

model organisms, and represent a feasible way to identify regions under selection. Yet, the fact 

that AFLP markers are anonymous precludes the identification of the genes responsible for the 

observed adaptive divergence. Additional work is necessary to isolate, clone and sequence these 

fragments with the aim to identify candidate genes associated with local adaptation. Thus the 

present genomic scan represents a first broad attempt at characterizing adaptive population 
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divergence in O. princeps, and follow up studies that will target these candidate loci for 

sequencing as well as additional studies incorporating the use of novel high throughput 

sequencing technologies (e.g. Ekblom and Galindo, 2011; Helyar et al., 2011) will likely yield 

additional knowledge, especially in terms of the chromosomal location and biochemical 

pathways involved in local adaptation in this system.  

 

4.5. Summary 

The present study represents one of the first parallel uses of population and landscape 

genomic approaches to detect candidate loci under positive selection in a wildlife species 

potentially threatened by climate change. I illustrate the complementary nature of both 

approaches in identifying candidates responsible for local adaptation. Because these approaches 

are prone to false positives, I opted to use the most stringent thresholds available in each method. 

Strong candidates retained for further analyses were those detected by multiple approaches. 

Based on this rationale, an unusually small proportion of outlier loci were identified compared to 

previous published studies. Two main environmental variables, mean annual precipitation and 

summer mean maximum temperatures were identified as main forces associated with adaptive 

divergence in this system. The use of the candidate loci that demonstrated strong correlation with 

these environmental variables may represent an additional tool to inform conservation action for 

this climate-change sensitive species.    
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Chapter 5. Conclusion 

 

The present dissertation represents one of the first applications of conservation genetics, 

conservation genomics and landscape genomics in a climate change-sensitive mammal. 

Additionally, it is also one of the first studies of American pikas at their Northwestern range 

margin. In Chapter 2, I described a sampling technique that is minimally invasive and represents 

a first for this species, since the majority of the work to date has involved live trapping. Within 

the scope of a conservation project, it is becoming increasingly important, given the ethical 

guidelines of animal care committees, to use the technique that is most appropriate for the species 

under investigation and the purpose of the study. Given that live trapping may produce high 

stress situations and potentially the death of the sampled animal, developing a noninvasive 

methodology was key to undertaking the work presented here. I anticipate that future 

conservation genetic studies using pikas or other small mammals as a case species will benefit 

from using the sampling approach described here. In that vein, collaborating on the production of 

an open access video article that describes the sampling strategy and DNA extraction protocol 

(which has gathered almost 8’000 views since April 2011) will greatly enhance the impact of this 

research on the scientific community. 

In Chapter 3, I used neutral microsatellite markers to shed light on the population genetic 

structure and dispersal in American pikas. This work enabled me to begin to answer the 

following question: are pikas most likely to disperse to more favorable conditions, or adapt in 

situ? I detected low levels of genetic variation in my sampled populations compared to that 

previously reported in more southerly latitudes. I found evidence for limited gene flow, even in 

geographically proximate populations, suggesting local adaptation as the most likely option 
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available to American pikas as environments change. Of particular note, I used a recently 

developed analytical tool called Discriminant Analysis of Principal Components (DAPC) to shed 

light on patterns of population structure. This approach is free from the underlying assumptions 

of classical population genetics, specifically the Hardy-Weinberg Equilibrium (HWE). While 

most approaches investigating population structure have thus far assumed HWE within samples, 

this assumption is often not realistic in natural populations, especially in species characterized by 

small population sizes. Thus, the work presented in Chapter 3 may stimulate others scientists that 

work with endangered taxa or peripheral populations to use similar methodologies. This will 

likely bring about more accurate knowledge of these species’ population genetic structures, 

resulting in more realistic management plans. Although knowledge on the imperilment of 

American pika has previously been demonstrated in the light of continued climate change, no 

work had yet identified limited dispersal as a potential threat to this species. Consequently, the 

information gathered in Chapter 3 may have practical conservation implications.  In particular, 

the lack of gene flow across elevation gradients may require that assisted migration of pre-

adapted genotypes become necessary for American pika to survive in the face of climate change. 

In Chapter 4, I used a genomic scan approach to detect loci under selection in pika 

populations inhabiting steep environmental gradients. This space-for-time approach in which 

elevation gradients are used as possible surrogates of forecasted climate changes has, to my 

knowledge, never been undertaken in small mammals. The strengths of this Chapter resides in the 

use of multiple elevation transects to shed light on the independent evolutionary trajectories of 

populations from distinct populations in the study area, and the combined use of multiple 

analytical approaches (population and landscape genomics) to detect loci under positive 

selection. This approach represents a rigorous and novel tool to limit the amount of false 

positives detected in the data, a phenomenon known to limit the informativeness of genomic 
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scans. Indeed, the use of FST–based outlier detection techniques coupled with regression analyses 

of AFLP band frequency with selected environmental variables enabled the identification of: i) 

loci that are potentially under positive selection and ii) the environmental factors possibly driving 

selection in this system. As these approaches are mainly correlative in nature, other biotic or 

abiotic covariates may also have contributed to the observed patterns, further experimental 

studies will be necessary to identify causative agents. Yet, this information will be useful in 

future studies of pika conservation genomics as it will serve as a stepping stone to build upon a 

research program that aims to identify the functional basis of adaptation in this system (i.e. gene 

and pathways responsible for adaptations to novel conditions). Other directions may include 

complementary experimental studies to test alternative hypotheses of pika persistence, such as 

reciprocal transplant experiments between elevations, followed by a monitoring of allele 

frequencies over generations. 

On a practical note with regards to loci under selection, additional work is still required to 

bridge the gap between outlier behavior and functional genes. This work is currently being 

undertaken and will involve the isolation, cloning and sequencing of the most promising 

candidate loci for selection identified in Chapter 4. Other future directions based on the work 

presented here will include the use of next-generation transcriptome sequencing to provide 

additional genomic information based on genes of functional significance found in populations 

distributed along these elevation gradients. This technique will lead to the discovery of Single 

Nucleotide Polymorphism (SNP) markers, which are rapidly replacing microsatellites and AFLPs 

as the markers of choice in conservation genomics. This novel approach is currently being used 

in American pikas from the Bella Coola valley to develop a large number of SNPs that will be 

screened in populations range-wide using a similar analytical framework. This approach will also 

inform assessments of the relative strength and weaknesses of AFLP and SNP-based genomic 
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scans with respect to identifying loci under selection and shedding light on population genetic 

structure. 

Overall, the work presented here represents a snapshot of the neutral and adaptive genetic 

composition of American pika populations from the central Coast Mountains of BC. Additional 

studies conducted at larger scales, or at similar scales at different locations in their range, will 

shed light on whether the patterns observed here can be extended to pika populations in other 

parts of their range. While still in its early days, conservation genomics will likely find a place in 

the management of sensitive taxa in order to provide evolutionary insight into conservation 

practices at increasingly finer scales. The example of the American pika provided here presents a 

valuable case study for conservation practice in a changing world. 
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Appendices 

Appendix 1. Significant variation in American pika habitat characteristics 

along an elevation gradient at their northern range margin 

 

Temperature is known as an important environmental variable in shaping the distribution of 

species. The American pika has recently been identified as a climate change-sensitive species 

with the extirpation of a number of populations at the southern end of its range. While their 

limited tolerance to warm temperatures has previously been documented, some evidence now 

suggests that pikas are able to live outside of cool habitats with the discovery of low elevation 

pika populations. Here I seek to characterize the temperatures experienced by pikas living along 

an elevation gradient at the northern end of their distribution. Additionally I recorded 

temperatures both above and below the talus at one of our sites and tested the relationship 

between pika activity and temperature. Temperatures differed significantly along the elevation 

gradient with up to six degree Celsius differences from low to high elevation sites. Below talus 

temperatures were significantly lower than above talus temperatures at noon and during the 

afternoon and were significantly warmer than above temperatures in the morning and night, 

meaning that talus has insulator properties that guard against extreme temperatures. Lastly a 

significant negative relationship was observed between temperature and pika activity in the 

afternoon only. Here I show that although at the northern end of pika distribution, ambient 

temperatures often exceeded the threshold for acute heat stress in pikas, and suggest that 

behavioral thermoregulation or other adaptations may enable pikas to inhabit low elevation 

habitat that was previously thought as inhospitable to pikas. 
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The American pika (Ochotona princeps) is a small lagomorph discontinually distributed in 

mountainous regions of North America. This species is typically described as an obligate 

inhabitant of talus slopes found in cool moist microclimates of alpine or sub-alpine environments 

(Smith and Weston, 1990). The main reason for this environmental constraint is thought to be the 

sensitivity of the species to elevated ambient temperatures (Beever et al., 2008a; Smith, 1974b) 

as well as acute temperatures (Beever et al. 2010). Interestingly, recent studies have demonstrated 

that American pikas can survive outside this bioclimatic envelope, as low-elevation populations 

of the species have been documented in the Columbia River Gorge, Oregon (Simpson, 2009), on 

the western slopes of the Cascades, Oregon (Manning and Hagar, 2011), Craters of the Moon 

National Monument and Preserve, Idaho (Rodhouse et al. 2010) and in Hays Canyon mountain 

range, northwestern Nevada (Beever et al. 2008).  

Pikas found in the Bella Coola Valley in British Columbia’s Central Coast Mountains (O. p. 

fenisex) also deviate from long-understood habitat restrictions. For example, in 1938, Hamilton 

Laing and Charles Guiget collected American pikas near sea level at Tweedsmuir Lodge in Stuie, 

BC (Canadian Museum of Nature Database, 2007). Recent studies in this region have further 

documented pikas along an altitudinal gradient, ranging from sea level to 1500 m (Henry and 

Russello, 2011).  In order to better characterize American pika micro-habitat at their range 

margins (both latitudinally and altitudinally), I measured temperature both above and below the 

talus at three sites at varying elevations (300-1500m) in the Bella Coola Valley, BC (Fig. A1.1). 

Observational data were also collected to investigate pika activity relative to ambient 

temperature. In the present note, I aim to characterize the environmental conditions experienced 

by pikas living along an elevation gradient at the northwestern edge of their distribution and 

inform on the importance of talus in mitigating extreme temperatures.  
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Temperature loggers (HOBO® Pro V2, Onset Computer Corporation Bourne, MA) were 

placed in three sites with known presence of American pikas along an altitudinal gradient: one 

low elevation population (N52˚ 14' 56", W125˚ 32' 14", 362 m), one mid elevation population 

(N52˚ 15' 9", W125˚ 31' 39", 793 m), and one high elevation population (N52˚ 18' 36", W125˚ 

29' 47", 1433 m). At each site one temperature logger was placed in shaded areas with similar 

aspect and orientation, 150 cm above the ground (following Simpson 2009), and at the mid 

elevation site an additional temperature logger was placed 100 cm below the surface of the talus 

(following Millar and Westfall 2010). Temperatures were then recorded every hour between July 

6th and August 23rd 2010. 

In order to shed light on the extent of behavioral thermoregulation, observational data was 

taken at each site. Each site was surveyed once a week and observations were taken at three 

different times that day: in the morning (6-9am), midday (12-2pm) and at dusk (5-7pm). 

Observations entailed the recording of sightings and vocalizations (both short and long calls) 

made by active pikas. An observational unit was defined as the number of different sightings or 

long call emitted above ground within one hour of the observation. Multiple calls emitted by the 

same animal were thus counted as one observation and vocalization emitted from under the rock 

was not counted as an incidence of activity. The exact time of each observation was recorded and 

was later assigned a temperature value.  

The temperatures recorded at the three elevations were plotted in Figure A1.2. I used an 

Analysis of Variance (ANOVA) and associated Tukey-Kramer HSD test to determine if 

temperatures were significantly different between sites along the elevation gradient in our study 

area. I then used a Student’s T-test to determine whether there was a statistically significant 

difference between temperatures recorded above and below the talus at the mid elevation site 
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(Fig. A1.3). Lastly, I tested the relationship between pika activity and temperature using linear 

regression analysis. An ANOVA was then undertaken to test for the effects of elevation and time 

of day when the observations were recorded on the significance of the regression. 

Temperature loggers recorded data every hour during summer 2010 and resulted in a total of 

1408 individual recordings at each site. A significant difference was found between the mean 

temperature at high elevation (14.3°C, SD = 2.9°C) compared to both mid (17.6°C, SD = 5.6°C) 

and low elevations (20.3°C, SD = 5.4°C) [ANOVA, F=462, P<0.001; Fig A1.3]. The same 

results were obtained when this analysis was repeated by times of day (data not shown). When 

comparing the difference in temperature above and below the talus at the mid elevations, results 

differed depending on the time of day. Below talus temperatures were typically warmer than 

above talus temperatures during the morning (T-test, T = 4.2, p < 0.001, Fig. A1.5a) and at night 

(T-test, T = 13, p < 0.001, Fig. A1.5e). Significantly colder temperatures were found under the 

talus slope at noon (T-test, T = 2, p = 0.04, Fig. A1.5b) and during the afternoon (T-test, T = 4.2, 

p < 0.001, Fig. A1.5c). Above and below talus temperatures were not significantly different in the 

evening (T-test, T = 1.8, p = 0.07, Fig. 5d). Overall, the talus acts as an insulator and buffers 

temperature fluctuations, resulting in less extreme temperatures under the talus slope (see Fig. 

A1.3). In addition, acute heat stress temperatures (25.5°C and above; Smith, 1974) were only 

rarely reached under the talus (3 observations), whereas above talus temperatures reached 

temperatures above this threshold 31, 30 and 15 days over the summer in low, mid and high 

elevation sites.  

Pikas at high elevations (n=88) showed higher amounts of activity when compared to both 

mid (n=50) and low elevation pikas (n=48). Overall, a non-significant negative correlation was 

found between pika activity and temperature when all sites and all times of day were taken into 
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consideration (Linear regression; r2 = 0.05, ANOVA; F = 2.4, p = 0.12, Fig. A1.6). When this 

analysis was repeated by time of day, the regression using the observation taken in the afternoon 

(coincident with warmer temperatures) yielded a significant negative relationship between 

temperature and activity (Linear regression; r2 = 0.19, ANOVA; F = 6.3, p = 0.02), consistent 

with the long-held belief that pikas are less active in warmer weather. The significant relationship 

between pika activity and temperature no longer holds, however, when the analyses are repeated 

for each elevation separately, as well as for other times of the day. This may be caused by the fact 

that the sample size was too low to attain the given significance level, or that some other factor, 

such as local adaptation (genetic or behavioral), may be confounding these analyses. Besides the 

differences illustrated above, low and mid elevation sites (below 800m) did not harbor detectable 

haypiles as opposed to the high elevation site. This observation was also made by Simpson 

(2009) in low elevation populations in Oregon, and he suggests that the lack of snow pack at 

these sites may have selected against the haying behavior due to the ability to forage year -round. 

Even in areas where low elevation dwelling pikas likely experience the mildest summer 

temperatures found throughout their geographic range, there is evidence that low elevation pikas 

still may need to use talus for behavioral thermoregulation. Overall, I demonstrated a correlation 

between pika activity and cool ambient temperatures in the Bella Coola Valley, B.C., consistent 

with previous studies conducted in more southern parts of its range (Moyer-Horner, 2010). As 

cooler temperatures are associated with higher elevations, the presence of pikas at low elevations 

would require specific adaptations to higher temperatures, increased phenotypic plasticity, and/or 

behavioral thermoregulation. Regarding the latter, I have shown that temperatures within the 

talus remain significantly cooler despite increasing ambient temperatures, potentially providing a 

critical refuge enabling their persistence at lower elevations. 
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Figures 

 

Figure A1.1. Map showing the geographic location of the study site in the Bella Coola Valley, British Columbia, 

Canada. 

 

Figure A1.2. Graph depicting the observed temperatures above the talus at low, mid and high elevations along an 

elevation gradient in the Bella Coola Valley. Temperatures were recorded from July 6th 2010 to August 23rd 2010. 
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Figure A1.3. Box plot depicting the difference in mean temperature between high, mid and low elevations. Different 

letters (A, B, C) indicate that the mean temperatures at each elevation is significantly different from all others based 

on an ANOVA and Tukey’s HSD test.
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Figure A1.4. Graph depicting the observed temperatures above and below the talus at the mid elevation site in the Bella Coola Valley. Temperatures were 

recorded from July 6th 2010 to August 23rd 2010. Note that above talus temperatures are always more extreme than below talus temperatures. 
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Figure A1.5.  Box plots depicting the differences between below and above talus temperatures at different time of day. A) Morning, B) Noon, C) Afternoon, D) 

Evening and E) Night. * indicates significance at p < 0.05, *** indicates significance at p < 0.001 and NS indicate a non-significant difference. 
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A)          B) 

 

Figure A1.6. Scatter plot depicting the overall decrease in activity of the American Pika with increasing temperature. A) All observations: this relationship is 

not significant (Linear regression; r2 = 0.05, ANOVA, F = 2.4, p = 0.12), B) Afternoon observations: a significant negative relationship between temperature 

and activity is observed (Linear regression; r2 = 0.19, ANOVA; F = 6.3, p = 0.02).
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Appendix 2. An investigation of targeted genes potentially under selection in 

American pikas 

 

I initially used a candidate gene approach and targeted genes that had been identified as 

potentially under selection in species closely related to the American pika: Uncoupling protein 1 

(UCP 1) and Hemoglobin (Hb) genes. These genes were amplified in a subset of individuals from 

5 O. princeps populations found in the Bella Coola valley, including 1 high elevation (N = 12), 1 

mid elevation, (N = 7) and 3 low elevation, Low1, Low2 and Low3, (N = 13, N = 7, N=7 

respectively).   

Hemoglobin (Hb) is a metalloprotein tetramer consisting of 2 α-globins and 2 β-globins 

polypeptides. It is a key component of oxygen storage and regulation in a wide range of living 

organisms, from yeasts to mammals (Hardison, 1998). The possession of Hb with high oxygen 

affinity is known to help adaptation of animals to high altitude environments (Yang et al., 2007). 

Uncoupling proteins (UCPs) are members of the mitochondrial transporter family that dissipate 

the mitochondrial proton gradient as heat (Palmieri, 1994). UCP 1 is found exclusively in brown 

adipose tissue (BAT), which help regulate non-shivering thermogenesis in small rodents during 

cold exposure (Enerback et al. 1997). In addition, UCP 1 plays a role in the protection against 

reactive oxygen species, whose levels increase drastically during environmental stress, and 

hypoxic states (Bienengraeber et al. 2002; Echtay et al. 2002). 

I used primers PIKAHbA-F, PIKAHbA-R, PIKAHbB-F, PIKAHbB-R, designed for the 

plateau pika (Ochotona curoniae) as described in Yang et al. (2007) for the core region sequence. 

For the UCP 1, primers UCP1_1F, UCP1_5R, UCP1_8F and UCP1_11R as described in Kitao et 

al. (2007) were used. PCR reagents used for adaptive genes experiments are as follows: 1.0ul 
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(1ng/ul) template DNA, 1.0ul (1uM) forward primer, 1.0ul (10uM) reverse primer, 2.5ul 10x 

buffer (supplied with TAQ gold), 2.5ul (2nM) dNTP, 1.0ul (1mg/ul) BSA, 0.2ul (5U/ul) ApliTaq 

Gold DNA polymerase and 15.8 ul of ddH2O for a reaction volume of 25ul. Cycling parameters 

were as follows: initial denaturation at 95°C for 10 min, followed by 40 cycles denaturation at 

95°C for 30sec, annealing at 50°C for 30 sec and extension at 72°C for 45sec. Final extension 

was conducted at 72°C for 7mins followed by rapid cooling to 4°C.  

PCR products were then purified using ExoSAP-IT (GE Healthcare, Pittsburg, PA, USA) 

and sequenced on an ABI 3130XL genetic analyser (Applied Biosystems, Foster City, CA, 

USA). Visualization of the amplified product of Hb and UCP 1 was performed using Sequencher 

v4.10.1 (Gene Codes Corporation, Ann Harbour, MI, USA). A BLAST search was then 

performed on the sequences obtained (Table A2.1).  

 

Table A2.1. Top BLAST hits for amplified gene sequences 

Fragment Top BLAST Hit 

PIKAHbA Sacalopus aquaticus isolate Nashville 08 hemiglobin subunit alpha 2, mRNA 

PIKAHbB Sacalopus aquaticus isolate Nashville 08 hemiglobin subunit delta, mRNA 

UCP1_1F/5R Clostridium sacchrolyticum WM1 complete genome 

UCP1_8F/11R Ochotona dauurica UCP 1 mRNA 

  

As illustrated above, this targeted gene approach yielded limited success, with only a single 

fragment of UCP1 being assigned to the species of interest. While other successful PCR products 

belonged to other taxa. In any case a general pattern was that PCR success for these fragments 

was low, possibly caused by the lack of suitability of published markers for American pika. This 
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avenue was thus abandoned early on and the study was focused on using an AFLP-based 

genomic scan. 
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Appendix 3. Supplementary material 

 

Table A3.1.	  Information regarding mitochondrial Cytochrome B fragments amplified, including fragment names, 
primer names and sequences as well as overall length of fragment amplified. 

	  

Fragment name Primer names Primer sequences (5' - 3') Length (bp) 

OpCytB1F GAAAAACCACCGTTGTAGTTCA 
Cyt B a 

1R_H14994 * AGGTAGCGGATAATTCAGCC 
250 

OpCytB1F GAAAAACCACCGTTGTAGTTCA 
Cyt B b 

OpCYTB3R CCTAGGAGGTCTGGGGAAAA 
800 

* Yu et al., (2000)    
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Table A3.2. Information on the microsatellite loci tested in the present study including locus name, Genbank 

numbers, length (for successful amplification) and PCR program (for loci retained in the present study). Loci with a 

single fragment length were monomorphic in our samples 
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Table A3.3. Tests of HWE within each site for each loci used. Black boxes indicate significant deviation from HWE 

per locus per site after corrections for multiple comparisons. 
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Table A3.4. Test of linkage disequilibrium for each pair of loci calculated within sites. Combined P-values are given below the diagonal, and sites at which the 

two loci were linked are given above the diagonal. 

 

 

 

 

 

 

Table A3.5. Observed (HO) and expected (HE) heterozygosities for each loci and each site. 

 



 119	  

Table A3.6. Mean estimates of the distribution of recent migration rates (m) calculated using BAYESASS+ (Wilson and Rannala, 2003), given as the proportion 

of migrant individuals per population per generations. 

Values in italic are the lower and upper bounds of the 95% confidence interval for each mean value. Columns represent the incoming migration rates and rows 

represent the outgoing migration rates. Bold values represent the proportion of non-migrant individuals in a population 
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Table A3.7. Results of the tests of demographic history for each site.  

 

 

 

 

Population contraction was assessed using three tests (Heterozygosity excess, mode shift and M-ratio). Results represent the p-value for the heterozygosity 

excess, and the shape of the allele frequency distribution for the mode shift test. M-ratios and critical M values are presented where a M-ratio smaller than the 

critical M for that population indicates historical demographic contraction. Values in bold indicate evidence for demographic contraction. Test of population 

expansion were based of k and g statistics: I present the number of loci with a negative k value out of ten along with the p-value of the test. g-values are 

presented, where any value below (0.23 - 0.17; Table 1 in Reich et al 1999) is indicative of population expansion.  
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Table A3.8. Number of AFLP bands and error rates for each primer combinations used in this study. 
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