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Small isolated populations are of particular conservation interest due to their 

increased extinction risk. This dissertation investigates two small wild bird populations 

using genetic approaches to inform their conservation. Specifically, one case study 

investigated a Greater Sage-grouse (Centrocercus urophasianus) population located 

in northwest Wyoming near Jackson Hole and Grand Teton National Park. 

Microsatellite data showed that the Jackson sage-grouse population possessed 

significantly reduced levels of neutral genetic diversity and was isolated from other 

Wyoming populations. Analysis with single nucleotide polymorphisms (SNPs) and 

microsatellite data provided further evidence that the population's timing of isolation 

was relatively recent and most likely due to recent anthropogenic habitat changes. 

Conservation recommendations include maintaining or increasing the population's 

current size and reestablishing gene flow with the nearest large population. The 

second case study investigated the genetic distinctiveness of the Floreana island 

population of the Galápagos Short-eared Owl (Asio flammeus galapagoensis). 

Mitochondrial DNA sequence data did not detect differences across nine island 

populations, yet microsatellite and morphometric data indicated that limited gene flow 

existed with the population and surrounding island populations, which appeared 

asymmetric in direction from Floreana to Santa Cruz with no indication of gene flow 

into Floreana. These results have important conservation implications and recommend 

that the Floreana Short-eared Owl population be held in 



captivity during the rodenticide application planned for an ecosystem restoration project 

in 2018. The population is less likely to receive immigrants from surrounding island 

populations if negatively affected by feeding on poisoned rodents. 
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CHAPTER I 

GENERAL INTRODUCTION 

Introduction 

Recent environmental degradation and associated species’ declines have been 

widespread and variable in cause (e.g. Clavel et al. 2010, Potts et al. 2010, State of the 

Birds 2009). It is predicted that the loss of species currently considered vulnerable, 

endangered, and critically endangered would result in extinction rates comparable to 

previous mass extinctions (Barnosky 2011). Species loss has been associated with 

altered ecosystem functioning, reduction in ecosystem services, and further loss of 

biodiversity (e.g., Worm et al. 2006, Ehrenfeld 2010). 

In the absence of informed conservation, human activities threaten to intensify 

global biodiversity declines (Barnosky et al. 2011). Scientifically informed conservation 

is critical to address the Earth’s current biodiversity crisis and has successfully steered 

populations and species to recovery (e.g., Roman et al. 2011, Simberloff et al. 2011). 

For example, a captive breeding and release program paired with restrictions on 

pesticide use enabled the Mauritius Kestrel (Falco punctatus) population to rebound 

from a low of four individuals to several hundred individuals (Jones et al. 1995). In a 

multiple species conservation approach, banning the pesticide DDT resulted in 

population recovery for several raptor species, including the Bald Eagle (Haliaeetus 

leucocephalus), Peregrine Falcon (Falco peregrinus), and Cooper’s Hawk (Accipiter 

cooperii; Bednarz et al. 1990). Conservation aims to preserve biodiversity at the 

genetic, species, and community levels (Soulé 1985). Applied research can help identify 

at-risk populations that may benefit from informed conservation planning (Soulé 1985). 
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Small, isolated populations are of particular interest to conservation due to their 

increased extinction risk. These populations confront a suite of evolutionary processes 

that increase extinction risk as compared to large populations. Stochastic (chance) 

demographic and environmental variation affects small populations disproportionately 

and increases the likelihood of extinction through two important mechanisms. First, 

fluctuations in population size may dip to zero or result in a population unable to recover 

simply due to changes in population size or demographics as in the case of sexually 

reproducing species that cannot rebound if only one sex or a single individual exists. 

For example, a single male Heath Hen (Tympanuchus cupido cupido) represented the 

entire subspecies for several years until its death and ultimate extinction (Gross 1928; 

Johnsguard 2002). Second, the strength of genetic drift (i.e., random changes in allele 

frequencies) is negatively correlated with population size, and as populations become 

small, genetic drift is more likely to reduce genetic diversity, or result in an increased 

likelihood of fixation of alleles (i.e., all but one allele is lost from a population; Buza et al. 

2000, Frankham et al. 2010). 

Gene flow between populations represents an important mechanism for 

increasing genetic diversity. Therefore, small populations that are also isolated have 

reduced ability to counter the effects of genetic drift. In the absence of gene flow, 

mutation is the only mechanism that will increase genetic diversity, but does so 

relatively slowly as compared to scenarios where gene flow exists. For small 

populations recently isolated, like the case of many populations isolated via human-

caused habitat fragmentation (e.g., Noël et al. 2007, Delaney et al. 2010), a decline in 

genetic diversity may result in reduced fitness or inbreeding depression (e.g., Liberg et 
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al. 2005, O’Grady et al. 2006, Hammerly et al. 2013). A positive feedback loop known 

as the “extinction vortex” (i.e., population decline reduces genetic diversity, which 

further decreases population size) is a conservation concern for small, recently isolated 

populations (Blomqvist et al. 2010). 

Alternatively, small, isolated populations that have been isolated for many 

generations may have purged deleterious alleles over time. In combination with 

selection and given sufficient time, these processes may result in a population with 

decreased genetic load (i.e., frequency of deleterious alleles, the expression of which 

reduces population fitness relative to a population with optimal genotypes) and a 

rebound in fitness as compared to a small population where recent isolation provided 

insufficient opportunity for purging deleterious alleles (Crnokrak and Barrett 2002). 

Prolonged isolation also increases the likelihood that a population becomes well-

adapted to environmental conditions (e.g., Swindell and Bouzat 2006, Gonzalez et al. 

2014). For example, on many isolated islands, the process of adaptive radiation from 

the mainland and between islands gave rise to endemic species well-adapted to their 

particular island’s habitat (i.e., Galápagos Mockingbirds and Galápagos Finch species; 

for a review see Losos and Ricklefs 2009). In these cases, stochastic population 

fluctuations still pose an extinction risk, but prolonged periods of small population size 

may have minimized the risk of inbreeding depression (Crnokrak and Barrett 2002). 

In planning conservation strategies for small populations it is important to 

understand if gene flow exists between the target and nearby populations (i.e., whether 

the target population is isolated). If the target population is indeed isolated, it may also 

be important to understand if the isolation is relatively recent or if the population has 
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been isolated for an extend period of time, that is, on an evolutionary timescale. In the 

case of recent isolation (e.g., tens to hundreds of generations), conservation plans may 

include efforts to re-establish gene flow. For long-term isolation events (e.g., thousands 

to millions of generations), the target population may represent an evolutionarily distinct 

unit that possesses important adaptations influencing survival in its local habitat. In this 

case, re-establishing gene flow may be detrimental, leading to outbreeding depression 

(i.e., crosses between distant populations or species produce less fit offspring, Lynch 

1991; e.g., Marr et al. 2002, Gilk et al. 2006). 

This dissertation investigates questions of connectivity and isolation for two 

small, at-risk wild bird populations using genetic-based research methods. The overall 

objective is to inform conservation management for continued persistence of the two 

populations. Specifically, one case study investigates a Greater Sage-grouse 

(Centrocercus urophasianus) population located in the Greater Yellowstone Ecosystem 

in Wyoming, while the second case study investigates the evolutionary history of the 

Galápagos Short-eared Owl (Asio flammeus galapagoensis) in the Galápagos 

Archipelago. 

Greater Sage-grouse have experienced significant range-wide population 

declines due to the rapid land-use change following European settlement of North 

America (Schroeder et al. 2004). In concert with the range-wide Greater Sage-grouse 

reduction, the Jackson Hole population in northwest Wyoming has declined in 

population size during the past three decades and may be isolated from other 

populations due to habitat barriers surrounding Jackson Hole. For chapter two of my 

dissertation, I used genetic data from 16 microsatellite loci to show that the Jackson 
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Hole sage-grouse population is genetically isolated from other Wyoming populations 

and has comparatively low genetic diversity compared to larger Greater Sage-grouse 

populations in Wyoming. I also show that a correspondingly small effective population 

size exists for the Jackson population (Schulwitz et al. 2014). 

Small population size, genetic isolation, recent significant decline, and low 

genetic diversity increase the likelihood of extinction. The Jackson Hole sage-grouse 

population possesses all of these characteristics, and therefore warrants immediate 

conservation attention. However, managers must determine the approximate timing for 

when the Jackson Greater Sage-grouse population had become isolated before the 

best conservation practices can be determined. For example, if the population had been 

isolated for thousands of years, management might focus on maintaining it as a distinct 

unit, whereas if isolation occurred relatively recently (i.e., past hundreds of years), 

management might focus on re-establishing gene flow with nearby populations. For 

chapter three, I used coalescent-based methods with single nucleotide polymorphism 

sequence data from six loci as well as previously generated microsatellite data to 

provide evidence that the Jackson Hole Greater Sage-grouse population likely became 

isolated relatively recently (i.e., within the past 600 years) rather than in the distant past 

(i.e., past 2000-10,000 years ago). These results suggest that it is more appropriate to 

identify ways to reestablish gene flow between the Jackson Hole population and 

adjacent populations, some of which are located less than 90 km away, than to mange 

the Jackson Hole population as an evolutionarily distinct unit by focusing on maintaining 

and increasing habitat solely within Jackson Hole. 
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The second case study (chapter four) of this dissertation investigated the 

evolutionary history of the Galápagos Short-eared Owl in the Galápagos Archipelago, 

with particular focus on the Floreana Island population. Non-native, introduced species 

threaten Galápagos’ endemic biodiversity. Future management plans on Floreana are 

focused on the eradication of invasive rats using poisoned bait, which most likely will 

indirectly poison predators, like the Short-eared Owl, that consume the poisoned rats. 

Thus, island managers are interested to know if Short-eared Owl populations on 

different islands are connected by gene flow. If gene flow exists, then managers can 

expect re-colonization following the removal of rats if the poison baits negatively impact 

the owls. In contrast, if the Floreana Short-eared owl represents an evolutionarily 

distinct lineage within the Galápagos, the population has likely been isolated and 

unlikely to be naturally re-colonized in the near future. Therefore, if the Floreana 

population is distinct, managers should trap and maintain the owls in captivity during 

rodenticide application, and release them back to the island once the poison is no 

longer a threat. For chapter four, I analyzed morphological data as well as generated 

microsatellite and sequence data from museum and contemporary samples to explore 

the distinctiveness of the Floreana Short-eared Owl. Results indicate that the island is 

genetically not isolated, but asymmetric dispersal exists from Floreana to its closest 

large island, Santa Cruz, and not in the opposite direction. Morphometric data 

corroborate genetic findings. Therefore, the Floreana Short-eared Owl population acts 

more like a source population, and is less likely to receive immigrants from surrounding 

islands following the rat irradiation. I recommend that enacting additional efforts by 
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housing owls in captivity is warranted to prevent their extirpation during rodenticide 

application. 

Chapter References 

Barnosky, A. D., Matzke, N., Tomiya, S., Wogan, G. O., Swartz, B., Quental, T. B., 
Marshall, C., McGuire, J., Lindsey, E., Maguire, K., Mersey, B., and Ferrer, E. A. 
(2011). Has the Earth’s sixth mass extinction already arrived? Nature 471:51-57. 

Bednarz, J. C., Klem Jr, D., Goodrich, L. J., and Senner, S. E. (1990). Migration counts 
of raptors at Hawk Mountain, Pennsylvania, as indicators of population trends, 
1934-1986. The Auk 107 96-109. 

Buza, L., Young, A., and Thrall, P. (2000). Genetic erosion, inbreeding and reduced 
fitness in fragmented populations of the endangered tetraploid pea Swainsona 
recta. Biological Conservation 93:177-186. 

Blomqvist, D., Pauliny, A., Larsson, M., and Flodin, L. Å. (2010). Trapped in the 
extinction vortex? Strong genetic effects in a declining vertebrate population. 
BMC Evolutionary Biology 10:33. 

Clavel, J., Julliard, R., and Devictor, V. (2010). Worldwide decline of specialist species: 
toward a global functional homogenization? Frontiers in Ecology and the 
Environment 9:222-228. 

Crnokrak, P., and Barrett, S. C. (2002). Perspective: purging the genetic load: a review 
of the experimental evidence. Evolution 56: 2347-2358. 

Delaney, K. S., Riley, S. P., and Fisher, R. N. (2010). A rapid, strong, and convergent 
genetic response to urban habitat fragmentation in four divergent and 
widespread vertebrates. PLoS One 5: e12767. 

Ehrenfeld, J. G. (2010). Ecosystem consequences of biological invasions. Annual 
Review of Ecology, Evolution, and Systematics 41:59-80. 

Frankham, R., Ballou, J., and Briscoe, A. (2010) Introduction to Conservation Genetics, 
2nd Edition. Cambridge University Press, Cambridge, United Kingdom 

Garton, E. O., Connelly, J.W., Horne, J. S., Hagen, C. A., Moser, A., and Schroeder, M. 
A. (2011). Greater Sage-grouse population dynamics and probability of 
persistence. Studies in Avian Biology 38:293-381. 

Gilk, S., Wang, I., Hoover, C., Smoker, W., Taylor, S. G., Gray, A., and Gharrett, A. J. 
(2004). Outbreeding depression in hybrids between spatially separated pink 



8 

salmon, populations: marine survival, homing ability, and variability in family 
size. Environmental Biology of Fishes 1:287-297. 

Gonzalez, E. G., Cerón-Souza, I., Mateo, J. A., and Zardoya, R. (2014). Island 
survivors: population genetic structure and demography of the critically 
endangered giant lizard of La Gomera, Gallotia bravoana. BMC Genetics 15:121. 

Gross AO (1928) The heath hen Memoirs Boston Soc. Nat. Hist., 6, 489–588. 

Hammerly, S. C., Morrow, M. E., and Johnson, J. A. (2013). A comparison of 

pedigree‐and DNA‐based measures for identifying inbreeding depression in the 
critically endangered Attwater's Prairie‐chicken. Molecular Ecology 22:5313-
5328. 

Johnsgard P (2002) Grassland Grouse and Their Conservation, Smithsonian Institution 
Press, Washington DC. 

Jones, C. G., Heck, W., Lewis, R. E., Mungroo, Y., Slade, G., and Cade, T. (1995). The 
restoration of the Mauritius kestrel Falco punctatus population. Ibis 137: S173-
S180. 

Liberg et al. 2005; Liberg, O., Andrén, H., Pedersen, H. C., Sand, H., Sejberg, D., 
Wabakken, P., Åkesson, M. and Bensch, S. (2005). Severe inbreeding 
depression in a wild wolf Canis lupus population. Biology Letters 1:17-20. 

Losos, J. B., and Ricklefs, R. E. (2009). Adaptation and diversification on 
islands. Nature 457:830-836. 

Lynch, M. (1991). The genetic interpretation of inbreeding depression and outbreeding 
depression. Evolution 45:622-629. 

Marr, A. B., Keller, L. F., and Arcese, P. (2002). Heterosis and outbreeding depression 
in descendants of natural immigrants to an inbred population of song sparrows 
(Melospiza melodia). Evolution 56:131-142. 

Noël, S., Ouellet, M., Galois, P., and Lapointe, F. J. (2007). Impact of urban 
fragmentation on the genetic structure of the eastern red-backed 
salamander. Conservation Genetics 8:599-606. 

O’Grady, J. J., Brook, B. W., Reed, D. H., Ballou, J. D., Tonkyn, D. W., and Frankham, 
R. (2006). Realistic levels of inbreeding depression strongly affect extinction risk 
in wild populations. Biological Conservation 133:42-51. 

Potts, S. G., Biesmeijer, J. C., Kremen, C., Neumann, P., Schweiger, O., and Kunin, W. 
E. (2010). Global pollinator declines: trends, impacts and drivers. Trends in 
Ecology and Evolution 25:345-353. 



9 

Roman, J., Dunphy-Daly, M. M., Johnston, D. W., and Read, A. J. (2015). Lifting 
baselines to address the consequences of conservation success. Trends in 
Ecology and Evolution 30:299-302. 

Schroeder, M.A., Aldridge, C.L., Apa, A.D., Bohne, J.R., Braun, C.E., Bunnell, S.D, 
Connelly, J.W., Diebert, P.A., Gardner, S.C., Hilliard, M.A., Kobriger, G.D., 
McAdam, S.M., McCarthy, C.W., McCarthy, J.J., Mitchell, D.L., Rickerson, E.V., 
and Stiver, S.J. (2004). Distribution of sage-grouse in North America. The 
Condor 106:363-376. 

Schulwitz, S., Bedrosian, B., and Johnson, J. A. (2014). Low neutral genetic diversity in 
isolated Greater Sage-Grouse (Centrocercus urophasianus) populations in 
northwest Wyoming. The Condor 116:560-573. 

Simberloff, D., Genovesi, P., Pyšek, P., and Campbell, K. (2011). Recognizing 
conservation success. Science 332:419. 

Soulé, M. E. (1985). What is conservation biology? BioScience 35:727-734. 

State of the Birds, 2009. Available online: 
http://www.stateofthebirds.org/2009/pdf_files/State_of_the_Birds_2009.pdf 
(accessed 31 March 2014).  

Swindell, W. R., and Bouzat, J. L. (2006). Reduced inbreeding depression due to 
historical inbreeding in Drosophila melanogaster: evidence for purging. Journal of 
Evolutionary Biology 19:1257-1264. 

Worm, B., Barbier, E. B., Beaumont, N., Duffy, J. E., Folke, C., Halpern, B. S., Jackson, 
B.C., Lotze, H.K., Micheli, F., Pulumbi, S., Sala, E., Selkow, K.A., Stachowicz, 
J.J., and Watson, R. (2006). Impacts of biodiversity loss on ocean ecosystem 
services. Science 314:787-790. 



10 

CHAPTER II 

LOW NEUTRAL GENETIC DIVERSITY IN ISOLATED GREATER SAGE-GROUSE 

(Centrocercus urophasianus) POPULATIONS IN NORTHWEST WYOMING1 

Introduction 

Habitat degradation and fragmentation due to human-mediated activities are 

considered primary factors contributing to global biodiversity decline (Sala et al. 2000, 

Fahrig 2003, Baillie et al. 2004). As habitats are fragmented, populations become 

increasingly distant from each other, leading to reduced gene flow and loss of genetic 

diversity through drift (Reed 2004, Frankham 2005, Ezard and Travis 2006). This 

pattern is becoming increasingly pervasive throughout human altered environments, 

with many species possessing isolated populations that may suffer fitness-related 

consequences (Westemeier et al. 1998, Blomqvist et al. 2010). 

Sagebrush-steppe habitat in North America is one example where dramatic land-

use changes over the past century have resulted in the isolation and decline of many 

sagebrush-dependent species (Knick et al. 2003, Rowland et al. 2011). The sagebrush 

biome (Artemesia spp.) was once a dominant habitat type across much of the 

northwestern United States, but has recently been altered by anthropogenic activities 

including agriculture, livestock grazing, infrastructure development, invasive species 

(e.g. cheatgrass, Bromus tectorum), changes in fire regime, energy exploration, and oil 

and gas extraction (Knick and Connelly 2011). 

1
 This entire chapter is reproduced from: Schulwitz, S., Bedrosian, B., and Johnson, J. A. (2014). Low 

neutral genetic diversity in isolated Greater Sage-Grouse (Centrocercus urophasianus) 
populations in northwest Wyoming. The Condor 116: 560-573, with permission from the Central 
Ornithology Publication Office on behalf of the Cooper Ornithological Society. 
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Many of these impacts have a cumulative effect, resulting in sagebrush habitat 

fragmentation, degradation, and loss. Accordingly, animals considered sagebrush 

obligates, including Brewer’s Sparrow (Spizella breweri), pygmy rabbit (Brachylagus 

idahoensis), and pronghorn (Antilocapra americana), have responded negatively to 

habitat alteration and fragmentation and are of increasing conservation concern (Baker 

et al. 1976, Knick and Rotenberry 2002, Rowland et al. 2006). For example, the pygmy 

rabbit has experienced a significant decline in population size and was listed as an 

Endangered Species in 2003 (USFWS 2003). Likewise, energy development activities 

have been shown to displace mule deer (Odocoileus hemionus), and there is increasing 

concern that removal and disruption of migration corridors may have negative impacts 

on their long-term population sustainability (Sawyer et al. 2005, 2006). 

Another species of conservation concern in sagebrush habitat is the Greater 

Sage-Grouse (Centrocercus urophasianus). This species has experienced range-wide 

population contraction since European settlement of North America due to widespread 

sagebrush habitat alteration and loss (Schroeder et al. 2004, Knick and Connelly 2011). 

Greater Sage-Grouse now occupy ~56% of their pre-European settlement distribution, 

and populations are becoming increasingly isolated (Figure 2.1A; Schroeder et al. 2004, 

Oyler-McCance et al. 2005). In fact, in 2010 the United States Fish and Wildlife Service 

determined that Greater Sage-Grouse deserved protection under the Endangered 

Species Act, yet listing was precluded due to higher priority cases (see also Walker et 

al. 2007, Aldridge et al. 2008, Knick and Connelly 2011). A final decision concerning its 

listing is due by the end of fiscal year 2015. 
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A concerted effort continues to identify areas that require conservation attention 

to prevent further Greater Sage-Grouse decline. Here, we focus on the Jackson Hole 

and Gros Ventre populations, both located in northwest Wyoming, in or near Grand 

Teton National Park (see Figure 2.2). Despite habitat protection, both areas have 

experienced a reduction in census population size. Grand Teton National Park 

personnel, the Wyoming Game and Fish Department, and partners have monitored the 

Greater Sage-Grouse population in northwest Wyoming annually since 1986 (Upper 

Snake River Basin Sage-Grouse Working Group, USRBWG 2014). Annual lek counts 

have been conducted in northwest Wyoming at least three times per year, with leks 

visited every week during the breeding season (i.e., April-May) in the Jackson Hole 

valley. Average counts of males per lek declined from 35 between 1948 and 1951 

(Patterson 1952) to 17 during the past 20 years (USRBWG 2014). Likewise, lek counts 

in Jackson Hole indicated 191-223 males per year before 1950 (Patterson 1952), but 

only 47-165 males per year over the past 20 years (USRBWG 2014). An estimated 

2.2% annual rate of population reduction occurred in the Jackson Hole area between 

1985 and 2007 (Garton et al. 2011). The current Jackson Hole Greater Sage-Grouse 

population size is between 300 and 500 individuals primarily occupying ~9,500 hectares 

of protected federal land (Grand Teton National Park and the National Elk Refuge; B. 

Bedrosian, personal observation; see also Garton et al. 2011). 

The Gros Ventre population is located approximately 50 km to the east of 

Jackson Hole within Bridger-Teton National Forest. With the first lek located in 2000, the 

small population is thought to be restricted to breeding within 6.5 km of that lek site but 

some grouse from this population extend their range up to 18 km to find adequate 
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winter habitat (Bedrosian et al. 2010). The sagebrush habitat within the Gros Ventre 

River drainage is limited both to the north and south by large, high elevation mountain 

ranges. Although currently not known to occur, there is potential for connectivity with the 

Jackson Hole populations to the west and with the Pinedale population to the east by 

crossing ca. 16 km of forested habitat. The objective of this study was to assess genetic 

structure and variation of the Greater Sage-Grouse populations in northwest Wyoming 

compared to larger populations in Wyoming and southeast Montana. 

Methods 

Tissue Collection and DNA Extraction 

Grouse were trapped on leks and geophagy sites using spotlight techniques 

(Giesen et al. 1982) and net launchers (Trapping Innovations, LLC, Kelly, WY) during 

the spring each year over a five-year period (2005-2009). Grouse were aged, sexed, 

outfitted with a VHF or GPS transmitter, and a blood sample was taken intravenously 

from the brachial vein of yearling and adult grouse. Blood samples were stored in lysis 

buffer (Longmire et al. 1988) or on FTA cards (Whatman Inc., Clifton, NJ, USA) prior to 

DNA extraction. Both adults and juveniles from all locations were sampled, with the 

majority (70-100%) being female. Grouse were sampled from eight locations in 

Wyoming and one in southeastern Montana (Table 2.1, Figure 2.2). Samples were 

collected from Jackson Hole (n=57) and Gros Ventre (n=16; Teton County), from three 

locations near Pinedale (Sublette County) designated north (n=24), south (n=28), and 

west (n=27) Pinedale, west of Casper (n=25; Natrona County), and in Powder River 

Basin, east of Buffalo (Johnson County) designated north (n=42) and south (n=58) 
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Powder River. Additional samples were collected in southeast Montana (n=23; Carter 

County) and designated SE Montana. DNA was extracted from a total of 300 samples 

using the DNeasy Blood and Tissue Kit following manufacturer’s protocols (QIAGEN).  

 

Genotyping 

Seventeen microsatellite loci were chosen based on previous Greater Sage-

Grouse population genetic studies (Oyler-McCance et al. 2005, Bush et al. 2011). 

Microsatellite loci were originally developed for Greater Sage-Grouse (SGCA11.2, 

Oyler-McCance et al. 2011; reSGCA5, reSGCA6, and reSGCA9, S. Oyler-McCance 

personal communication), Gunnison Sage-Grouse (Centrocercus minimus; SGMS06.4, 

SGMS06.6, SGMS06.8, MSP7, MSP11, MSP18; Oyler-McCance and St. John 2010), 

Eurasian Capercaillie (Tetrao urogallus; TUD3, TUT3, TUT4, Segelbacher et al. 2000) 

and Black Grouse (Tetrao tetrix; TTD6, Caizergues et al. 2001; BG6, BG14, Piertney 

and Höglund 2001; TTT3, Caizergues et al. 2003). SGMS06.6 was a trinucleotide 

repeat and SGMS06.4, SGMS06.8, BG6, BG14, TUT3, TUT4, and TTT3 were 

tetranucleotide repeats; all remaining loci were dinucleotide repeats.  

Polymerase chain reactions (PCR) were optimized and modified slightly from 

previously published methods that described protocols for each locus. A fluorescently 

labeled forward primer and an unlabeled reverse primer were used in PCRs. Each 

reaction was performed in 10 μL final volume with final concentrations of 100 μM each 

dNTP, 1x PCR buffer, and 0.1 μL (0.5 units) GoTaq Flexi DNA polymerase (Promega). 

A final concentration of 1.0 mM of each primer was used for SGMS06.4, SGMS06.8, 

MSP7, MSP18, and SGCA11.2 and 0.25 mM for the remaining loci. MgCl2 



15 

concentrations ranged from 1.0mM (SGMS06.8) to 1.5mM (SGMS06.4, MSP7, MSP18, 

and SGCA11.2) and 2.25 mM (remaining loci) per PCR reaction. Thermal profiles for all 

loci except TTD6 consisted of 2 min at 94°C, 35 cycles of 30 s at 94°C, 30 s at the 

specified annealing temperature described elsewhere (Segelbacher et al. 2000, 

Piertney and Höglund 2001, Oyler-McCance and St. John 2010, Oyler-McCance et al. 

2011) with the exception of SGMS06.4, SGMS06.8, and TTT3 (59.9°C, 55.4°C and 

58°C, respectively), and 30 s at 72°C, and a final 5 min extension at 72°C. The thermal 

profile for TTD6 followed that described in Caizergues et al. (2001). Each amplified 

product was genotyped using an ABI 3130xl Genetic Analyzer and analyzed with the 

program GeneMarker v.1.6 (SoftGenetics). 

Statistical Analyses 

Genetic diversity. We tested microsatellite genotypes for linkage disequilibrium 

and departure from Hardy-Weinberg Equilibrium (HWE) within each population and 

locus using the program GDA v. 1.1 (Lewis and Zaykin 2001). Sequential Bonferroni 

corrections were used to correct for multiple simultaneous comparisons (Rice 1989). 

Mean number of alleles per locus (A), observed (Ho) and expected (He) heterozygosity, 

and inbreeding coefficient (f) were calculated using GDA, and allelic richness (AR) was 

estimated using FSTAT v. 2.9.3.2 (Goudet 1995). AR provides an estimate of allelic 

diversity that controls for differences in samples sizes (Leberg 2002). 

To assess genetic variability among sampling locations, we compared AR, HO, 

or HE using a one-way analysis of variance (ANOVA) on ranked data, blocked by locus 

in order to control for interlocus variation (α=0.05; SAS 9.3, SAS Institute, Cary, NC, 
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USA). Significant findings were further analyzed using an a posteriori Student-Newman-

Keuls multiple comparison test on ranked data to determine groups with means of ranks 

that did not significantly differ from each other. Values for f were considered significant if 

their 95% confidence interval as calculated with GDA did not overlap with zero. 

Population connectivity. Principal Coordinate Analysis (PCoA) was implemented 

in the Excel-based genetic analysis program GenAlEx v. 6.5 (Peakall and Smouse 

2006). We used a PCoA to visualize the genetic relationships among individuals from 

each sample location based on genetic distance measures. The genetic distance (GD) 

matrix used in the PCoA was calculated using the Distance option (Peakall and Smouse 

2006). One PCoA was conducted that included all populations. Two additional PCoAs 

were conducted a posteriori with subsets of the data to test for substructure (Figure 

2.3). 

To assess genetic differentiation between sampled populations, we calculated 

pairwise FST values following Weir and Cockerham (1984) as implemented in Arlequin 

v. 3.11 (Excoffier et al. 2005). Differences in population structure between sampling

locations were tested using 1000 permutations among populations with Fisher’s exact 

test. In addition, we used the Bayesian method of Pritchard et al. (2000) as 

implemented in Structure v. 2.3.4 to identify the most likely number of genetic clusters 

(K) among sampled individuals. This method identifies genetically distinct clusters 

based on maximizing Hardy-Weinberg equilibrium and linkage equilibrium among 

samples. Each simulation from K=1 to 10 was performed 20 times using a burn-in of 

100,000 followed by 500,000 iterations while allowing for admixture, an individual α for 

each cluster, and a model of correlated allele frequencies that did not include prior 
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information on population origin (see Falush et al. 2003). Structure was run to determine 

the most likely number of clusters for all populations. We performed additional Structure 

analyses to determine if further population structure existed within each of the initially 

identified clusters and used the web-based program Structure Harvester v. A.1 (Earl 

and vonHoldt 2012) and the Evanno ΔK method (Evanno et al. 2005) to determine the 

mostly likely number of genetically distinct clusters (K). The program CLUMPP v. 1.1.2 

(Jakobsson and Rosenberg 2007) was used to compile replicate run results from 

Structure, and the program DISTRUCT v. 1.1 was used to visualize results (Rosenberg 

2004). 

We evaluated correlations between genetic similarity (M) and geographic 

distances among populations (i.e. isolation by distance, IBD) using the program 

Isolation By Distance Web Service v. 3.23 (IBDWS; Jensen et al. 2005). The program 

performs a Mantel test with pairwise matrices of geographic distance and Slatkin’s 

(1993) measure of similarity, M=(1/FST − 1)/4. Significance of IBD was tested with a 

Mantel procedure (10,000 permutations). Geographic distances between each 

population were measured using Google Earth. 

To estimate the rates and direction of recent migration among populations, we 

used the Bayesian method for multilocus genotype data, BayesAss v 3.0.3 (Wilson and 

Rannala 2003). Because simulation studies show that the method’s accuracy decreases 

with increased numbers of populations analyzed (Faubet et al. 2007), final analyses 

were conducted after combining sampling locations into four populations according to 

results obtained from Structure (see below). Specifically, data for the Pinedale and 

Casper locations were clustered into a single population, data for the Powder 
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River/Montana locations were clustered into a single population, and Jackson Hole and 

Gros Ventre were both included as independent populations. Mixing parameters were 

adjusted according to the user’s manual to obtain acceptance rates between 20-60%. 

Specifically, default delta values for migration rates were kept at 0.10, while delta values 

for allele frequencies and inbreeding were 0.30. The program was performed with a 

burn-in of 7.0 x 106 generations, 2.7 x 107 iterations, and sampling frequency of 1000. 

To ensure consistent estimates, we conducted ten runs with different seed numbers. A 

rough 95% credible set around the posterior mean was calculated using the provided 

mean and standard deviation according to the user’s manual. 

Effective number of breeders. We calculated estimates of effective number of 

breeders (Nb) based on the inbreeding effective size (Waples 2005, Waples and Do 

2010) for each cluster identified with Structure (see below) using the linkage 

disequilibrium method as implemented in LDNe v. 1.31 (Waples and Do 2008). Because 

sampled individuals included overlapping generations, population size estimates 

represent Nb rather than effective population size (Ne; Waples 2005, Waples and Do 

2010). Alleles with frequencies <0.02 were excluded (Waples 2006), and 95% 

confidence intervals for Nb were obtained using the jackknife option (Waples and Do 

2008). 

Results 

Genetic Diversity Measures 

All loci were polymorphic with a range of 2 to 24 alleles per locus in each 

population. After adjusting for multiple comparisons, the majority of loci possessed no 



 19 

significant deviations from HWE or showed signs of linkage. Locus TUD3, however, 

showed significant heterozygote deficiency in four populations (Jackson Hole, North 

Pinedale, West Pinedale, and Casper), and was excluded from all subsequent 

analyses. 

Significant differences in AR, Ho, and He were observed between sampled 

Greater Sage-Grouse populations (Table 2.1). Overall, the Pinedale and Casper 

populations exhibited the highest measures of neutral genetic diversity, SE Montana 

and each of the Powder River populations possessed intermediate levels, and Jackson 

Hole and Gros Ventre had the lowest diversity values. Significant inbreeding coefficients 

(f) were observed for the Jackson Hole and North Powder River Basin populations, 

while all other populations were not significantly different from zero. There were three 

private alleles in Jackson Hole and two in Gros Ventre, whereas West, North and South 

Pinedale had one, three, and nine private alleles, respectively, Casper had four, North 

and South Powder River both had two, and SE Montana had two private alleles. 

 

Analyses of Population Structure 

Multiple methods indicated that Jackson Hole and Gros Ventre were isolated 

from all other sampled Greater Sage-Grouse populations. The PCoA showed limited 

differentiation among the majority of sampled Greater Sage-Grouse populations with the 

exception of the Jackson Hole population, which formed a separate distinct cluster, and 

to a lesser degree the Gros Ventre population, in which approximately half the 

individuals clustered with Jackson Hole and the remaining clustered in an overlapping 

zone between Jackson Hole and the other sampled populations (Figure 2.3). When all 
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populations were analyzed together, the first three coordinates accounted for 30.9, 15.8, 

and 14.9% of the variation. 

Pairwise FST values showed evidence of population differentiation among 

sampled locations with the highest values observed between comparisons with Jackson 

Hole (range: 0.070-0.111) and also Gros Ventre (range: 0.073-0.109; Table 2.2). 

Pairwise FST values were significant (α=0.001) for all populations except those 

between areas within Pinedale and between North Pinedale and the Casper population 

(Table 2.2). 

Results from Structure also indicate that Jackson Hole and Gros Ventre were 

significantly differentiated from all other sampled locations, with K=2 as the most likely 

number of genetic clusters when all nine sampling locations were analyzed as a single 

dataset (Figure 2.3, Figure A.1). Specifically, Jackson Hole and Gros Ventre formed a 

single cluster, and individuals from the remaining sampling locations formed the second 

cluster. Within each cluster, further substructure was also observed, specifically 

between Jackson Hole and Gros Ventre (K=2) and between Powder River 

Basin/Montana and Pinedale/Casper (K=2; Figure 2.3, Figure A.1) when analyzed 

separately. 

Isolation-By-Distance Analyses 

Using microsatellite data from all sampled locations, there was a significant 

relationship between geographic distance (km) and log genetic similarity (r2 = 0.175, P 

= 0.025; Figure 2.4). However, all pairwise comparisons with Jackson Hole and Gros 

Ventre possessed relatively low levels of genetic similarity regardless of geographic 
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distance (Figure 2.4; see also Table 2.2). This was further shown when Jackson Hole 

and Gros Ventre were excluded from the analysis with the remaining sampled locations 

showing a stronger IBD relationship (r2 = 0.606, P = 0.001; Figure 2.4). 

 

Contemporary Migration 

Based on estimates from BayesAss, a high proportion of individuals were derived 

from their own populations (> 0.96) for all clusters except Gros Ventre (0.82; Table 2.3). 

Accordingly, recent immigration rates among the majority of the four clusters were low 

(m < 0.03) with the exception of Gros Ventre where a moderate portion of the 

individuals were identified as migrants derived from Jackson (m = 0.10) suggesting an 

asymmetric pattern of gene flow. 

 

Effective Number of Breeders 

Effective number of breeders varied among populations (Table 2.1). The Jackson 

and Gros Ventre population had small Nb (i.e. < 100, upper 95% CI < 115 individuals), 

the Powder River Basin-SE Montana populations had intermediate Nb (95% CI 159-244 

individuals), and the Pinedale-Casper population had relatively large Nb (95% CI 504-

4,264 individuals). 

 

Discussion 

Significant population genetic differentiation existed between Jackson Hole and 

sampled Greater Sage-Grouse populations in Wyoming and SE Montana, including 

those in close geographic proximity to Jackson Hole (i.e., Pinedale and, to a lesser 
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extent, Gros Ventre; Figure 2.3). Conversely, the remaining populations (i.e., excluding 

Jackson Hole and Gros Ventre) appear to show an overall IBD pattern of population 

structure (Figure 2.4) similar to previous studies investigating Greater Sage-Grouse 

population connectivity using genetic methods (Oyler-McCance et al. 2005, Bush et al. 

2011). The number of private alleles in Jackson and Gros Ventre were not substantially 

different from other sampled populations of larger size, suggesting that the observed 

genetic differentiation observed with the Jackson Hole and Gros Ventre cluster is largely 

due to allele frequency differences and small population size (i.e., genetic drift) as 

opposed to unique alleles. A limited number of unique alleles may indicate more recent 

isolation as opposed to more historic long-term isolation. 

Determining the timing of isolation has important implications for how the 

population should be managed. Both Jackson and Gros Ventre Greater Sage-Grouse 

populations possessed significantly reduced levels of neutral genetic diversity compared 

to the large core populations in Pinedale. Populations that are small and isolated are 

subject to exponential loss of genetic diversity over time through genetic drift at a rate 

that depends on their effective population size (Frankham 1996, Frankham et al. 2009). 

Therefore, because Jackson Hole and Gros Ventre Greater Sage-Grouse populations 

possess small Nb, they are expected to lose more genetic diversity due to drift 

compared to larger populations over the same time period. Reduction in genetic 

diversity in small, isolated populations has been shown to negatively influence fitness 

due to increased inbreeding (Keller 1998, Daniels and Walters 2000, Blomqvist et al. 

2010, Hammerly et al. 2013). In contrast, however, if the population has been of small 

size for hundreds of generations, deleterious traits may have been purged and 
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management should focus more on maintaining adequate habitat for long-term 

sustainability (e.g., Johnson et al. 2009) as opposed to introgression of genes that may 

result in outbreeding depression (Frankham et al. 2011). Although FST values for both 

Jackson Hole and Gros Ventre compared to the other sampled populations indicated 

moderate differentiation (i.e., FST = 0.07-0.11, Frankham et al. 2009, Table 2.2), it is not 

known whether the differentiation is largely due to a recent reduction in population size 

and drift or represents a long-term pattern of isolation, with the latter of more concern 

relative to outbreeding depression. 

Multiple isolated populations have been identified in the Greater Sage-Grouse 

range based on genetic analyses (Oyler-McCance et al. 2005). The Douglas/Grant and 

Yakima populations in Washington are small and isolated in a geographic region that 

has been more recently used for agriculture (Oyler-McCance et al. 2005), suggesting a 

more recent pattern of isolation. In contrast, North Park, Middle Park, and Eagle 

populations are in high-elevation valleys in Colorado and are genetically distinct from 

nearby, but more widespread, Wyoming Basin populations (Oyler-McCance et al. 2005). 

This pattern suggests that long-standing landscape features, such as mountains and 

high elevation sagebrush habitat, may have been an important factor leading to the 

genetic differentiation of these populations. Likewise, Gunnison Sage-Grouse are not 

only geographically isolated from Greater Sage-Grouse populations, but are also 

morphologically different in body size and plumage (Hupp and Braun 1991; Young et al. 

2000). These examples suggest that multiple factors over a broad temporal period have 

contributed to sage-grouse population differentiation. 
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Long-term landscape features such as mountain ranges have likely influenced 

the demographic history of Greater Sage-Grouse in northwest Wyoming. Jackson Hole 

and Gros Ventre are surrounded by high elevation conifer forest, including multiple 

mountain ranges (i.e. Teton, Wyoming, Wind River, and Gros Ventre ranges, Figures 

2.1 and 2.2) that most likely limit Greater Sage-Grouse dispersal (Hupp and Braun 

1991, Musil et al. 1993, Reese and Connelly 1997; Garton et al. 2011). Due to these 

high elevation and large forested tract barriers, the most likely dispersal route from 

Jackson Hole goes to the east and south toward the Pinedale population (Figure 2.2); 

however, the Euclidian distance between the two populations exceeded the 

interseasonal movement and dispersal of Greater Sage-Grouse reported in Wyoming 

(Holloran and Anderson 2004, Fedy et al. 2012, Bedrosian et al. 2010) further 

supporting the differentiation we found with population genetics. 

Furthermore, the Jackson Hole and Gros Ventre populations have greater 

snowfall, higher elevation, and more limited habitat (i.e., Figure 2.1B, D) compared to 

the other areas sampled for this study. If sufficient time has passed following isolation, 

habitat differences may result in local adaptation (Kawecki et al. 2004, Caro et al. 2009) 

and reproductive isolation (i.e., ecological speciation; Schluter 2009, Nosil 2012). The 

genetic differentiation observed with Structure (Figure 2.3) corresponds to the level I 

ecoregion delineation for the state of Wyoming (see Commission for Environmental 

Cooperation Working Group, 1997; Olson et al. 2001; Figure 2.1D). If ecological 

differences are sufficient, local adaptation may further limit contemporary gene flow, 

eventually resulting in separate species, similar to Gunnison Sage-Grouse (C. minimus; 
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Young et al. 2000) and Red Crossbill (Loxia curvirostra complex; Benkman 2003, Smith 

and Benkman 2007, Smith et al. 2012). 

Chong et al. (2011) suggested that due to limited habitat, wintering Greater 

Sage-Grouse in Jackson Hole may utilize non-traditional habitats, such as exposed 

hillsides or tall deciduous shrublands, as compared to other Greater Sage-Grouse 

populations. More widespread sampling within and among each ecoregion targeting 

multiple populations on opposite sides of ecotones (i.e. area of transition) is required to 

adequately test whether habitat differences as designated by ecoregions is sufficient to 

limit gene flow among Greater Sage-Grouse populations (see also Smith et al. 1997, 

Porlier et al. 2009). Interestingly, the genetic data indicated that contemporary 

asymmetric gene flow existed between Gros Ventre, possibly acting as a sink, and 

Jackson Hole (~10% immigration rate) and Pinedale (~2% immigration rate) as 

independent source populations with no gene flow occurring in opposite directions 

(Table 2.3). While it is not known whether Greater Sage-Grouse use the Gros Ventre 

River Drainage system for dispersal, other species such as pronghorn that also breed in 

Grand Teton National Park migrate south each year using that corridor (Sawyer et al. 

2005). Because of the higher immigration rate, these results do suggest that 

maintaining connectivity between the Gros Ventre and Jackson Hole populations is 

supported and that the two areas should be managed as subpopulations (e.g., Waples 

and Gaggiotti 2006). 

To what degree recent changes in the landscape near Jackson Hole and 

surrounding areas have influenced Greater Sage-Grouse population structure in 

northwest Wyoming is not known, but human-mediated reduction of sagebrush habitat 
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in the surrounding area (i.e., Pinedale) may have contributed to the isolation we 

detected and to isolation of other species in the area. For example, a large annual elk 

migration that once extended through Jackson Hole to southwest Wyoming during the 

fall and winter months was obstructed and ceased by the end of the 19th century. 

Wintering elk are now restricted to an area designated as the National Elk Refuge, 

located north of the town of Jackson (Cromley 2000). Habitat in the valley continued to 

decline throughout the 20th century. In the 1950’s, approximately 9,425 ha of sagebrush 

habitat was available for Greater Sage-Grouse in the southern portion of Jackson Hole, 

or roughly 19% less than pre-settlement estimates of 11,579 ha. Currently, only 6,674 

ha of sagebrush habitat exists in this area, supporting a Greater Sage-Grouse 

population of roughly half that observed in the 1950’s (Bedrosian et al. 2010). 

While Greater Sage-Grouse habitat in both Jackson Hole and Gros Ventre is 

largely protected from expanding urbanization, agriculture, and energy development, 

risk still exists from fire, park infrastructure development, and climate change 

(USRBWG 2014). Among immediate threats, one of Jackson Hole’s nine active Greater 

Sage-Grouse leks is located at the end of the Jackson Hole Airport (JAC) runway, which 

is the only commercial airport located entirely within a US national park. From 1993-

2012, strikes involving at least 36 Greater Sage-Grouse at JAC were reported to the 

Federal Aviation Administration, with nine of these occurring in 2010 

(http://wildlife.faa.gov/database.aspx; Mead and Hunt, Inc. 2012). In addition to direct 

mortality, courtship behavior and brood rearing in the vicinity of the airport may be 

affected by the chronic intermittent noise produced by the ~40 flights per day (Blickley et 

al. 2012; http://www.jacksonholeairport.com/). In a population with small Nb, Greater 

http://wildlife.faa.gov/database.aspx
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Sage-Grouse mortality at the JAC airport may represent an important factor limiting 

population growth. Consequently, the Jackson Hole Airport is currently preparing a 

Wildlife Hazard Management Plan in cooperation with Grand Teton National Park to 

help mitigate impacts on the population. 

In addition to immediate threats, the potential impact of future climate change 

presents a long-term threat to Greater Sage-Grouse in the region (USRBWG 2014). 

The greatest temperature changes in Wyoming during the past 50 years have occurred 

in the high-elevation areas (i.e. northwest Wyoming; USRBWG 2014). Thus, potential 

climate change impacts, such as long-term drought or more severe winter snowstorms, 

may be of particular concern to the Jackson Hole and Gros Ventre populations 

(USRBWG 2014). Such risks may be compounded in these populations due to their 

access to relatively limited amounts of sagebrush habitat and isolation from surrounding 

populations with larger expanses of habitat, such as those to the south in the Wyoming 

Basin (USRBWG 2014). In order to buffer against the potential negative impacts of 

future climate change, management should prioritize restoration and maintenance 

efforts that promote sagebrush habitat diversity and resilience (USRBWG 2014). 

Interestingly, a total of 359 Greater Sage-Grouse (269 adults and 90 juveniles) 

were translocated into the Jackson Hole valley in 1948-49 from Eden Valley, WY 

(Sweetwater County; Patterson 1952), ~35 km south of the south Pinedale area 

sampled in this study. Following the release, band resighting estimates from 1950 and 

1951 suggested that 9.5%-11% of males on leks were translocated individuals 

(Patterson 1952). Patterson suggested that few adults established in relocated areas, 

whereas released juveniles were more likely to establish in the second season following 
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their release. No systematic surveys were conducted to estimate breeding by 

translocated females (n=95) or copulations by translocated males. Our results suggest 

that either the released birds did not enter the effective breeding population or that the 

strength of genetic drift was sufficient to change the allele frequencies of the Jackson 

Hole population relative to other populations within the past 60 years (e.g., Johnson et 

al. 2004, Landguth et al. 2010). Given the degree of genetic differentiation between 

Jackson Hole and the surrounding regions, it is also possible that the Jackson Hole 

population has developed morphological or behavioral differences relative to their 

environment that resulted in the released birds being precluded from breeding, as has 

happened with the divergence of plumage and vocalizations in Gunnison Sage-Grouse 

from Greater Sage-Grouse (Young et al. 1994, see also Johnson and Dunn 2006). More 

data are needed to elucidate any differences in appearance, sound, or strutting 

behavior between populations or whether environmental differences among Greater 

Sage-Grouse populations may limit introgression following translocation (i.e., 

outbreeding depression). 

Conservation implications and future considerations 

Identifying isolated populations of Greater Sage-Grouse is a conservation priority 

given the extent of recent land use changes throughout the species’ distribution (e.g., 

Channell and Lomolino 2000, Nielsen et al. 2001, Willi et al. 2006, Peterman et al. 

2013). This study identified the Greater Sage-Grouse populations in Jackson Hole and 

Gros Ventre as genetically isolated with reduced neutral genetic diversity compared to 

nearby populations in Wyoming and SE Montana. We were unable to obtain tissue 
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samples from Greater Sage-Grouse populations in Idaho. However, the distance 

between populations in Jackson Hole and eastern Idaho are beyond the dispersal 

distance documented for Greater Sage-Grouse based on radio-telemetery (Fedy et al. 

2012) and the Teton Range eastern slope rises sharply from its base to ~2 km above 

Jackson Hole (Figure 2.1). Future studies should include eastern Idaho to investigate 

whether connectivity exists between the two areas. 

Because Jackson Hole and Gros Ventre Greater Sage-Grouse populations are 

small, additional loss in genetic diversity due to drift is likely. Management priority 

should focus on preventing further reduction in current population size in an effort to 

minimize any further loss of genetic diversity in these two populations. While the present 

study identified both Jackson Hole and Gros Ventre populations as isolated with 

asymmetric dispersal between the two populations, it is not known if the current pattern 

was due to recent human-mediated changes to the landscape or more historic 

processes. Further work is currently underway to determine the timing of isolation 

among Greater Sage-Grouse populations, including the Jackson Hole and Gros Ventre 

populations. 

The final decision date on whether to list the Greater Sage-Grouse under the 

Endangered Species Act is approaching. Core Greater Sage-Grouse habitat extends 

across much of central and western Wyoming. However, this is also the location of 

existing and potentially future oil and gas extraction areas. As such, policy makers who 

seek to better mitigate the negative impacts of habitat alteration on Greater Sage-

Grouse populations should consider the findings of this and similar studies to better 

address ways to reverse population decline.  
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Figure 2.1. Greater Sage-Grouse conservation area (SGCA; Knick and Connelly 2011) 
with Greater Yellowstone Ecosystem (GYE) and the Jackson Hole study areas outlined 
in bold (adapted from Schroeder et al. 2004). (A) Historic and current sage-grouse 
distribution (adapted from Schroeder et al. 2004); (B) Elevation in the western United 
States (90 meter DEM); (C) Human footprint intensity in the West (180m; adapted from 
Leu et al. 2008); (D) North American level I Ecoregion delineations with North American 
Desert (NAD), Northwestern Forested Mountains (NFM), and Great Plains (GP; adapted 
from Commission for Environmental Cooperation Working Group, 1997). GIS data for 
SGCA boundary and habitat layers for (A), (B), and (D) obtained from USGS 
SAGEMAP: A GIS Database for Sage-grouse and Shrubsteppe Management in the 
Intermountain West at http://sagemap.wr.usgs.gov/GISData.aspx. Base layer data for 
(C) obtained from USEPA at http://Figure 
1B.epa.gov/wed/pages/ecoregions/na_eco.htm.

http://sagemap.wr.usgs.gov/GISData.aspx
http://www.epa.gov/wed/pages/ecoregions/na_eco.htm
http://www.epa.gov/wed/pages/ecoregions/na_eco.htm
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Figure 2.2. Approximate locations of Greater Sage-Grouse populations sampled in Wyoming. A population in southeast 
Montana was also sampled (n=23; not shown on map, ~200 km northeast of Buffalo, WY). Historic, current, and core 
Greater Sage-Grouse distributions are adapted from Schroeder et al. 2004 and from the Sage-Grouse Core Management 
Areas Version 3 Map, see http://wyofile.com/wp-content/uploads/2011/08/sg_coreareas.jpg. Level I ecoregions are 
adapted from Olson et al. 2001 and from ftp://ftp.epa.gov/wed/ecoregions/cec_na/NA_LEVEL_I.pdf.  

http://wyofile.com/wp-content/uploads/2011/08/sg_coreareas.jpg
ftp://ftp.epa.gov/wed/ecoregions/cec_na/NA_LEVEL_I.pdf
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Figure 2.3. Bayesian clustering of Greater Sage-Grouse using Structure based on 16 microsatellite loci in (A) eight 
sampling locations throughout Wyoming and one in Montana, (B) Jackson and Gros Ventre only, and (C) Pinedale, 
Casper, Powder River, and Montana sampling locations only. Each color represents a distinct cluster. Principal coordinate 
analysis (PCoA; A2, B2 and C2) corresponds to each of the sampling strategies used with Structure (A, B, and C, 
respectively).
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Figure 2.4: Analysis of isolation by distance (IBD) for microsatellite loci. Levels of log genetic similarity (M) are plotted 
against geographical distances (km) for pairwise comparisons of all nine sampled locations (solid line; r2 = 0.175, P = 
0.025) and all locations except Jackson and Gros Ventre (dotted line; r2 = 0.606, P = 0.001). Pairwise comparisons 
including Jackson and Gros Ventre are shown with gray squares. P-values represent significance of IBD using Mantel’s 
test (10,000 permutations). 
 

  



34 

Table 2.1 
Measures of microsatellite genetic diversity (16 loci) for Greater Sage-grouse sampling locations in Wyoming and 
southeast Montana. n, sample size; A, mean number of alleles; AR, allelic richness; Ho, observed heterozygosity; He, 
expected heterozygosity; f, inbreeding coefficient; Nb, effective number of breeders. Letters as subscripts for AR, Ho and 
He indicate groups that are not significantly different (alpha = 0.05). 

Locality n A AR Ho He f Nb (95% CI)** 

Jackson Hole 57 7.0 6.1c 0.685b 0.732bc 0.065* 84 (65-115) 

Gros Ventre 16 5.5 5.5c 0.660b 0.695c 0.052 21 (15-32) 

North Pinedale 24 9.7 8.8ab 0.794a 0.806a 0.015 919 (504-4,265) 

South Pinedale 28 11.2 9.4a 0.779ab 0.807a 0.036 

West Pinedale 27 10.5 9.1a 0.794ab 0.805a 0.013 

West of Casper 25 9.8 8.5ab 0.780a 0.790a 0.013 

South Powder River 24 9.6 7.7b 0.754ab 0.765ab 0.014 194 (159-244) 

North Powder River 58 9.6 7.6b 0.748ab 0.774ab 0.034* 

SE Montana 23 8.9 8.1ab 0.755ab 0.779a 0.03 

* inbreeding coefficient is significantly different from zero.
**Nb values are given for clusters identified by STRUCTURE (see Figure 2.3)
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Table 2.2 
Population pairwise FST comparisons based on 16 microsatellite loci. *, P < 0.001. 

Jackson 
Hole 

Gros 
Ventre 

North 
Pinedale 

South 
Pinedale 

West 
Pinedale 

West of 
Casper 

S Powder 
River 

N Powder 
River 

Gros Ventre 0.088* - 
North Pinedale 0.073* 0.084* - 

South Pinedale 0.084* 0.079* 0.004 - 

West Pinedale 0.070* 0.073* 0.007 0.006 - 

West of Casper 0.093* 0.109* 0.009 0.021* 0.021* - 

S Powder River 0.101* 0.104* 0.025* 0.034* 0.035* 0.035* - 

N Powder River 0.103* 0.103* 0.027* 0.039* 0.036* 0.030* 0.008* - 

SE Montana 0.111* 0.107* 0.033* 0.037* 0.040* 0.046* 0.019* 0.023* 

Table 2.3  
Migration rates among Greater Sage-Grouse populations using the program BAYESASS. Values shown are the means of 
the posterior distributions of m, the migration rate into each population, and their respective 95% credible set in 
parentheses. Values along the diagonal (in bold) are the population of individuals derived from the source population each 
generation. Migration rates ≥ 0.100 are underlined. Populations are based on results from STRUCTURE (see Figure 2.3) 
with Pinedale/Casper and Powder River/SE Montana (MT) identified as separate populations. 

Migration from: 
Migration into: Jackson Hole Gros Ventre Pindale/Casper Powder R/SE MT 

Jackson Hole 0.983 
(0.964-1.002) 

0.006 
(-0.006-0.018) 

0.006 
(-0.005-0.016) 

0.006 
(-0.005-0.016) 

Gros Ventre 0.100 
(0.002-0.198) 

0.865 
(0.763-0.966) 

0.018 
(-0.016-0.052) 

0.017 
(-0.015-0.049) 

Pinedale/Casper 0.006 
(-0.004-0.015) 

0.011 
(-0.005-0.027) 

0.963 
(0.933-0.992) 

0.021 
(-0.004-0.046) 

Powder R/SE 
MT 

0.003 
(-0.003-0.008) 

0.003 
(-0.003-0.009) 

0.006 
(-0.003-0.016) 

0.988 
(0.976-1.000) 
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CHAPTER III 

TIMING OF ISOLATION OF THE JACKSON HOLE, WYOMING GREATER SAGE-

GROUSE POPULATION 

Introduction 

The amount of time a population has been isolated has important effects on 

evolutionary processes and, consequently, the population’s likelihood of persistence. 

Much older isolation has provided opportunity for a population to purge deleterious traits 

and accrue local adaptations (e.g., Crnokrak and Barrett 2002, Swindell and Bouzat 

2006, Leberg and Firmin 2008, Losos and Ricklefs 2009, Gonzalez et al. 2014). 

Alternatively and by chance, recent isolation may lead to initial loss of beneficial traits 

and/or increases of deleterious traits, both of which increase a populations’ likelihood of 

extinction (e.g., Liberg et al. 2005, O’Grady et al. 2006, Hammerly et al. 2013). As such, 

conservation priorities are vastly different for recent (e.g., from anthropogenic land 

changes) versus more historic (e.g., from “natural” barriers) population isolations 

(Crandall et al. 2000). Therefore, understanding characteristics of population isolation, 

such as length of isolation and probable cause, is critical for planning appropriate 

conservation measures (Crandall et al. 2000). 

The Greater Sage-grouse (Centrocercus urophasianus) is a widespread species 

of conservation concern (Schroeder et al. 2004, Knick and Connelly 2011) where 

molecular inference has identified isolated populations across the range (Oyler-

McCance 2005, Schulwitz 2014, Oyler-McCance et al. 2015a). Populations became 

isolated at varied times, possibly ranging from hundreds of years to tens of thousands of 

years ago (Benedict et al. 2003, Oyler-McCance et al. 2005a, Oyler-McCance et al. 



45 

2015a). For example, the Douglas/Grant and Yakima Greater Sage-grouse populations 

in Washington State likely became isolated due to agricultural encroachment during the 

past 200 years. Alternatively, the Lyon/Mono population on the California/Nevada 

border likely formed as a glacial refuge during the last glacial maxima that did not 

experience secondary contact following glacial retreat (Benedict et al. 2003, Oyler-

McCance et al. 2005, 2015a). 

Due to their different demographic histories, appropriate conservation measures 

for the management of these populations should also be different. For example, re-

establishing gene flow may be considered for the recently isolated Washington 

populations, but maintaining current population size and preserving local adaptation 

may be more appropriate for the Lyon/Mono population. When informing conservation 

decisions for populations in species like the Greater Sage-grouse, where local histories 

have shaped current population structure at differing time scales, it is important to use a 

combination of molecular markers and analyses appropriate to investigate changes in 

demographic history specific for that population or taxon. For example, within 

Galliformes (i.e., order of birds that includes chicken, grouse, and quail) several studies 

have shown that different marker types (e.g., mitochondrial, autosomal, Z-linked) and 

analyses possess differing abilities to resolve evolutionary relationships (Oyler-

McCance et al. 2015b, Galla and Johnson 2015, Persons et al. 2016). 

Here, I use a multi-locus approach to infer the demographic history of an isolated 

Greater Sage-grouse population in northwest Wyoming. The Jackson Hole Greater 

Sage-grouse population was shown to be genetically isolated from other populations in 

Wyoming and to have comparably low genetic diversity based on analysis of sixteen 
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microsatellite loci (Schulwitz et al. 2014). It is unclear however, when the population 

became isolated. For example, habitat barriers in the form of high-elevation, forested 

mountains surround this population and may have acted as long-term barriers to 

dispersal (Schroeder et al. 2004, Schulwitz et al. 2014, Row et al. 2015). Alternatively, it 

is possible that the population maintained gene flow until relatively recently. For 

example, anthropogenic habitat changes may have obstructed previously utilized 

migration routes or caused extirpations of “stepping stone” populations that historically 

maintained connectivity to the core population.  

To infer the demographic history and timing of isolation of the Jackson Hole 

Greater Sage-grouse population, I use several methods to analyze genetic data 

generated from Greater Sage-grouse populations in Wyoming. Specifically, I use 

sixteen microsatellite loci as well as sequence data from the mitochondrial control 

region, two autosomal loci, and three Z-linked loci to determine whether the Jackson 

Greater Sage-grouse became isolated in the recent past (i.e., ~200 years) or more 

distant past (i.e., 1000s of years ago). The results from this study have important 

conservation implications for the Jackson Hole Greater Sage-grouse population. This 

study also provides insight concerning how marker selection impacts the ability to 

discern demographic history in populations of small size. 

 

Methods 

Taxon Sampling 

Greater Sage-grouse samples were obtained from four Wyoming populations. 

Specifically, blood samples for genetic analyses were obtained from Jackson Hole 
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(Teton Co., n=22), Gros Ventre (Teton Co., n=16), Pinedale (Sublette Co., n=23), and 

Powder River Basin (Johnson Co., n=23) populations. Samples used for this study were 

a subset of samples used in Schulwitz et al. (2014). Gunnison Sage-grouse samples (C. 

minimus; n=13, from across the Gunnison Basin, Colorado) were also included in this 

study for comparative purposes and described elsewhere (Oyler-McCance et al. 1999, 

2005). Lesser Prairie-chicken (Tympanuchus pallidicinctus; n=9, Ellis Co., Oklahoma) 

and Sharp-tailed Grouse (T. phasianellus jamesi; n=9, Campbell Co., Wyoming) were 

included as outgroup taxa for the phylogenetic analyses and described elsewhere 

(Galla and Johnson 2015).  

 

Marker selection and amplification 

I collected sequence data from mitochondrial control region (mtDNA CR) 

domains I and II, two autosomal introns (i.e., 09300 and 15506; Backström et al. 2008), 

and three introns on the Z sex-chromosome (i.e., 21589, PPWD1; Backström et al. 

2006; and VLDLR; Elgvin et al. 2011) for a total of six independent loci. DNA sequences 

for the mitochondrial, autosomal, and one Z-linked (21589) loci were collected 

according to methods described elsewhere (see Galla and Johnson 2015). PPWD1 

sequences (using forward, 5’-AACTGTGGAAAACTTCTGTG-3’, and reverse, 5’-

TCATCTTCAAATTCTCCTCC-3’, primers) were collected following protocols used for 

locus 21589 in Galla and Johnson (2015). VLDLR sequences (using forward, 5’-

CAGAAGTGGAGAATGCATAG-3’, and reverse, 5’-ACAGTCACATTCATAGCCA-3’, 

primers) were similarly collected with the exception that a 60°C annealing temperature 

was used instead of the touchdown method (Galla and Johnson 2015).  
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Sequences were aligned using Sequencher v. 4.10.1 (Gene Codes, Ann Arbor, 

MI), with final alignments obtained using the web-based program Clustal-Omega 

(available at http://www.ebi.ac.uk/Tools/msa/clustalo/). Haplotypes for the nuclear 

sequences were inferred using the phase algorithm in the program DNAsp v. 5.10 

(Librado and Rozas 2009) with five parallel runs for each locus. Each run per locus 

began with a different starting seed and was performed with 10,000 iterations, 1,000 

burn-in iterations, and a thinning interval of ten with remaining options set to default. 

Using criteria outlined in the program documentation, there were no substantial 

differences between runs. Phased calls with probabilities below 0.9 were subject to 

cloning with TOPO TA Cloning (Invitrogen) followed by 5Prime Manual FastPlasmid 

Mini prep and DNA sequencing to obtain the actual allele sequence. In addition, I used 

genotype data from sixteen microsatellite loci as described elsewhere (Schulwitz et al. 

2014).  

 

Data Analysis 

I used the program IMgc to infer recombination from nuclear sequence 

alignments and obtain the largest non-recombining block of DNA sequence data 

(available at http://hammerlab.biosci.arizona.edu/imgc_online.html; Woerner et al. 

2007). I then converted sequences to haplotype data using DNAsp v. 5.10 (Librado and 

Rozas 2009) and used the program GDA v. 1.1 (Lewis and Zaykin 2001) to test nuclear 

loci and populations for linkage disequilibrium and departure from Hardy Weinberg 

equilibrium. I ran separate analyses for each sex using haploid data for Z-linked loci for 

females and diploid data for all loci for males. 

http://www.ebi.ac.uk/Tools/msa/clustalo/
http://hammerlab.biosci.arizona.edu/imgc_online.html
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Summary statistics were calculated using DNAsp v. 5.10 for each locus and 

population and included segregating sites (S), number of alleles, haplotype diversity (h), 

and nucleotide diversity (pi) with standard deviations. To compare levels of gene and 

nucleotide diversity, I performed non-parametric multivariate analysis of variance tests 

(PROC GLM MANOVA, Statistical Analysis Software, SAS Institute, Cary, NC, USA) by 

ranking data for each variable and analyzing taxa and locus type (i.e., mitochondrial, 

autosomal, Z-linked) as independent variables for the model. 

Differing inheritance patterns of autosomal, Z-linked, and mitochondrial loci result 

in variable inheritance-mediated effective population size (Ne) for each locus type. 

Therefore, relative ratios of θZ/θA and θmtDNA/θA are expected to differ based on relative 

Ne of each locus (Charlesworth 2009, Corl and Ellegren 2013). Under neutral 

conditions, maternally inherited mtDNA possesses an Ne one-fourth (0.25Ne) that of 

autosomal loci (Charlesworth 2009). Sex-linked Z-loci, where males are ZZ and females 

ZW, possess an Ne three-quarters (0.75Ne) that of autosomal loci under neutral 

conditions (Charlesworth 2009, Corl and Ellegren 2013). However, factors associated 

with mating system, sexual selection, introgression, and sex-biased dispersal have 

been shown to affect the Ne of mitochondria (Chesser and Baker 1996, Laporte and 

Charlesworth 2002) and sex-linked loci (Peters et al. 2014, Galla and Johnson 2015, 

Oyler-McCance et al. 2015b, Wright et al. 2015). To determine if the data deviated from 

expected ratios, I calculated the Z-linked/Autosomal (θZ/θA) and 

mitochondrial/Autosomal (θmtDNA/θA) ratios of Watterson’s theta (theta per site from S) 

for each taxon using mean values for each locus type. I compared mean θZ/θA and 

θmtDNA/θA to the expected values of 0.75 and 0.25 using one-sample t-tests. 



 50 

In addition, I tested for evolutionary rate heterogeneity between each Greater 

Sage-grouse population and each outgroup by performing multi-locus Hudson-

Kreitman-Aguade tests in the HKA program (Hudson et al. 1987; available at 

https://bio.cst.temple.edu/~hey/software/software.htm#HKA). Separate tests were 

performed for all loci combined, autosomal only, and Z-linked only with appropriate 

inheritance scalars (autosomal = 1.0, Z-linked = 0.75). Finally, to ensure that loci 

conformed to assumptions of neutrality and were not under adaptive selection, FST 

outlier tests were performed using the program LOSITAN (Antao et al. 2008). 

 

Haplotype Networks and Demographic History Inference 

To visualize relationships among taxon, I generated median-joining haplotype 

networks for sequence data using the program Network v. 4.6.1.3 (www.fluxus-

engineering.com; Bandelt et al. 1999). Pairwise population fixation index (FST) tests 

between Jackson Hole, Pinedale, and Gunnison Sage-grouse were performed in 

DNAsp for each locus based on SNP data. Multi-locus means and standard deviations 

for FST were calculated for each pairwise comparison. 

Approximate Bayesian computation (ABC hereafter; Beaumont et al. 2002) 

implemented in DIYABC 2.1.0 (Cornuet et al. 2014) was used to statistically distinguish 

between competing models of recent versus historic population decline or expansion for 

the Jackson Hole population. Specifically, I tested competing scenarios of population 

decline (i.e., NeLarge  NeSmall) or expansion (i.e., NeSmall  NeLarge) each in the recent 

(tr1), intermediate (ti1), or more distant (td1) past, plus a scenario of no population change 

over time for a total of seven different scenarios. For each defined parameter, priors 

https://bio.cst.temple.edu/~hey/software/software.htm#HKA
http://www.fluxus-engineering.com/
http://www.fluxus-engineering.com/


 51 

were drawn from uniform distributions to create the simulated data sets. Priors for 

NeSmall were set to 5-500 individuals, NeLarge to 600-10,000 individuals, tr1 to 5-150 

generations, ti1 to 300-800 generations, and td1 to 1000-5000 generations. Two data 

sets were analyzed separately to assess how marker choice influenced demographic 

inference based on this method. One included autosomal and mitochondrial sequence 

data for the Jackson population (n=18 individuals, males and females) and the second 

included Z-linked loci for the Jackson population (n=13 individuals, only males were 

analyzed due to an inability to run DIYABC using haploid data for females,). For each 

project, 7 x 106 data sets were simulated under the given scenarios (approximately 1 x 

106 data sets per scenario). Summary statistics for the mitochondrial and autosomal 

sequences were number of haplotypes, number of segregating sites, mean of pairwise 

differences, and Tajima’s D. Summary statistics for Z-linked loci were number of 

haplotypes, mean of pairwise differences, private segregating sites, and mean number 

of the rarest nucleotide at segregating sites. Logistic regression was used to estimate 

the posterior probability of each model based on the 1% of simulated data sets for each 

model producing summary statistics closest to the actual dataset summary statistics. 

Additionally, I used DIYABC to assess the relative timing of divergence between 

Jackson Hole and each of three Greater Sage-grouse populations (Gros Ventre, 

Pinedale, and Powder River Basin) and the Gunnison Sage-grouse population using 

mitochondrial and autosomal data. For each pairwise comparison, I defined four 

divergence scenarios that differed in timing of divergence. Specifically, priors for recent 

(tr2), intermediate (ti2), distant (td2), or more distant (ta2) divergence times were set to 5-

100 generations, 200-1,000 generations, 2,000-10,000 generations, and 10,000-20,000 
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generations ago, respectively. For autosomes, one-sample summary statistics included 

number of haplotypes, number of segregating sites, mean of pairwise differences, and 

variance of pairwise differences, while two-sample summary statistics included number 

of haplotypes, mean pairwise differences (W), and FST (Hudson et al. 1992). Autosome 

summary statistics for ABC analysis including Gunnison excluded one- and two-sample 

mean of pairwise differences due to diminished ability of simulated data sets to 

approximate the observed dataset. For mitochondria, one-sample summary statistics 

included number of haplotypes and number of segregating sites, while two-sample 

summary statistics included number of haplotypes and FST (Hudson et al. 1992). Only 

individuals with full sequence sets were included (due to recombination, several 

sequences were removed previously). Resulting samples sizes were: Jackson Hole 

(n=19), Gros Ventre (n=7), Pinedale (n=8), Powder River (n=21), and Gunnison Sage-

grouse (n=11). For each analysis, 4 x 106
 simulated data sets were generated under 

given scenarios (1 x 106 per scenario). Logistic regression was used to estimate the 

posterior probability of each model based on the 10% of simulated data sets for each 

model producing summary statistics closest to the actual dataset summary statistics. 

To provide further weight of evidence regarding the demographic history of the 

Jackson Hole population, I used a different marker type and coalescent method by 

analyzing microsatellite data for the Jackson population (n=57) generated by Schulwitz 

et al. (2014) using the program MSVAR 1.3 (Storz and Beaumont 2002). This likelihood-

based Bayesian method analyzes microsatellite data under the stepwise mutation 

model to infer population demographic history by estimating current and ancestral 

effective population sizes (N0 and N1, respectively), mutation rate (µ), and time since 
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population decline or expansion (Ta, Storz and Beaumont 2002). I analyzed four sets of 

prior/hyperprior distributions to assess convergence, varying the combinations of mean 

and variance for the demographic parameters (Table B.1). For each set, five replicate 

runs were performed using differing starting seeds to verify consistency across runs. 

For all runs, I employed the exponential growth option, a generation time of 2.5, and 0 

for update indicators. Except for set D, all runs were performed for a total of 1 x 1010 

steps with a thinning interval of 1 x 105. The D runs were performed for a total of 1.5 x 

1010 steps with a thinning interval of 1.5 x 105. 

The first 10% of recorded iterations were discarded as burnin, and the 

‘gelman.diag()’ function in the CODA package of R was used to calculate Gelman and 

Rubin (1992) and Brooks and Gelman (1997) convergence diagnostics. These 

diagnostics test for convergence among replicate runs of each set by individual variable 

and across all variables, respectively. Additionally, I calculated summary statistics for 

each variable including mean, standard deviation, and quantiles. The smooth posterior 

probability distributions for N0, N1, and Ta were produced using the ‘ggplot()’ and 

‘geom_density()’ functions in the GGPLOT package of R. Additionally, joint posterior 

distributions for N0 and N1 with their prior distributions were calculated using the 

‘loc2plot()’ function in the LOCFIT package of R.  

The Bayes Factor (BF) was used to measure the weight of evidence that 

population decline occurred during one time interval versus all other time intervals 

specified from the MSVAR analyses. I used R to calculate the BFs associated with time 

intervals for zero to 10,000 years ago using modified scripts available from Dryad Digital 

Repository (http://datadryad.org/resource/doi:10.5061/dryad.5sc31/3, Paz-Viñas et al. 

http://datadryad.org/resource/doi:10.5061/dryad.5sc31/3
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2013a) and originally implemented in Paz-Viñas et al. (2013b) and Sousa et al. (2010). I 

performed runs with a sliding window time interval of 200 years. To assess consistency 

across runs, I performed ten runs. BF values >4 are interpreted as strong evidence for 

decline during that time period (Sousa et al 2010, Paz- Viñas et al 2013). 

Results 

Locus Polymorphism 

Sequences were generated for the majority of individuals at all loci. A few 

exceptions where usable sequences were not obtained (n<10) were attributed to low 

quality DNA for some samples. A few sequences and loci (VLDLR, n=4; PPWD1, n=1; 

09300, n=17; 15506, n=12 haplotypes) exhibited signs of recombination after analysis 

with IMgc and were removed from further analysis. No significant linkage or deviation 

from HWE was detected with the remaining sequences for each population. Multi-locus 

HKA tests for all taxa comparisons were significant when all loci were analyzed together 

as a single dataset (Table B.2); however, HKA tests showed no significant deviations 

from expected values when analyzed by locus type (i.e., autosomal or Z-linked; Table 

B.2). All loci met assumptions of neutrality according to the FST outlier test when 

analyzed by locus type (Figure B.1). 

A total of 2,914 bp were obtained across loci (868 bp for autosomes, 1451 bp for 

Z-linked, and 595 bp for mtDNA; Table 3.1). The entire dataset contained 168 

polymorphic sites, or 67 polymorphic sites for mtDNA CR, 51 sites for the three Z-linked 

loci (mean ± s.d., 17 ± 2.65), and 34 sites for the two autosomal loci (17.5 ± 0.71; Table 

3.1). 
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Gene diversity was not significantly different by locus type but was different by 

taxon (MANOVA on ranked data, F=2.78, p=0.0765, Wilk’s Λ = 0.855 and F=3.26, 

p=0.0125, Wilk’s Λ = 0.628, respectively). Specifically, gene diversity was significantly 

lower for Gunnison Sage-grouse than for all other sampled species and populations, 

which were not significantly different from each other (SNK, p < 0.05). Alternatively, 

nucleotide diversity was significantly different by locus type and by taxon (MANOVA on 

ranked data, F=9.57, p=0.0005, Wilk’s Λ = 0.632 and F=2.98, p=0.0195, Wilk’s Λ = 

0.648, respectively). Specifically, nucleotide diversity was significantly lower for Z-linked 

loci than for mitochondrial or autosomal loci, which were not significantly different from 

each other (SNK, p < 0.05). Nucleotide diversity was significantly lower for Gunnison 

Sage-grouse than for Lesser Prairie-chickens and three Greater Sage-grouse 

populations (Gros Ventre, Pinedale, and Powder River Basin), which were not different 

from each other (SNK, p < 0.05). Nucleotide diversity for the Jackson Hole Greater 

Sage-grouse population and Sharp-tailed Grouse were intermediate and not 

significantly different than nucleotide diversity of any other taxa (SNK, p < 0.05). 

Mean θZ/θA ratio was significantly lower than the expected value of 0.75 (t = 2.88, 

d.f. = 6, p = 0.028, one sample t-test), with population θZ/θA ratios ranging from 0.08 to 

0.82 (mean ± s.d., 0.50 ± 0.23) with all but Gunnison Sage-grouse below the expected 

value (Fig X.). Mean θmtDNA/θA ratio was significantly higher than the expected value of 

0.25 (t = 3.23, d.f. = 6, p = 0.018), with population θmtDNA/θA ratios all above the 

expected value ranging from 0.34 to 5.01 (mean ± s.d., 2.70 ± 2.01; Figure 3.1). 
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Haplotype Networks and Demographic History  

Median-joining haplotype networks for autosomal and mitochondrial loci showed 

extensive allele sharing between Greater and Gunnison Sage-grouse populations 

(Figure 3.2). The Pinedale, Gros Ventre, and Powder River Basin populations 

possessed haplotypes from two divergent mitochondrial clades (see also Benedict et al. 

2003, Oyler-McCance et al. 2005a, Zink 2014; Figure 3.2). However, the Jackson Hole 

and Gunnison Sage-grouse population possessed only haplotypes from a single 

mitochondrial clade (the same clade). For autosomal locus 09300, Lesser Prairie-

chicken and Sharp-tailed Grouse populations shared haplotypes with each other and 

with both sage-grouse species, but each showed complete differentiation for autosomal 

locus 15506 (Figure 3.2). Alternatively, all Z-linked loci showed complete differentiation 

between all species. Greater Sage-grouse populations, however, consistently shared 

alleles for Z-linked loci (Figure 3.2).  

The levels of differentiation based on multi-locus (all loci) FST between Gunnison 

Sage-grouse and the Jackson population (mean ± s.d, 0.47 ± 0.25) and between 

Gunnison and the Pinedale population (0.51 ± 0.20) were much higher than the level 

between the Jackson and Pinedale populations (0.21 ± 0.18). The difference was more 

pronounced when the mitochondrial locus was removed from analysis (0.52 ± 0.23, 0.52 

± 0.22, and 0.17 ± 0.16, respectively), likely due to the absence of the second 

mitochondrial clade in the Jackson population. 

ABC analysis identified the scenario of most recent decline (i.e., tr1 = 5-150 

generations) for the Jackson Hole population as the best-fit model for both analyses 

with mtDNA/autosomal (PP = 0.989; Figure 3.3) and the Z-linked loci (PP = 0.937). The 
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intermediate decline (i.e., ti2 = 300-800 generations) had the second highest support for 

both mtDNA/autosomal (PP = 0.011; Figure 3.3) and Z-linked (PP = 0.045). ABC 

analyses for time of divergence between pairwise comparisons with the Jackson Hole 

population identified the intermediate divergence (i.e., ti2, 200-1,000 generations) time 

as the best-fit model in comparisons with the Gros Ventre and Pinedale populations (PP 

= 0.799 and PP = 0.743, respectively; Figure 3.4), with the recent (i.e., tr2 = 5-100 

generations) and more historic (i.e., th2 = 2000-10,000 generations) scenarios having 

the second highest probability for each population, respectively (PP = 0.158 and PP = 

0.164, respectively; Figure 3.4). In the comparison with Powder River Basin, the historic 

divergence scenario was the best-fit model (PP = 0.763; Figure 3.4) and the 

intermediate scenario had the second highest support (PP = 0.225; Figure 3.4). In the 

comparison with Gunnison Sage-grouse, the intermediate and historic divergence 

scenarios had overlapping 95% confidence intervals (PP = 0.506 and PP = 0.479, 

respectively), therefore, a single best-fit model could not be determined (Figure 3.4). 

For MSVAR analyses, despite starting with different priors or hyperprior 

combinations and differing run lengths, the majority of runs for all sets showed similar 

distributions for all variables including N1 and N0 (Fig 3.5) and Ta (Fig 3.6). However, 

only the D runs converged by chain termination. Evidence for convergence includes 

satisfactory Gelman plots (Figure B.2), individual variable PSRF values that were all 

below 1.2, and the multivariate PSRF of 1.04 (Table B.1). Therefore, MSVAR results 

discussed hereafter refer to the D runs. Non-overlapping posterior distributions indicate 

that the Jackson Hole population experienced a major population decline with a median 

current effective population size of 95 (95% HPD: 3.4 to 770; Figure 3.5) compared to 
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the median ancestral population size of 29,650 (95% HPD: 7,640 to 112,800; Figure 

3.5). The median of the posterior distribution for the timing of decline was ~430 

generations (95% HPD: 21 to 3,400; Figure 3.6). Bayes Factors provided strong support 

for a decline in the Jackson Hole Greater Sage-grouse population during the past 400 to 

600 generations (mean ± s.d, 6.88 ± 0.13, n=10; Figure B.3). 

 

Discussion 

The Jackson Hole Greater Sage-grouse population is small (Ne<250), has low 

neutral genetic diversity, and is geographically isolated from the closest large 

populations in the Wyoming basin (i.e., the Pinedale/Casper populations; Schulwitz et 

al. 2014). Multiple marker types (i.e., microsatellites, mitochondrial control region, 

autosomal, and Z-linked loci) and methods (i.e., Network analysis, DIYABC, MSVAR) 

show that the current population size is the result of a relatively recent decline (i.e., 

within the past 100-500 generations, ~120-600 years) from a much larger population 

size (i.e., one to two orders of magnitude larger). The magnitude of this decline, 

therefore, suggests that the Jackson Hole Greater Sage-grouse population was most 

likely connected to a much larger population, such as the core Wyoming Basin 

population currently located ~90 km to the south. 

Theta ratios further support a hypothesis of a recent decline for the Jackson Hole 

population. The observed reduction in θZ/θA from expected value of 0.75 for a 

monogamous system is theoretically expected for a lek breeding species with high 

variance in male mating success (Wiley 1974, Charlesworth 2001, 2009, Ellegren 2009, 

also see Oyler-McCance et al. 2015b). However, the most extreme condition of 
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polygyny is expected to produce a minimum θZ/θA ratio of 0.50-0.60 (Charlesworth 

2001, 2009, Ellegren 2009, Corl and Ellegren 2012). Among Greater Sage-Grouse, the 

Jackson Hole and Gros Ventre populations possessed θZ/θA ratios of 0.37 and 0.47, 

respectively (Figure 3.1). Bottlenecks and historical changes in population size can 

significantly reduce the Ne of Z-linked loci relative to autosomal loci (Pool and Nielsen 

2007, also see Oyler-McCance et al. 2015b). In support of other data presented here, it 

is conceivable that reduced θZ/θA ratio for Jackson Hole may be due to the combination 

of demographic characteristics (e.g., variation in male mating success) and 

anthropogenic factors (e.g., a bottleneck caused by habitat degradation). 

Alternatively, θmtDNA/θA ratio for the Jackson Hole population (0.34) was the 

lowest in the study and near the expected value of 0.25. However, all other Greater 

Sage-grouse populations had far higher ratios (e.g., ranging from 4.41-5.01). These 

high ratios are probably driven by the presence of two divergent mitochondrial clades in 

the Gros Ventre, Pinedale, and Powder River Basin populations and in the majority of 

Greater Sage-grouse populations across the range (Benedict et al. 2003, Oyler-

McCance et al. 2005a, Zink 2014), indicating high θmtDNA may be typical for the species. 

The presence of only one clade in a population (e.g., similar to Jackson Hole 

population) could be due to drift following population isolation and would be expected to 

reduce the θmtDNA/θA ratio relative to populations possessing both divergent clades. This 

pattern further supports a historical bottleneck event (Pool and Nielsen 2007). Multi-

locus FST between Jackson Hole and Pinedale also suggest that the Jackson Hole 

population has experienced drift in isolation, but that differentiation is not on the 

magnitude expected if the Jackson population had been evolving independently for 
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thousands of years (such as the larger FST values in comparisons between Greater 

Sage-grouse populations and Gunnison Sage-grouse). 

The genetic results agree with census records indicating a decline in the Greater 

Sage-grouse population in Jackson over the past three decades (Garton et al. 2011). 

These results and those from Schulwitz et al. (2014) further highlight that the Jackson 

Greater Sage-grouse population is of high conservation concern and may experience 

an “extinction vortex” (Blomqvist et al. 2010) if efforts are not made to reverse the 

population’s recent decline and isolation.  

Understanding processes that influence gene flow for the contemporary Jackson 

Hole Greater Sage-grouse population is critical for conserving this population. Migration 

is influenced by demographic and environmental factors, which have likely both 

contributed to the current population structure. The nearest large Greater Sage-grouse 

population to Jackson Hole is located in Pinedale at a Euclidian distance of ~90 km and 

across high-elevation forested mountains with little to no sagebrush habitat in between 

(Schulwitz et al. 2014). Demographic characteristics, such as recorded dispersal 

distances (Fedy et al. 2012, Dunn and Braun 1985) and avoidance of rugged and 

forested terrain (Row et al. 2015), suggest that historic gene flow was presumably not 

due to long-distance migration (but see Tack et al. 2012) nor to continuous sage-grouse 

distribution across this habitat. Alternatively, previous connectivity of the populations 

may have been via “stepping stone” populations (Kimura and Weiss 1964) located 

intermediately between Jackson Hole and Pinedale, as has been suggested for several 

other grouse species (Segelbacher and Storch 2002, Wöss and Zeiler 2003, Oyler-
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McCance et al. 2005b, Höglund et al. 2007, Barry and Tallmon 2010, Crist et al. 2015, 

Schroeder et al. 2015).  

With movement reduced due demographic characteristics, further reduction due 

to environmental alterations at geographically important locations may have been 

sufficient to eliminate sage-grouse gene flow into Jackson Hole. For example, US 

highways 26 and 191 follow a low elevation valley connecting Jackson and Pinedale. 

The area supports patches of sagebrush now reduced by human settlement, roadway 

development, and agriculture. In the past, this area may have supported several 

“stepping stone” populations that served as gene flow conduits, but habitat alteration in 

the area may have negatively impacted sage-grouse presence (as in Fedy et al. 2014, 

Dinkins et al. 2014). The area currently supports at least one potential “stepping stone” 

population in the southern reach of the corridor (i.e., Clarks Draw near Bondurant, 

discovered in 2010; Wyoming Game and Fish Department 2014). However, individuals 

winter to the south and are not thought to interbreed with the Jackson population. A 

thorough consideration of potential anthropogenic barriers is warranted to help identify 

management actions that promote natural dispersal of Greater Sage-grouse in this 

region.  

Habitat changes since European settlement have reduced population 

connectivity and migratory patterns for other species in the Greater Yellowstone 

Ecosystem and Grand Teton National Park. For example, an increased human 

presence in the town of Jackson, WY obstructed the historic elk (Cervus canadensis) 

migration from Yellowstone and the Tetons to their wintering habitat south of Jackson, 

ultimately prompting the establishment of the National Elk Refuge in 1912 
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(http://www.fws.gov/nwrs/threecolumn.aspx?id=2147510350; Cromley 2000). Similarly, 

housing developments and roadways are encroaching on a narrow migratory corridor 

used by Jackson Hole mule deer (Odocoileus hemionus) and pronghorn antelope 

(Antilocapra americana) to move between Yellowstone and the Tetons and their winter 

ranges south of Jackson Hole (Sawyer et al. 2005). It is conceivable that the reported 

habitat changes over the past 120 years have also affected gene flow of Greater Sage-

grouse in the area. 

It is important to note, however, that 359 Greater Sage-grouse (269 adults and 

90 juveniles) were translocated to the Jackson population from southwest Wyoming in 

1948 and 1949. Band re-sighting estimates in 1950 and 1951 suggested that 

translocated males comprised ~10% of males on leks (Patterson 1952). No systematic 

survey, however, was conducted to determine how many of the translocated females 

(n=95) or males (n=264) bred in the Jackson population, and sufficient time has passed 

since the release date that genotype frequencies may differ between populations due to 

drift alone assuming isolation has existed since then. For example, Johnson et al. 

(2004) documented a significant increase in population differentiation over a fifty-year 

period following increased habitat fragmentation between Wisconsin Greater Prairie-

chicken (Tympanuchus cupido) populations (see also Landguth et al. 2010). If 

translocated birds did enter the breeding population, that event may have influenced the 

ability to discern demographic history of the Jackson population prior to the 

translocation event.  

However, if the Jackson Greater Sage-grouse population had been independent 

for thousands of generations, I would expect that the population would have developed 

http://www.fws.gov/nwrs/threecolumn.aspx?id=2147510350
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unique haplotypes at fast evolving Z-linked loci (e.g., Galla and Johnson 2015). 

Translocation would most likely have introduced new haplotypes into the Jackson 

population, but would not eliminate the unique haplotypes. Subsequent haplotype 

analyses should reveal private haplotypes for the long-term isolated population along 

with other haplotypes shared by both populations. No private haplotypes were observed 

for the Jackson Hole population (with the exception of a few individuals at autosomal 

locus, 09300). Rather, the Jackson Greater Sage-grouse population possessed the 

same haplotypes observed in the other sampled Greater Sage-grouse populations, 

supporting a more recent isolation event. In an alternative hypothetical scenario where 

the Jackson population was very small and the 1940s translocation events swamped 

the local genetic diversity, then the present day population would have actually evolved 

within the core Wyoming Basin population. To maintain the present population, re-

establishment of gene flow in that scenario would be highly recommended due to risks 

associated with recent and severe bottlenecks. 

The greatest likely contributors to continued decline of the Jackson Hole Greater 

Sage-grouse population include habitat loss and degradation, reduced number of leks, 

human disturbances from high tourism traffic, and future climate change (Schulwitz et 

al. 2014). If the Jackson Hole population is to persist, conservation management should 

continue to maintain and increase population size and minimize further loss (Garton et 

al. 2011). Additionally, efforts should be made to identify and protect all populations that 

may serve as intermediate “stepping stone” populations, such as the Gros Ventre and 

Clarks Draw populations. They may act as critical conduits for gene flow between 

isolated populations. Further, increased efforts to restore sagebrush habitat within 
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potential corridor locations should also be considered to encourage migration between 

populations (Tack et al. 2012). Finally, if the Jackson Hole population continues to 

decline despite conservation efforts to increase or maintain habitat, it may be 

appropriate to consider translocation of individuals from the closest, large neighboring 

populations (e.g., Pinedale) to preserve any effects of local adaptation as recommended 

by Oyler-McCance et al. (2005a). This strategy temporarily emulates gene flow and may 

reverse population decline through genetic rescue (e.g., Bateson et al. 2014, Whiteley 

et al. 2015). 

A primary goal of conservation is to protect the natural network of genetic 

connections between populations in order to preserve evolutionary processes (Crandall 

et al. 2000). Recent anthropogenic changes have likely disrupted this network by 

isolating several other sage-grouse populations across their range as well, including the 

Douglas/Grant and Yakima populations in Washington State (Oyler-McCance et al. 

2005a, also see USFWS 2015). For these and other recently isolated populations, 

extinction risks are elevated due to potential inbreeding depression and reduced 

adaptability to future predicted climate changes. Increasing the population size and re-

establishing gene flow of the Jackson Hole and other recently isolated populations with 

the larger metapopulation will help prevent extirpation due to stochastic factors such as 

disease or climate change by maintaining the populations’ evolutionary potential 

(Crandall et al. 2000). 
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Phylogenetic Considerations 

An important conclusion from this study also concerns the selection of 

appropriate and ample markers for use in conservation genetics studies (also see 

Ballard and Whitlock 2004, Peters et al. 2014). It is understood that appropriate marker 

selection is dependent on the depth of time to be investigated in divergence studies 

(Crandall et al. 2000, Charlesworth 2009, Freeland et al. 2011). However, it is becoming 

increasingly appreciated that life history of the taxa under investigation should also be 

considered in marker selection and analysis (e.g., Peters et al. 2014, Galla and Johnson 

2015). Recent studies have shown that sex-linked loci may be more successful at 

detecting recent divergences than mitochondrial DNA for taxa with high variation in 

mating success, strong sexual selection, or sex-biased dispersal (Peters et al. 2014, 

Galla and Johnson 2015, Oyler-McCance et al. 2015b, Wright et al. 2015, but see 

Huang and Rabosky 2015).  

In this study, mtDNA and autosomal haplotypes failed to sort by species, but Z-

linked haplotypes were unique among the four sampled species. That the Jackson 

Greater Sage-grouse population was polyphyletic (i.e., extensive haplotype sharing) 

with other Greater Sage-grouse populations at the Z-linked loci, further supports a 

recent common ancestor for the Greater Sage-grouse populations analyzed. This study 

reinforces the importance (emphasized in Galla and Johnson 2015, Oyler-McCance 

2015b) of selecting markers that have the ability to detect divergences at the resolution 

of interest. These considerations are critical when conducting studies for the purpose of 

informing conservation decisions on threatened and endangered species. Inappropriate 
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marker selection may lead to an incomplete understanding of a population’s history and, 

subsequently, have real-world implications. 
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Figure 3.1. θZ/θA and θM/θA diversity ratios for sampled taxa. Short-dashed line at 0.25 
and long-dashed line as 0.75 represent expected inheritance scalars for θZ/θA and θM/θA 

when assuming neutrality and monogamy conditions.  
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Figure 3.2. Median-joining haplotype network based on sequence data from the 
mitochondrial control region I, autosomal (09300, 15506), and sex-linked (PPWD1, 
VLDLR, and 21589) loci for four greater-sage grouse populations. Chromosome (ch.) 
indicated after locus name. Outgroups include Gunnison Sage-grouse, Lesser Prairie-
chicken, and Sharp-tailed Grouse populations. Circles represent unique haplotypes. 
Circle size corresponds to the number of individuals sharing a haplotype (sample size 
also indicated for n>4). Colors correspond separate population or species. Nucleotide 
substitutions indicated with hash marks or stated by black triangle.
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Figure 3.3. Visualization of model choice for competing scenarios regarding the time of 
population size change (decline or expansion) of the Jackson Hole Greater Sage-
grouse population. Principal component analyses show 10,000 datasets simulated 
under competing scenarios generated in DIYABC 2.1.0. Simulated datasets were drawn 
from prior (open circles) and posterior distributions (closed circles) according to user-
defined parameters. Large yellow dot represents observed (actual) dataset. Scenario 1 
(i.e., recent population decline, during past tr1 = 5-150 generations) had the highest 
posterior probability (0.989) and scenario 3 (i.e., intermediate timing population decline, 
during past ti1 = 300-800 generations) had the second highest support (0.011).  
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Figure 3.4. Posterior probabilities based on the logistic approach in DIYABC 2.10.0 for 
four scenarios differing in time of divergence between Jackson Hole and three other 
Greater Sage-grouse populations and a Gunnison Sage-grouse population.  
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Figure 3.5. Results showing population decline from ancestral (N1) to current (N0) 
population sizes (logarithm scale) based on MSVAR 1.4 analysis of microsatellite data 
for the Jackson, WY Greater Sage-grouse population. TOP: Posterior density plots for 
replicates of best converged set (i.e, D runs); inset shows joint posterior distribution with 
90%, 50%, and 10% highest probability density (HPD) plotted over prior distribution. 
BOTTOM: The same is shown for sub-optimal sets (i.e., A, B, C runs). Note the general 
consensus among posterior estimates regardless of prior distribution.  
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Figure 3.6. Results showing timing of population decline (logarithm scale) based on 
MSVAR 1.4 analysis of microsatellite data for the Jackson, WY Greater Sage-grouse 
population. TOP: Posterior density plots for replicates of best converged set (i.e, D 
runs). BOTTOM: The same is shown for sub-optimal sets (i.e., A, B, C runs). Note the 
general consensus among posterior estimates regardless of prior distribution. 
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Table 3.1 
Polymorphism summary statistics in Wyoming Sage-grouse populations (Jackson Hole, Gros Ventre, Pinedale, and 
Powder River Basin), outgroup species and across all taxa combined. Indices include number of haploid sequences 
sampled for each locus (n), number of segregating sites (S), number of unique alleles/haplotypes, haplotype diversity (h), 
nucleotide diversity (pi), the latter two with standard deviations (sd).  

Locus Length Taxon n S Alleles h +/- sd pi +/- sd 

09300 370 Jackson Hole  41 6 5 0.674 +/- 0.067 0.0059 +/- 0.0006 

Gros Ventre 26 6 6 0.775 +/- 0.044 0.0049 +/- 0.0007 

Pinedale 31 5 5 0.708 +/- 0.062 0.0041 +/- 0.0006 

Powder River Basin 44 4 5 0.703 +/- 0.045 0.0036 +/- 0.0003 

Gunnison Sage-Grouse 26 2 2 0.077 +/- 0.070 0.0004 +/- 0.0004 

Lesser Prairie-Chicken 18 8 7 0.850 +/- 0.057 0.0063 +/- 0.0011 

Sharp-tailed Grouse  20 9 6 0.758 +/- 0.064 0.0067 +/- 0.0008 

all 206 16 15 0.841 +/- 0.014 0.0067 +/- 0.0004 

15506 498 Jackson Hole  42 4 3 0.612 +/- 0.052 0.0031 +/- 0.0005 

Gros Ventre 24 4 3 0.594 +/- 0.054 0.0034 +/- 0.0003 

Pinedale 40 6 4 0.594 +/- 0.071 0.0037 +/- 0.0005 

Powder River Basin 46 5 4 0.410 +/- 0.085 0.0024 +/- 0.0006 

Gunnison Sage-Grouse 26 0 1 0 +/- 0 0 +/- 0 

Lesser Prairie-Chicken 18 1 2 0.503 +/- 0.064 0.0010 +/- 0.0001 

Sharp-tailed Grouse  20 4 4 0.553 +/- 0.111 0.0026 +/- 0.0006 

all 216 18 11 0.714 +/- 0.026 0.0078 +/- 0.0005 

PPWD1 351 Jackson Hole  35 2 3 0.548 +/- 0.051 0.0017 +/- 0.0002 

Gros Ventre 18 3 4 0.601 +/- 0.111 0.0020 +/- 0.0005 

Pinedale 20 3 4 0.742 +/- 0.051 0.0029 +/- 0.0004 

Powder River Basin 19 3 4 0.678 +/- 0.088 0.0031 +/- 0.0005 

Gunnison Sage-Grouse 19 0 1 0 +/- 0 0 +/- 0 

Lesser Prairie-Chicken 14 2 2 0.538 +/- 0.052 0.0031 +/- 0.0003 

Sharp-tailed Grouse  13 0 1 0 +/- 0 0 +/- 0 

all 138 16 8 0.823 +/- 0.016 0.0101 +/- 0.0010 
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VLDLR 520 Jackson Hole  35 2 3 0.644 +/- 0.043 0.0018 +/- 0.0001 

Gros Ventre 18 2 3 0.464 +/- 0.125 0.0010 +/- 0.0003 

Pinedale 19 3 4 0.591 +/- 0.088 0.0013 +/- 0.0003 

Powder River Basin 19 2 3 0.368 +/- 0.125 0.0007 +/- 0.0003 

Gunnison Sage-Grouse 16 3 2 0.525 +/- 0.055 0.0030 +/- 0.0003 

Lesser Prairie-Chicken 14 3 4 0.692 +/- 0.094 0.0018 +/- 0.0004 

Sharp-tailed Grouse  13 1 2 0.282 +/- 0.142 0.0005 +/- 0.0003 

all 134 15 11 0.828 +/- 0.022 0.0058 +/- 0.0005 

21589 580 Jackson Hole  35 2 3 0.518 +/- 0.063 0.0016 +/- 0.0002 

Gros Ventre 23 2 2 0.522 +/- 0.033 0.0018 +/- 0.0001 

Pinedale 23 3 3 0.482 +/- 0.102 0.0002 +/- 0.0004 

Powder River Basin 23 2 3 0.640 +/- 0.065 0.0016 +/- 0.0002 

Gunnison Sage-Grouse 19 0 1 0 +/- 0 0 +/- 0 

Lesser Prairie-Chicken 14 4 4 0.582 +/- 0.137 0.0020 +/- 0.0006 

Sharp-tailed Grouse  15 1 2 0.533 +/- 0.052 0.0009 +/- 0.0001 

all 152 20 11 0.765 +/- 0.025 0.0077 +/- 0.0007 

mtCRI 595 Jackson Hole  19 2 3 0.526 +/- 0.089 0.0009 +/- 0.0002 

Gros Ventre 15 27 5 0.079 +/- 0.066 0.0137 +/- 0.0045 

Pinedale 23 30 13 0.897 +/- 0.050 0.0233 +/- 0.0013 

Powder River Basin 23 26 8 0.850 +/- 0.045 0.0123 +/- 0.0037 

Gunnison Sage-Grouse 12 1 2 0.167 +/- 0.134 0.0003 +/- 0.0002 

Lesser Prairie-Chicken 9 17 6 0.833 +/- 0.127 0.0089 +/- 0.0023 

Sharp-tailed Grouse  9 6 4 0.833 +/- 0.080 0.0043 +/- 0.0005 

all 110 67 28 0.892 +/- 0.018 0.0339 +/- 0.0025 



75 

Chapter References 

Antao, T., Lopes, A., Lopes, R. J., Beja-Pereira, A., and Luikart, G. (2008). LOSITAN: a 
workbench to detect molecular adaptation based on a F ST-outlier method. BMC 
bioinformatics 9:1. 

Backström, N., Fagerberg, S., Ellegren. H., 2008. Genomics of natural bird populations: 
a gene-based set of reference markers evenly spread across the avian genome. 
Molecular Ecology 17:964-980. 

Backström, N., Brandström, M., Gustafsson, L., Qvarnstöm, A., Cheng, H., Ellegren, H., 
2006. Genetic mapping in a natural population of collared flycatchers (Ficedula 
albicollis): conserved synteny but gene order rearrangements on the avian z 
chromosome. Genetics 174:377-386. 

Ballard, J. W. O., and Whitlock, M. C. (2004). The incomplete natural history of 
mitochondria. Molecular Ecology 13:729-744. 

Bandelt, H. J., Forster, P., and Röhl, A. (1999). Median-joining networks for inferring 
intraspecific phylogenies. Molecular Biology and Evolution 16:37-48. 

Barry, P. D., and Tallmon, D. A. (2010). Genetic differentiation of a subspecies of 
spruce grouse (Falcipennis canadensis) in an endemism hotspot. The Auk 
127:617-625. 

Bateson, Z. W., Dunn, P. O., Hull, S. D., Henschen, A. E., Johnson, J. A., and 
Whittingham, L. A. (2014). Genetic restoration of a threatened population of 
greater prairie-chickens. Biological Conservation 174:12-19. 

Beaumont, M. A., Zhang, W., and Balding, D. J. (2002). Approximate Bayesian 
computation in population genetics. Genetics 162: 2025-2035. 

Benedict, N. G., Oyler-McCance, S. J., Taylor, S. E., Braun, C. E., and Quinn, T. W. 
(2003). Evaluation of the eastern (Centrocercus urophasianus urophasianus) and 
western (Centrocercus urophasianus phaios) subspecies of sage-grouse using 
mitochondrial control-region sequence data. Conservation Genetics 4:301-310. 

Blomqvist, D., Pauliny, A., Larsson, M., and Flodin, L. Å. (2010). Trapped in the 
extinction vortex? Strong genetic effects in a declining vertebrate population. 
BMC Evolutionary Biology 10: 1. 

Brooks, S. P., and Gelman, A. (1997). General methods for monitoring convergence of 
iterative simulations. Journal of Computational and Graphical Statistics 7:434-
455. 

Charlesworth, B. (2009). Effective population size and patterns of molecular evolution 
and variation. Nature Reviews Genetics 10:195-205. 



76 

Charlesworth, B. (2001). The effect of life-history and mode of inheritance on neutral 
genetic variability. Genetical Research 77:153-166. 

Chesser, R. K., and Baker, R. J. (1996). Effective sizes and dynamics of uniparentally 
and diparentally inherited genes. Genetics 144:1225-1235. 

Corl, A., and Ellegren, H. (2012). The genomic signature of sexual selection in the 
genetic diversity of the sex chromosomes and autosomes. Evolution 66:2138-
2149. 

Corl, A., and Ellegren, H. (2013). Sampling strategies for species trees: the effects on 
phylogenetic inference of the number of genes, number of individuals, and 
whether loci are mitochondrial, sex-linked, or autosomal. Molecular 
Phylogenetics and Evolution 67:358-366. 

Cornuet, J. M., Pudlo, P., Veyssier, J., Dehne-Garcia, A., Gautier, M., Leblois, R., 
Marin, J., and Estoup, A. (2014). DIYABC v2. 0: a software to make approximate 
Bayesian computation inferences about population history using single 
nucleotide polymorphism, DNA sequence and microsatellite data. Bioinformatics 
30: 1187-1189. 

Crandall, K. A., Bininda-Emonds, O. R., Mace, G. M., and Wayne, R. K. (2000). 
Considering evolutionary processes in conservation biology. Trends in Ecology 
and Evolution 15:290-295. 

Crist, M.R., Knick, S.T., and Hanser, S.E., 2015, Range-wide network of priority areas 
for Greater Sage-grouse—A design for conserving connected distributions or 
isolating individual zoos?: U.S. Geological Survey Open-File Report 2015-1158, 
34 p., http://dx.doi.org/10.3133/20151158. 

Crnokrak, P., and Barrett, S. C. (2002). Perspective: purging the genetic load: a review 
of the experimental evidence. Evolution 56:2347-2358. 

Cromley, C. M., and Cooperative, N. R. C. (2000). Historical elk migrations around 
Jackson Hole, Wyoming. Yale School of Forestry and Environmental Studies 
Bulletin 104: 53-65. 

Dinkins, J. B., Conover, M. R., Kirol, C. P., Beck, J. L., and Frey, S. N. (2014). Greater 
Sage-Grouse (Centrocercus urophasianus) select habitat based on avian 
predators, landscape composition, and anthropogenic features. The Condor 
116:629-642. 

Dunn, P. O., and Braun, C. E. (1985). Natal dispersal and lek fidelity of sage 
grouse. The Auk 621-627. 

Elgvin, T. O., Hermansen, J. S., Fijarczyk, A., Bonnet, T., Borge, T., Saether, S. A., 
Voje, K., Saetre, G. P. (2011). Hybrid speciation in sparrows II: a role for sex 
chromosomes? Molecular Ecology 20:3823-3837. 



77 

Ellegren, H. (2009). The different levels of genetic diversity in sex chromosomes and 
autosomes. Trends in Genetics 25:278-284. 

Fedy, B. C., Aldridge, C. L., Doherty, K. E., O'Donnell, M., Beck, J. L., Bedrosian, 
Holloran, M., Johnson, G., Kacsor, N., Kirol, C., Mandich, C. A., Marshall, D., 
McKee, G., Olson, C., Swanson, C., Walker, B. (2012). Interseasonal 

movements of greater sage‐grouse, migratory behavior, and an assessment of 
the core regions concept in Wyoming. The Journal of Wildlife 
Management 76:1062-1071. 

Fedy, B. C., Doherty, K. E., Aldridge, C. L., O'Donnell, M., Beck, J. L., Bedrosian, B., 
Gummer, D., Holloran, M., Johnson, G., Kaczor, N., Kirol, C., Mandich, C., 
Marshall, D., McKee, G., Olson, C., Pratt, A., Swanson, C., Walker, B. (2014). 
Habitat prioritization across large landscapes, multiple seasons, and novel areas: 

An example using greater sage‐grouse in Wyoming. Wildlife Monographs 190: 1-
39. 

Freeland, J., Kirk, H., and Petersen, S. (2011) Molecular Ecology, second edition. John 
Wiley and Sons, Ltd. West Sussex, UK. 

 Galla, S. J., and Johnson, J. A. (2015). Differential introgression and effective size of 
marker type influence phylogenetic inference of a recently divergent avian group 
(Phasianidae: Tympanuchus). Molecular Phylogenetics and Evolution 84:1-13. 

Garton, E. O., Connelly, J. W., Horne, J. S., Hagen, C. A., Moser, A., and Schroeder, M. 
A. (2011). Greater sage-grouse population dynamics and probability of 
persistence. Studies in Avian Biology 38, 293-381. 

Gelman, A., and Rubin, D. B. (1992). Inference from iterative simulation using multiple 
sequences. Statistical Science 457-472. 

Gonzalez, E. G., Cerón-Souza, I., Mateo, J. A., and Zardoya, R. (2014). Island 
survivors: population genetic structure and demography of the critically 
endangered giant lizard of La Gomera, Gallotia bravoana. BMC Genetics, 15: 
121. 

Hammerly, S. C., Morrow, M. E., and Johnson, J. A. (2013). A comparison of 

pedigree‐and DNA‐based measures for identifying inbreeding depression in the 

critically endangered Attwater's Prairie‐chicken. Molecular Ecology 22:5313-
5328. 

Höglund, J., Larsson, J. K., Jansman, H. A., and Segelbacher, G. (2007). Genetic 
variability in European black grouse (Tetrao tetrix). Conservation Genetics 8: 
239-243. 



78 

Huang, H., and Rabosky, D. L. (2015). Sex-linked genomic variation and its relationship 
to avian plumage dichromatism and sexual selection. BMC Evolutionary 
Biology 15: 199. 

Hudson, R. R., Kreitman, M., and Aguadé, M. (1987). A test of neutral molecular 
evolution based on nucleotide data. Genetics 116: 153-159. 

Hudson, R. R., Slatkin, M., and Maddison, W. P. (1992). Estimation of levels of gene 
flow from DNA sequence data. Genetics 132: 583-589. 

Johnson, J. A., Bellinger, M. R., Toepfer, J. E., and Dunn, P. (2004). Temporal changes 
in allele frequencies and low effective population size in greater 

prairie‐chickens. Molecular Ecology 13:2617-2630.  

Kimura, M., and Weiss, G. H. (1964). The stepping stone model of population structure 
and the decrease of genetic correlation with distance. Genetics 49:561. 

Knick, S., and Connelly, J. W. (Eds.). (2011). Greater sage-grouse: ecology and 
conservation of a landscape species and its habitats (Vol. 38). Univ of California 
Press. 

Landguth, E. L., Cushman, S. A., Schwartz, M. K., McKelvey, K. S., Murphy, M., and 
Luikart, G. (2010). Quantifying the lag time to detect barriers in landscape 
genetics. Molecular Ecology 19:4179-4191. 

Laporte, V., and Charlesworth, B. (2002). Effective population size and population 
subdivision in demographically structured populations. Genetics 162: 501-519. 

Leberg, P. L., and Firmin, B. D. (2008). Role of inbreeding depression and purging in 
captive breeding and restoration programmes. Molecular Ecology 17: 334-343. 

Lewis, P. O., and Zaykin, D. (2001). Genetic data analysis: computer program for the 
analysis of allelic data. 

Liberg, O., Andrén, H., Pedersen, H. C., Sand, H., Sejberg, D., Wabakken, P., Åkesson, 
M. and Bensch, S. (2005). Severe inbreeding depression in a wild wolf Canis 
lupus population. Biology Letters 1: 17-20. 

Librado, P., and Rozas, J. (2009). DnaSP v5: a software for comprehensive analysis of 
DNA polymorphism data. Bioinformatics 25:1451-1452. 

Losos, J. B., and Ricklefs, R. E. (2009). Adaptation and diversification on 
islands. Nature 457: 830-836. 

O’Grady, J. J., Brook, B. W., Reed, D. H., Ballou, J. D., Tonkyn, D. W., and Frankham, 
R. (2006). Realistic levels of inbreeding depression strongly affect extinction risk 
in wild populations. Biological Conservation 133: 42-51. 



79 

Oyler‐McCance, S. J., Kahn, N. W., Burnham, K. P., Braun, C. E., and Quinn, T. W. 

(1999). A population genetic comparison of large‐and small‐bodied sage grouse 
in Colorado using microsatellite and mitochondrial DNA markers. Molecular 
Ecology 8:1457-1465. 

Oyler-McCance, S. J., Taylor, S. E., and Quinn, T. W. (2005a). A multilocus population 

genetic survey of the greater sage‐grouse across their range. Molecular 
Ecology 14:1293-1310. 

Oyler-McCance, S. J., St. John, J., Taylor, S. E., Apa, A. D., and Quinn, T. W. (2005b). 
Population genetics of Gunnison Sage-grouse: implications for 
management. Journal of Wildlife Management, 69: 630-637. 

Oyler-McCance, S. J., Cornman, R. S., Jones, K. L., and Fike, J. A. (2015a). Genomic 
single-nucleotide polymorphisms confirm that Gunnison and Greater sage-
grouse are genetically well differentiated and that the Bi-State population is 
distinct. The Condor 117: 217-227. 

Oyler-McCance, S. J., Cornman, R. S., Jones, K. L., and Fike, J. A. (2015b). Z 
chromosome divergence, polymorphism and relative effective population size in 
a genus of lekking birds. Heredity 115: 452-459. 

Patterson, R. L. (1952). The sage grouse in Wyoming. Sage Books [for] Wyoming 
Game and Fish Commission. 

Paz Viñas I, Quéméré E, Chikhi L, Loot G, Blanchet S (2013b) The demographic history 
of populations experiencing asymmetric gene flow: combining simulated and 
empirical data. Molecular Ecology 22: 3279-3291.  

Paz Viñas I, Quéméré E, Chikhi L, Loot G, Blanchet S (2013a) Data from: The 
demographic history of populations experiencing asymmetric gene flow: 
combining simulated and empirical data. Dryad Digital Repository. 
http://dx.doi.org/10.5061/dryad.5sc31 

Persons, N. W., Hosner, P. A., Meiklejohn, K. A., Braun, E. L., and Kimball, R. T. 
(2016). Sorting out relationships among the grouse and ptarmigan using intron, 
mitochondrial, and ultra-conserved element sequences. Molecular Phylogenetics 
and Evolution (in press) 

Peters, J. L., Winker, K., Millam, K. C., Lavretsky, P., Kulikova, I., Wilson, R. E., 

Zhuravlev, Y., and McCracken, K. G. (2014). Mito‐nuclear discord in six 
congeneric lineages of Holarctic ducks (genus Anas). Molecular 
Ecology 23:2961-2974. 

Pool, J. E., and Nielsen, R. (2007). Population size changes reshape genomic patterns 
of diversity. Evolution 61:3001-3006. 

http://dx.doi.org/10.5061/dryad.5sc31


80 

Row, J. R., Oyler‐McCance, S. J., Fike, J. A., O'Donnell, M. S., Doherty, K. E., Aldridge, 
C. L., Bowen, Z., and Fedy, B. C. (2015). Landscape characteristics influencing 

the genetic structure of greater sage‐grouse within the stronghold of their range: 
a holistic modeling approach. Ecology and Evolution 5:1955-1969. 

Sawyer, H., Lindzey, F., and McWhirter, D. (2005). Mule deer and pronghorn migration 
in western Wyoming. Wildlife Society Bulletin, 33:1266-1273. 

Schroeder, M.A., Aldridge, C.L., Apa, A.D., Bohne, J.R., Braun, C.E., Bunnell, S.D, 
Connelly, J.W.,, Diebert, P.A., Gardner, S.C., Hilliard, M.A., Kobriger, G.D., 
McAdam, S.M., McCarthy, C.W., McCarthy, J.J., Mitchell, D.L., Rickerson, E.V., 
and Stiver, S.J. (2004). Distribution of sage-grouse in North America. The 
Condor, 106: 363-376. 

Schroeder, M. A., Shirk, A. J., Wells, A., and Robb, L. A. (2015) Habitat Occupancy and 
Movements by Greater Sage-Grouse in Washington State. 

Schulwitz, S., Bedrosian, B., and Johnson, J. A. (2014). Low neutral genetic diversity in 
isolated Greater Sage-Grouse (Centrocercus urophasianus) populations in 
northwest Wyoming. The Condor 116:560-573. 

Segelbacher, G., and Storch, I. (2002). Capercaillie in the Alps: genetic evidence of 
metapopulation structure and population decline. Molecular Ecology 11:1669-
1677 

Sousa, V., F. Penha, I. Pala, L. Chikhi and M. M. Coelho, 2010. Conservation genetics 
of a critically endangered Iberian minnow: evidence of population decline and 

extirpations. Animal Conservation 13:162‐171. 

Storz, J. F., and Beaumont, M. A. (2002). Testing for genetic evidence of population 
expansion and contraction: an empirical analysis of microsatellite DNA variation 
using a hierarchical Bayesian model. Evolution, 56: 154-166. 

Swindell, W. R., and Bouzat, J. L. (2006). Reduced inbreeding depression due to 
historical inbreeding in Drosophila melanogaster: evidence for purging. Journal of 
Evolutionary Biology 19:1257-1264. 

Tack, J. D., Naugle, D. E., Carlson, J. C., and Fargey, P. J. (2012). Greater sage-
grouse Centrocercus urophasianus migration links the USA and Canada: a 
biological basis for international prairie conservation. Oryx 46: 64-68. 

USFWS (2015). Federal Register 50 CFR Part 17. Endangered and Threatened Wildlife 
and Plants; 12-Month Finding on a Petition To List Greater Sage-Grouse 
(Centrocercus urophasianus) as an Endangered or Threatened Species: A 
Proposed Rule by the Fish and Wildlife Service on 10/02/2015. Document 
Citation: 80 FR 59857. Available at: https://federalregister.gov/a/2015-24292. 

https://www.federalregister.gov/agencies/fish-and-wildlife-service
https://www.federalregister.gov/articles/2015/10/02
https://federalregister.gov/a/2015-24292


81 

Whiteley, A. R., Fitzpatrick, S. W., Funk, W. C., and Tallmon, D. A. (2015). Genetic 
rescue to the rescue. Trends in Ecology and Evolution 30: 42-49. 

Wiley, R. H. (1974). Evolution of social organization and life-history patterns among 
grouse. Quarterly Review of Biology 201-227. 

Woerner, A. E., Cox, M. P., and Hammer, M. F. (2007). Recombination-filtered genomic 
datasets by information maximization. Bioinformatics 23:1851-1853. 

Wöss, M., and Zeiler, H. (2003). Building projects in Black Grouse habitats–assessment 
guidelines. Sylvia 39:87-96. 

Wright, A. E., Harrison, P. W., Zimmer, F., Montgomery, S. H., Pointer, M. A., and 
Mank, J. E. (2015). Variation in promiscuity and sexual selection drives avian 

rate of Faster‐Z evolution. Molecular Ecology 24:1218-1235. 

Wyoming Game and Fish Department. (2013). Greater sage-grouse job completion 
report: June 1, 2013- May 31, 2014. Available online: 
https://wgfd.wyo.gov/WGFD/media/content/PDF/Hunting/JCRS/JCR_SAGEGRO
USE_2013.pdf 

Zink, R. M. (2014). Comparison of patterns of genetic variation and demographic history 
in the Greater Sage-grouse (Centrocercus urophasianus): Relevance for 
conservation. The Open Ornithology Journal 7:19-29. 



82 

CHAPTER IV 

GENETIC DISTINCTIVENESS OF GALÁPAGOS SHORT-EARED OWL (Asio  

flammeus galapagoensis) ON FLOREANA ISLAND 

Introduction 

A high proportion of the recorded extinctions since 1400 have occurred on 

islands (68% of mammal and 82% of bird extinctions; Groombridge and Jenkins 2002) 

and many have been attributed to negative impacts caused by invasive species (Donlan 

et al. 2003). The impact of non-native invasive species on ecosystems in general is a 

major threat to biodiversity (Vitousek et al. 1997, Ricciardi 2007, Ehrenfeld 2010), and 

therefore, their eradication is advocated as a useful tool for conserving global 

biodiversity (Donlan et al. 2003). 

A minimum of 1,224 successful non-native species eradications on 808 islands 

worldwide have been documented, the majority (87%) of which have been vertebrate 

eradications (Glen et al. 2013). More recent eradication attempts have focused on 

larger islands that also possess increasing levels of biodiversity. Consequently, the 

likelihood that the actual eradication process of a non-native species may negatively 

impact a unique or endemic species has increased with island size, and care should be 

taken to identify any such species for mitigation prior to the eradication event. 

The Galápagos Islands are an oceanic archipelago located approximately 1,000 

km west of Ecuador with a rich history of biodiversity research. Unfortunately, however, 

a large number of non-native invasive species also exist on the islands, many of which 

are identified as a major threat to Galápagos’ endemic terrestrial biodiversity (Snell et 

al. 2002). Feral goat and pig populations have caused massive destruction to native 
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vegetation, and feral cats, rats, and dogs have depredated many naïve island endemics 

(Snell et al. 2002), together leading to the extinction of multiple Galápagos endemic 

species (Steadman 1986). 

Focused invasive species eradication campaigns in the Galápagos Islands 

began in 1999, and have successfully removed feral goats, pigs, and donkeys 

(Campbell et al. 2004, Cruz et al. 2005, Carrion et al. 2007, Cruz et al. 2009, Carrion et 

al. 2011). While feral cats and invasive rodents remain on many islands and continue to 

threaten native species, a few recent projects have successfully removed rats from 

several small islands throughout the archipelago (Harper and Carrion 2011). Because of 

their small size and increased reproductive rate, rodent eradication is very difficult in 

any environment. However, since 1961 with the removal of the invasive brown rat 

(Rattus norvegicus) from Maria Island in New Zealand, invasive rats have been 

eradicated from over 580 islands (Keitt et al. 2015). 

Plans currently exist to initiate the eradication of invasive rodents and feral cats 

from the sixth largest island in the Galápagos, Floreana Island (17,125 ha; Figure 4.1) in 

2018. The eradication effort will involve the aerial application of coumarin-based 2nd 

generation anticoagulant bait (i.e., Brodifacoum) throughout the island (Island 

Conservation 2013). The Galápagos Short-eared Owl (Asio flammeus galapagoensis) is 

the only native vertebrate predator currently on Floreana Island and was identified as a 

species that may require mitigation to avoid indirect poisoning. 

The Galápagos Short-eared Owl, however, resides on multiple islands in the 

Galápagos, and it is not known to what degree the owl populations are isolated. 

Therefore, before efforts are made to trap and maintain owls in captivity during the 
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poisoning phase of the project, it is advisable to determine whether the Floreana owl 

population is isolated from neighboring islands and therefore incapable of repopulating 

the island naturally if negatively impacted by the poison bait. Similarly, if the Floreana 

Island population is isolated from neighboring populations, it may possess unique 

adaptations depending on its level of divergence and require additional protection. 

The overall objective of this study is to determine the genetic distinctiveness of 

the Short-eared Owl population on Floreana Island to provide recommendations for how 

best to manage the population during rodent and feral cat eradication. We applied 

molecular methods to identify the evolutionary history of Galápagos Short-eared Owl 

using mtDNA control region sequence data and I also used microsatellite DNA to 

explore connectivity (or gene flow) between neighboring populations with Floreana 

Island. The results of this study will provide managers with information that will allow 

them to determine if Short-eared Owls on Floreana Island should be held in captivity 

during rodenticide application. 

 

Methods 

Sampling and DNA extraction 

Museum samples 

Toe pads were collected from preserved museum specimens at the California 

Academy of Sciences, American Museum of Natural History, and the Museum of 

Comparative Zoology (Table C.1). Samples from the Galápagos subspecies (A. f. 

galapagoensis, n=31) were originally collected from nine of the Galápagos Islands 

between 1891 and 1933. Toe pad tissues from the mainland Ecuador subspecies (A. f. 
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bogotensis, n=6; see Table C.1) from between 1913 and 1922 were also sampled for 

comparative purposes. 

Genomic DNA from toe pad samples was extracted in batches of ten or fewer 

samples according to methods described elsewhere (Bellinger et al. 2003, Johnson et 

al. 2003, 2004, 2007). All museum toe pad extractions and PCR preparations were 

conducted in a facility exclusively reserved for ancient DNA work at the University of 

North Texas. To prevent contamination, no contemporary samples or equipment used 

with contemporary DNA are permitted in the designated ancient DNA lab. 

Contemporary samples 

Short-eared Owls were trapped May through September 2014 primarily using 

Bal-chatri traps with black rat as lure (Berger and Mueller, 1959). Birds were trapped on 

Santa Cruz (n=26), Plaza Sur (satellite of Santa Cruz, n=1; grouped with Santa Cruz 

samples hereafter), Floreana (n=23), and Isabela (n=3). All trapped birds were banded 

with a unique alphanumeric band and morphometric data were collected, including 

weight, bill length, bill height, bill width, tail length, wing cord, and tarsus. Blood was 

collected by puncturing the ulnar vein with a 26-gauge needle, and stored in Queen’s 

lysis buffer until DNA extraction. In addition, fresh muscle tissue was opportunistically 

sampled from a salvaged Short-eared Owl in north Texas, USA (subspecies A. f. 

flammeus). Muscle was stored at -20°C. DNA was extracted from blood and fresh tissue 

samples using QIAGEN DNeasy Blood and Tissue kit according to manufacturer’s 

protocol. 
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Sequencing and genotyping 

Mitochondrial DNA 

For all contemporary samples, I amplified ND6, tRNA-Glu and mtDNA domain I 

and part of domain II using PCR with primers N1 and D16 (Barrowclough et al. 1999). 

Each 10 μL reaction contained 2 μL of extracted DNA and final concentrations of 1x 

GoTaq Flexi PCR Buffer, 1.5 mM MgCl2, 1.0 μM each primer, 0.4 mM total dNTPs, and 

0.1 μL of GoTaq Flexi DNA Polymerase (Promega). Following a 2 min 94°C hot start, 

each PCR consisted of 35 cycles of 94°C (30 s), 50°C (30 s), and 72°C (60 s), followed 

by a 10 min final extension at 72°C. In addition, I amplified the ND2 region for the Short-

eared Owl sampled in Texas and a subset of eleven contemporary Galápagos samples 

(Santa Cruz, n=6; Floreana, n=5) using primers L5219 and H6313 (Sorenson et al. 

1999). Each 25-μL reaction contained 2 μL of extracted DNA and final concentrations of 

1x GoTaq Flexi PCR Buffer, 2.5 mM MgCl2, 0.5 μM each primer, 0.4 mM total dNTPs, 

and 0.25 μL of GoTaq Flexi DNA Polymerase. Following a 2 min 94°C hot start, each 

PCR consisted of 35 cycles of 94°C (15 s), 55°C (20 s), and 72°C (60 s), followed by a 

10 min final extension at 72°C. 

The mitochondrial control region was sequenced in both directions for all 

contemporary samples using a nested primer approach with L16758 modified from 

Sorenson et al. (1999) for Short-eared Owl (see Table C.2) and D16. In addition, I 

sequenced ND6 and tRNA-Glu for eleven contemporary Santa Cruz individuals using 

the N1 primer and ND2 in both directions with the same primers used for PCR reaction. 

Mitochondrial samples were sequenced using ABI BigDye Terminator chemistry and run 

on an ABI 3130xl automated sequencer. 
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The contemporary mtDNA control region sequences were used to design internal 

primer sets (Table C.2) for amplifying aDNA samples of smaller fragment size. Primers 

were designed using Primer3web version 4.0.0 (Koressaar and Remm 2007, 

Untergrasser et al. 2012) to produce short (i.e., 200-250 bp) overlapping (i.e., by 20-30 

bp) sequences that collectively covered the mitochondrial control region I and part of 

region II. 

During PCR preparation with aDNA samples, I followed precautions to prevent 

contamination with contemporary DNA (Shapiro and Hofrieter 2014). Specifically, PCR 

reactions were prepared in a facility designated for aDNA use and in a laminar flow 

hood that, before and after each use, was both exposed to UV light for 10+ minutes and 

cleaned with a bleach solution and/or soapy water. Additionally, PCRs were performed 

in small batches (n < 6 samples), each in individual PCR tubes. Blank controls were 

included in all reaction sets. 

PCR reactions contained 4 μL of extracted aDNA in a final volume of 25 μL. 

Reactions had final concentrations of 1x High Fidelity PCR Buffer, 2.0 mM MgSO4, 0.5 

μM each primer, 0.8 mM total dNTPs, and 0.1 μL of Platinum Taq DNA Polymerase 

High Fidelity (Life Technologies). Following a 2 min 94°C hot start, each PCR consisted 

of 40 cycles of 94°C (15 s), primer specific annealing temperature (30 s; see Table C.2), 

and 68°C (60 s), followed by a 5-min final extension at 68°C. Some of the more highly 

degraded samples required PCR with all 10 overlapping primer sets, while, for less 

degraded samples, forward and reverse internal primers were paired to create longer 

fragments. 
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We also included in our analyses corresponding regions from the complete 

mtDNA genome for a Short-eared Owl from Anhui province, China (A. f. flammeus; 

Zhang et al. 2015; GenBank accession: NC_027606.1). 

 

Microsatellite DNA 

Using contemporary samples, I screened sixteen microsatellite loci previously 

shown to amplify for A. f. flammeus (i.e., SneA012, SneA004, SneA127, Oe3-7.1, 

Oe054.1, Oe128.1, BUOW16.1, FEPO43.1, and HRU2, Dial et al. 2012; Oe053, Tgu06, 

GgaRBG18, TG13-016-Tal, BOOW19-Tal, TG04-061, and FEPO42-Tal, Klein et al. 

2009). Loci were originally designed for use with other avian species (e.g., Korfanta et 

al. 2002, Hsu et al. 2003, Koopman et al. 2004, Proudfoot et al. 2005, Hull et al. 2008).  

Polymerase chain reactions using contemporary samples were optimized for use 

with A. f. galapagoensis. Each 10-μL reaction contained 2 μL of extracted DNA and final 

concentrations of 1x GoTaq Flexi PCR Buffer, 2.5 mM MgCl2 (2.0 mM for Tgu06 and 3.0 

mM for TG13-016-Tal and BOOW19-Tal), 0.5 μM each primer, 0.4 mM total dNTPs, and 

0.1 μL of GoTaq Flexi DNA Polymerase (Promega). Following a 3-min hot start at 94°C, 

each PCR consisted of 34 cycles of 94°C (30 s), specified annealing temperature (30 s), 

and 72°C (30 s), followed by a 10-min final extension at 72°C. Annealing temperatures 

were 52°C (GgaRBG18), 53°C (SneA127, Oe3-7.1, Oe054.1, and Oe128.1), 58°C 

(Tgu06), and 62°C (Oe053). The annealing temperature for all remaining loci was 56°C. 

We genotyped each amplified product using a 3130xl Applied Biosystems Genetic 

Analyzer and analyzed results using the program GeneMarker v.1.6 (SoftGenetics). 
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Statistical Analysis 

Mitochondrial DNA 

Genetic diversity indices, including number of segregating sites (S) number of 

haplotypes (h), haplotype diversity (Hd), average number of differences (K), and 

nucleotide diversity (π), were calculated for subspecies as well as for islands with four 

or more samples in DNAsp v. 5.10.01. To visualize the phylogenetic relationships 

among sampled taxon, I constructed a median-joining haplotype network for the control 

region sequence data using the program Network v.4.610 (www.fluxus-

engineering.com; Bandelt et al. 1999). To assess genetic differentiation between 

subspecies and also between island populations within the Galápagos, pairwise φst 

using the Tamura and Nei (1993) distance method were calculated in Arlequin v. 3.11 

(Excoffier et al. 2005) with 10,000 permutations. Significant population differentiation 

was assessed using an exact test of sample differentiation with a Markov chain of 

100,000 steps in Arlequin v. 3.11. Average pairwise genetic distances between 

subspecies and also between island populations were calculated between groups using 

the Kimura 2-parameter model in MEGA version 5.10 (Tamura et al. 2011). We 

calculated standard error using a bootstrap resampling with 500 replicates. 

Estimated divergence times between A. f. flammeus (using the Anhui sequence) 

and A. f. galapagoensis was calculated based on differences found in the protein-coding 

regions (i.e., ND6, tRNA-Glu, and the forward sequence of ND2) using four substitution 

rate estimates for mtDNA protein coding regions. Specifically, I included an estimate 

based on the widely used divergence rate of 0.02 substitutions per site per million years 

for comparison with other published studies. We also used the higher rate estimated for 
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synonymous substitutions in protein-coding bird mtDNA of 0.073 substitutions per site 

per million years similar to previous studies for other owl species (Pelligrino et al. 2014, 

Subramanian et al. 2009). Finally, I used the 95% highest posterior density around the 

estimate of 0.025-0.123 substitutions per site per million years as described elsewhere 

(Subramanian et al. 2009). Divergence times were estimated using the equation μ=Lλt 

(Bruan and Kimball 1999), where μ is the number of nucleotide substitutions during a 

specified time period, L is the sequence length in bp, λ is the mean rate of nucleotide 

substitutions in substitutions per site per year, and t is the time period considered in 

years. We calculated time for mtDNA protein coding regions individually and as a single 

concatenated sequence. 

Microsatellites 

 We tested microsatellite genotypes for linkage disequilibrium and departure from 

Hardy Weinberg Equilibrium (HWE) with each population and locus using the program 

GDA v. 1.1 (Lewis and Zaykin 2001). Sequential Bonferroni corrections were used to 

correct for multiple simultaneous comparisons (Rice 1989). For the Floreana and Santa 

Cruz populations, percentage of polymorphic loci (P), mean number of alleles per locus 

(A), number of private alleles, and observed (Ho) and expected (He) heterozygosity were 

calculated using GDA. Allelic richness (AR) provides an estimate of allelic diversity 

while controlling for differences in population sample size, and was calculated with 

FSTAT v. 2.9.3.2 (Goudet 1995, Leberg 2002). Due to small sample size, these were 

not calculated for Isabela population or the Texas sample. 



91 

Overall genetic differentiation using global FST was assessed in Arlequin v. 3.11 

(Excoffier et al. 2005) using the method of Weir and Cockerham (1984). Significance 

was assessed with 10,000 permutations. We calculated two global FST values with the 

Galápagos Short-eared Owl samples with and without the Short-eared Owl sample from 

Texas. Only polymorphic loci were used in the estimate (n=12 and 8 loci with and 

without the Texas sample, respectively). To assess genetic differentiation between 

island populations, I calculated pairwise FST as implemented in Arlequin. We assessed 

the p-value of FST using 1,000 permutations among populations with Fisher’s exact test. 

Additionally, I used the Bayesian assignment method of Pritchard et al. (2000) as 

implemented in STRUCTURE v. 2.3.2. This method determines the most likely number of 

genetically distinct clusters (K) based on maximizing HWE and linkage equilibrium 

among sampled individuals. The method assigns each individual a probability of 

belonging to each of the detected clusters. Each simulation was performed 20 times for 

K=1 to 6 using a burn-in of 100,000 followed by 500,000 iterations while allowing for 

admixture and an individual alpha for each locus. Analyses were also conducted using 

the LOCPRIOR model that allows for prior sampling location information to maximize 

population assignment (Hubisz et al. 2009). The number of genetic clusters was 

determined using the ΔK method (Evanno et al. 2005) implemented in STRUCTURE

HARVESTER web v0.6.94 (Earl and vonHoldt 2012) as well as the method proposed by 

Pritchard et al. (2000). We used the programs CLUMPP (Jakobsson and Rosenberg 

2007) to compile replicate runs from STRUCTURE and DISTRUCT V 1.1 (Rosenberg 2004)

to visualize results. 
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To estimate rates and direction of recent migration, I used the program BayesAss 

v. 3.0.3 (Wilson and Rannala 2003). Mixing rates were adjusted according to user's 

manual to obtain acceptance rates between 20% and 60%. Specifically, delta values for 

migration rates, allele frequencies, and inbreeding were 0.15, 0.30, and 0.45. The 

program was performed with a burn-in of 1x106 generations and 2x107 iterations and 

sampling frequency of 2,000. To ensure consistent estimates, I performed ten runs with 

different starting seeds. To select the run with the best fit, I calculated the Bayesian 

deviance from the trace file produced by BayesAss and report the run with the lowest 

value (Faubet et al. 2007, Meirmans 2014). 

 

Morphometric data 

Equality of variance for bill height, bill width, bill length, and tarsus was tested for 

Floreana and Santa Cruz individuals in SPSS. Non-parametric Mann-Whitney U tests 

were performed to determine if differences existed for these morphometric measures 

between island the two island populations. 

 

Results 

Mitochondrial DNA 

A total of 433 base pairs from the mtDNA control region were obtained for 85 

individuals representing A. f. flammeus (n=1), A. f. galapagoensis (n=78), and A. f. 

bogotensis (n=6). When comparing all samples including the Short-eared Owl from 

China (Zhang et al. 2015), a total of 52 variable sites were observed resulting in a total 
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of ten haplotypes (Figure 4.1; Table C.1 and C.3). Unique haplotypes were deposited in 

GenBank (accession numbers: x-y). 

No control region haplotypes were shared among sampling locations with the 

exception of those among the Galápagos Islands. Five control region haplotypes were 

identified for A. f. galapagoensis in the Galápagos, four of which were observed in both 

museum and contemporary samples (Figure 4.1; Table 4.1). The fifth haplotype was 

shared by two contemporary Santa Cruz samples. Three haplotypes were identified 

from the A. f. bogotensis samples in mainland Ecuador and possessed fewer base pair 

substitution differences with A. f. galapagoensis than the two A. f. flammeus samples 

collected in China and Texas (Figure 4.1). Accordingly, pairwise φST values, pairwise 

genetic distance, and the median-joining haplotype network showed strong 

differentiation between the three subspecies (Table 4.2, Figure 4.1); however, most 

likely due to small sample sizes the φST value for A. f. flammeus and A. f. bogotensis 

was not statistically significant (Table 4.2). 

Within A. f. galapagoensis, the majority of the control region haplotypes were 

shared among several islands and most islands had three or more haplotypes. 

Accordingly, pairwise φST values and pairwise genetic distance between islands were 

low and not significantly different from zero (Table 4.3), suggesting little mtDNA 

differentiation among Galápagos Short-eared Owl populations on different islands. 

Only a partial sequence was obtained for ND2 with the Galápagos and Texas 

samples (880 and 705 base pairs total, respectively) where an internal region of ~141 

bp was not sequenced. Within Galápagos samples, ND2 sequences were identical. The 

Texas ND2 sequence was identical to the published China sequence. Between 
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subspecies, there were 25 base pair differences within the 705 base pair region for 

which I had overlapping coverage for both subspecies. 

For ND6 and adjacent tRNA-Glu region (598 bp), no nucleotide differences were 

observed between the eleven Galápagos samples (Table C.3). Of 595 bp compared to 

the China sequence, thirteen nucleotide differences were identified. Divergence time 

between A. f. flammeus (China) and A. f. galapagoensis (Galápagos) based on 

comparison of 1,346 bp across the three protein-coding regions was estimated to be 

between 260,000 and 1.6 million years (Table 4.4).  

 

Microsatellites 

Loci HRU2 and FEPO42-Tal failed to amplify with the Short-eared Owl samples. 

BOOW19 and GgaRBG18 were monomorphic among all samples, while, SneA004, 

SneA127, BUOW16.1, and TG04-061 were monomorphic among the Galápagos 

samples. Of the eight loci that were polymorphic among Galápagos samples, TG13-016 

was a single nucleotide repeat (see also Klein et al. 2009) and SneA012, Tgu06 and 

Oe054 (but see Dial et al. 2012) were dinucleotide repeats; all remaining loci were 

tetranucleotide repeats. 

Among Galápagos Island samples, Floreana had reduced genetic diversity 

compared with Santa Cruz samples (Table 4.5). When considering only Santa Cruz and 

Floreana populations, there were two private alleles in the Floreana population and 

twelve private alleles in the Santa Cruz population (Table 4.5). Of the 52 total alleles 

across twelve loci and including the Texas sample, there were nine private alleles for 

the Texas sample. 
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Global FST based on all samples and twelve loci was moderate at 0.084 and 

highly significant (p<0.00001). In contrast to the mtDNA control region analyses, the 

global FST among Galápagos Island populations based on microsatellite data using 

eight polymorphic loci was low/moderate at 0.029, but statistically significant (p=0.0110 

+ 0.00103). Pairwise FST was significant between Floreana and Santa Cruz (FST = 

0.0226, p=0.0086+ 0.0007) and between Floreana and Isabela (FST = 0.119, p=0.0089 + 

0.0008), but not between Santa Cruz and Isabela (FST = 0.0081, p=0.410 + 0.0041). 

STRUCTURE analyses identified two genetic clusters (K=2) based on the log 

likelihood values and Evanno’s (2005) ΔK method. All Floreana individuals were 

assigned with high likelihood to a single genetic cluster. However, many individuals from 

Santa Cruz were also assigned to the same cluster as the Floreana birds, but many 

were also assigned as admixed individuals or with high likelihood to a second genetic 

cluster. 

Migration estimates from all ten BayesAss runs were highly consistent, with 

estimates deviating by 0.01 or less between runs. BayesAss results indicate a high 

proportion of individuals from Floreana were derived from Floreana (mean + s.d. from 

run with highest Bayesian deviance, 0.9856 + 0.0139; Table 4.6), with little 

contemporary migration into Floreana from Santa Cruz (0.0144 + 0.0139). Alternatively, 

a lower proportion of individuals from Santa Cruz were derived from Santa Cruz (0.6899 

+ 0.0172), and migration rates from Floreana into Santa Cruz were higher than in the 

opposite direction (0.3101 + 0.0172; Table 4.6). 
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Morphometric Data 

Significant differences existed for several morphometric measurements between 

adult Short-eared Owls from Floreana (n=17) and Santa Cruz (n=23; Figure 4.3). Bill 

length (Mann-Whitney test, U=100, 2 sided p=0.009), width (U=90.5, 2 sided p=0.004), 

and height (U=31.5, 2 sided p<0.001) were significantly different between the two island 

populations. Much of the difference was due to a narrower range of variation in bill 

measurements among individuals on Floreana (length, width, height mean + s.d., 30.8 + 

0.74, 10.7 + 0.83, 15.2 + 0.48) compared to Santa Cruz (28.7 + 2.11, 9.1 + 1.66, 12.2 + 

1.93). Indeed, variance was highly significantly different between measurements from 

Floreana and Santa Cruz individuals for bill length (Levene’s test for equality of error 

variance; F=20.4, p<0.0001), width (F=15.2, p<0.0001), and height (F=40.0, p<0.0001). 

Variance was not different for tarsus (Levene’s test for equality of error variance; F=2.7, 

p=0.107), but tarsus was significantly different between islands with larger tarsi for 

Santa Cruz individuals (Mann-Whitney test, U=307, 2 sided p=0.002; Figure 4.3). 

 

Discussion  

Within the Galápagos, Short-eared Owls have been recorded on all major islands 

except Wolf (Harris 1973, De Groot 1983), but until now there have been no genetic 

studies to elucidate differences between island populations. Genetic and morphometric 

evidence presented here provide no evidence to suggest that gene flow exists to 

Floreana from the closest large population in Santa Cruz among these contemporary 

populations. 
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While mitochondrial control region data fail to show genetic differentiation 

between islands, microsatellite data showed evidence of genetic differentiation between 

the Floreana and Santa Cruz populations. Specifically, Floreana individuals represent 

only one genetic cluster, while Santa Cruz possessed mixed individuals with some 

assigned to the same genetic cluster as those from the Floreana cluster and others 

assigned to a separate genetic cluster or possess admixed assignment (Figure 4.2). 

Floreana displayed reduced microsatellite genetic diversity compared with Santa Cruz. 

As other studies have found that increased habitat isolation or fragmentation is 

associated with increased genetic structure and reduced genetic diversity across bird 

populations (e.g., Segelbacher et al. 2003, Lindsay et al. 2008), these results indicate 

that the Floreana population may experience minimal, if any, gene flow from its nearest 

neighboring large population in Santa Cruz. 

The contrasting pattern observed between the two marker sets (mtDNA and 

microsatellite) is most likely due to differences in mutation rate. While fixed differences 

exist between Short-eared Owl subspecies, mtDNA haplotypes were shared among the 

sampled islands. This pattern is likely due to incomplete lineage sorting and ancestral 

polymorphism where more slowly evolving gene regions (i.e., mtDNA) persist for longer 

periods of time among isolated populations compared to genomic regions with higher 

mutation rates (i.e., microsatellites). Due to the comparatively slower mutation rate, 

mitochondrial DNA has been the marker choice for phylogeography studies concerned 

with historic processes that shaped genetic structure (e.g., Nicholls and Austin 2005, 

Ursenbacher et al. 2006, Höglund et al. 2009), while microsatellites have been the 

marker choice for population genetics studies concerned with how contemporary 
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processes affect genetic structure (e.g., Noël et al. 2007, Kempf et al. 2009, Delany et 

al. 2010, also see Wang 2010). As such, inconsistencies between mtDNA and 

microsatellite signals is not uncommon in taxa that are recently divergent (e.g., Angers 

and Bernatchez 1998, Johnson et al. 2003, Kempf et al. 2009, Farrington et al. 2014).  

In addition to the structure and genetic diversity results, contemporary migration 

estimates based on microsatellite data (BayesAss) indicate asymmetric gene flow from 

Floreana to Santa Cruz but not vice versa. While the point estimate for these rates 

should be treated with caution for reasons explained in Meirmans (2014), the 

consistency across runs and overall trend of asymmetric migration rates lends evidence 

that Floreana may act as a source population, receiving little influx of new individuals 

but providing occasional emigration of individuals to other islands. Evidence does exist 

for infrequent inter-island dispersal. During this study a male that was banded as an 

adult in Floreana in August 2014 was observed once the following May on Isabela, 

more than 50 km away. During the 1970s, De Vries claimed (via personal 

communication with authors) that a Short-eared Owl banded on Sante Fe was 

recaptured 68 km to the southwest on Floreana (Grant et al. 1975). Additionally, owl 

pellet collected on Daphne contained remains of prey items (cuckoos, mice, rats, 

wading birds, and a finch) that did not occur on Daphne, so the owl must have hunted 

elsewhere, the closest possibilities being Baltra and Santa Cruz, both approximately 8 

km away (Grant et al. 1975). Further, Harris (1973) stated that Short-eared Owls were 

commonly seen on small islands with nesting seabirds but not known to nest in such 

areas. These examples highlight that Galápagos Short-eared Owls are willing to fly over 

water, however, the variation in flight distance and frequency is unknown. 
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During this study, I also show that there are morphometric differences between 

Floreana and Santa Cruz adults. Specifically, the Floreana population had significantly 

smaller tarsi than the Santa Cruz population and possessed a significantly smaller 

range in bill size for all measurements (i.e., length, width, height) so their average size 

was comparable to the upper range of Santa Cruz owl bill sizes. These differences in 

morphological size and variation provide further evidence to suggest that there may be 

asymmetric dispersal from Floreana to Santa Cruz but that the two are probably not 

freely breeding populations. 

Anecdotally, when recorded calls from Santa Cruz were used during this study to 

attract owls to trap on Floreana, the recordings were unsuccessful in attracting owls to 

the traps. In contrast, however, recordings made from owls on Floreana were 

successful in attracting birds to traps on the island. A more systematic investigation 

using a reciprocal design is warranted to explore how call recordings influence behavior 

on both islands. Grant and Grant (2002) suggested that process of allopatric speciation 

on separate Galápagos islands had led to finch song divergence and was acting as a 

premating barrier to gene exchange between individuals from different islands. For 

example, in several Darwin’s finch species (Geospiza spp.), individuals responded 

significantly more aggressively to playback recorded from local conspecifics compared 

to conspecifics from other islands (Ratciliffe and Grant 1985, Grant and Grant 2002) or 

even from other locations on the same island (Podos 2007). Though song development 

may be innate rather than learned in Short-eared Owls (Clark 1975, Wiggins et al. 2006) 

as compared to passerines, the importance of song to the Short-eared Owl courtship 
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process (Wiggins et al. 2006) may also be sufficient to act as a pre-zygotic barrier 

following divergence. 

Furthermore, evidence exists for divergence in hunting behavior by island. First, 

Short-eared Owl hunting behavior on different islands depends on the presence or 

absence of the two other native raptors, the Galápagos Hawk (Buteo galapagoensis) 

and Barn Owl (Tyto alba, De Vries 1973, De Groot 1983). Where all three species occur 

(n. Isabela, Santiago, Santa Cruz), the hawk is the dominant diurnal hunter, Barn Owl is 

nocturnal, and the Short-eared Owl is present in relatively small numbers and rarely 

seen during the day (De Vries 1973, De Groot 1983, Bollmer et al. 2006). Where only 

the Short-eared Owl and Galápagos Hawk co-occur (Pinta, Marchena, Pinzon, Sante 

Fe, and Española), the owl is strictly nocturnal and is aggressively attacked by the hawk 

if seen during the day (De Vries 1973, Bollmer et al. 2006, David Anderson pers. comm. 

2015). In the absence of the hawk and Barn Owl, the Short-eared Owl is crepuscular or 

diurnal, as currently observed on Floreana (De Groot 1983). Recent morphology studies 

have found that differences in owl activity patterns (i.e., diurnal, crepuscular, or 

nocturnal) are associated with significant differences in eye shape and other eye-

morphology indices across bird taxa (i.e., 492 non-passerine species; Hall and Ross 

2007) and across nine owl species (including crepuscular Short-eared Owls; Lisney et 

al. 2012, Hall and Ross 2007). Such findings indicate that a genetic mechanism may 

underlie daily active periods in birds. Whether this pattern holds within species, such as 

the closely related island populations of Galápagos Short-eared Owl, is unknown but 

deserves investigation. 



 101 

The Galápagos Islands are replete with examples of the process of evolution. 

Bird species show varying degrees of genetic, morphologic, and behavioral 

differentiation across the Galápagos. For example, the mockingbird experienced 

adaptive radiation from a single colonization event that led to four distinct species 

(Arbogast 2006). Five ground finch (Geospiza spp.) species exhibit incomplete lineage 

sorting whereby on centrally located islands, the species’ showed strong genetic 

distinction but on peripheral islands, co-occurring species showed near-complete 

admixture (Farrington et al. 2014). The Sharp-beaked Ground Finch (Geospiza difficilis) 

was shown to represent a distinct clade of ground finch (Farrington et al. 2014) and 

exhibited genetic differences that were associated with both geographic distance and 

morphological differentiation (Grant et al. 2000). Across islands, the Galápagos Hawk 

showed genetic differentiation (Bollmer et al. 2005), morphological differences, and 

even mating system variation (i.e., ranging from monogamous to polyandrous; Bollmer 

et al. 2003). For the Galápagos Dove (Zenaida galapagoensis), morphological 

differentiation existed in the presence of gene flow and was attributed to habitat 

differences and/or phenotypic plasticity on islands (Santiago et al. 2006). To this, I may 

add that the Floreana population of the Galápagos Short-eared Owl exhibits genetic and 

morphological differences from its largest neighboring population. 

 

Conservation Implications 

Taken together, this data suggest that there may be asymmetric gene flow from 

Floreana to Santa Cruz. For example, some Santa Cruz individuals are similar, in 

genetics and/or morphometric characteristics, to the Floreana population but not vice 
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versa. Additionally, there are several private alleles predominantly within Santa Cruz’s 

unique genetic cluster that are not observed in Floreana individuals, and there are few 

private alleles within the Floreana population. There is no evidence to suggest that 

Floreana receives gene flow from Santa Cruz. Accordingly and from a precautionary 

perspective, I recommend that conservation managers treat the Floreana population as 

a source population, whereby individuals emigrate from Floreana more often than 

individuals immigrate to the island. Floreana is one of the most geographically isolated 

of the large islands, being separated by nearly 50 km or more from any neighbor, while 

most other islands have a large neighbor less than 20 km away. Given the geographical 

relationship among islands, characterizing Floreana as a source population makes 

biological sense. A possible recent contributor to this pattern may be that historic gene 

flow from Santa Cruz may have existed but that the precipitous population decline 

observed on Santa Cruz during the past two decades (Campbell, pers. observation), 

may have relieved propagule pressure from Santa Cruz to Floreana. 

Given that Floreana population of Short-eared Owl is unlikely to receive frequent 

immigrants it may be ill-advised for conservation professionals to rely on natural 

migration to reestablish a population following the rodenticide application planned for 

2018. Allowing extirpation of the Floreana population risks the loss of adaptations to 

Floreana Island and associated genetic diversity. Alternatively, holding owls in captivity 

during the risk period (on the order of two to six months), would ensure that at least 

some of the genetic diversity and adaptations to Floreana be retained within the 

Galápagos Short-eared Owl population. Galápagos National Park and their partners 

have extensive experience successfully holding raptors in captivity and releasing 
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individuals back to the wild. For example, in 2011 Galápagos National Park held twenty 

Galápagos hawks in captivity in a temporary aviary for six-weeks during a rodent 

eradication on Rábida, Bartolomé and Bainbridge islands. Afterward, all birds were 

released, many with improved body condition. 

In addition to these specific recommendations for the Floreana population of the 

Galápagos Short-eared Owl, this study has important taxonomic implications for the 

Short-eared Owls species complex, in general. Globally, ten subspecies have been 

identified based on differences in morphological and plumage characteristics, but this is 

the first study to show genetic distinctiveness between separate sub-species. 

Specifically, I confirm strong genetic differentiation between A. f. flammeus, A. f. 

bogotensis, and A. f. galapagoensis. Several studies have suggested that the 

systematics of this group be revised and that some subspecies be elevated to species 

status (e.g., Hoffman et al. 1999, Garrido 2007), particularly the Galápagos subspecies 

due to differences in diet, morphology, plumage, and behavior (Beebe 1923, DeGroot 

1983, Johnsgard et al. 1976, Garrido 2007, König and Weick 2008). We show that 

divergence dates between the Galápagos and North American subspecies are probably 

much greater than divergence dates between the Galápagos Hawk and its mainland 

counterpart, the Swainson’s Hawk (B. swainsoni; Bollmer 2006). Specifically, I estimate 

A. f. galapagoensis and A. f. flammeus spilt 260,000-1.6 million years ago. Bollmer et al. 

(2006) estimated B. galapagoensis and B. swainsoni split 51,000-254,000 years ago. 

Therefore, I also provide the first genetic warrant to reconsider that Galápagos and 

North American subspecies share a single species designation. These results should be 
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considered in future revisions of the A. flammeus complex. Further work is warranted to 

elucidate genetic relationships among the other subspecies in this group.
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Figure 4.1. Median-joining haplotype network based on 433 bp sequenced from the mitochondrial control region I from 
three subspecies (Asio flammeus flammeus, A. f. bogotensis, A. f. galapagoensis) of Short-eared Owl. Circles represent 
unique haplotypes and the size of the circle corresponds to the number of individuals sharing a haplotype (sample size 
also indicated). Colors correspond to geographic location where individuals were sampled and correspond to the map 
colors on the inset maps. Nucleotide substitutions indicated with hash marks or stated.

Anhui Province

Texas

n=2

n=1

n=3

n=1

n=47

n=17

n=2

n=7
n=4

Sante Fé
San Cristóbol

Española

Floreana

Santa Cruz

Isabela

Pinzón

Genovesa

Santiago

100 km
N

39 nucleotide

substitutions

Ecuador

Galapagos

Islands

500 km
N

n=1

Ecuador

Anhui Province, China Texas, USA

Galapagos

Islands



 106 

 
Figure 4.2. Bayesian clustering of Galápagos Short-eared Owls sampled from three 
islands using STRUCTURE based on 8 microsatellite loci. The amount of a particular color 
represent the likelihood of an individual belonging to that cluster at K=2. 
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Figure 4.3. Frequency distributions of showing the significant differences and 
associated p-value for tarsus, bill length, bill height, and bill width from adult Short-eared 
Owls sampled on the islands of Floreana (n=17) and Santa Cruz (n=23) in the 
Galápagos Islands. 
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Table 4.1  
Genetic diversity indices for sampled Short-eared Owls based on 433 bp of mitochondrial control region. n, number of 
individuals sampled; S, number of segregating sites; h, number of haplotypes; Hd, haplotype diversity; K, average number 
of differences; π, nucleotide diversity; n/a, insufficient polymorphism to calculate.  

  n S h Hd K π 

A. f. flammeus 2 3 2 1.000 (0.500) 3.000 (6.00) 0.00694 (0.00347) 

A. f. bogotensis 6 8 3 0.733 (0.155) 4.267 (6.044) 0.00990 (0.00208) 

A. f. galapagoensis 77 4 5 0.575 (0.052) 0.720 (0.297) 0.00167 (0.00021) 

Floreana 29 3 4 0.552 (0.079) 0.645 (0.266) 0.0015 (0.00029) 

Santa Cruz 27 4 5 0.652 (0.083) 0.838 (0.378) 0.00194 (0.00036) 

Espanola 6 2 3 0.600 (0.215) 0.667 (0.344) 0.00155 (0.00064) 
Isabela 4 1 2 0.500 (0.265) 0.500 (0.269)  0.00116 (0.00062) 
Genovesa 4 n/a 1 n/a n/a n/a 

 

 

 

Table 4.2 
Pairwise φst (below diagaonal) and average genetic distances (above diagonal) between subspecies of A. flammeus 
based on 433 bp of mitochondrial control region domain I. Pairwise φst were calculated in Arlequin v. 3.11 using the 
Tamura and Nei (1993) method to computed distance matrix with 10000 permutations. Significant population 
differentiation was assessed using an exact test of sample differentiation with a Markov chain of 100,000 steps in Arlequin 
v. 3.11; p-values with their standard deviation are shown in parentheses with an '*' indicating significance at the 0.01 
alpha level. Average pairwise genetic distances were calculated between groups using the Kimura 2-parameter model in 
MEGA version 5.10 (Tamura et al. 2011); standard errors of the averages are in parentheses. 

 
A. f. flammeus A. f. bogotensis A. f. galapagoensis 

A. f. flammeus (n=2)   0.099 (0.015) 0.106 (0.016) 
A. f. bogotensis (n=6) 0.904 (0.1426+-0.005)   0.039 (0.008) 
A. f. galapagoensis (n=77) 0.984 (0.0008+-0.0002)* 0.939 (0.0000+-0.000)*   
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Table 4.3  
Pairwise φst (below diagaonal) and average genetic distances (above diagonal) between Galápagos Islands populations 
based on 433 bp of mitochondrial control region domain I. Pairwise φst were calculated in Arlequin v. 3.11 using the 
Tamura and Nei (1993) method to computed distance matrix with 10000 permutations. Significant population 
differentiation was assessed using an exact test of sample differentiation with a Markov chain of 100,000 steps in Arlequin 
v. 3.11; p-values with their standard deviation are shown in parentheses with an '*' indicating significance at the 0.01
alpha level. Average pairwise genetic distances were calculated between groups using the Kimura 2-parameter model in 
MEGA version 5.10 (Tamura et al. 2011); standard errors of the averages are in parentheses. 

Floreana Santa Cruz Espanola Isabela Genovesa Sante Fe Pinzon Santiago 

Floreana 
(n=29) 0.002 (0.001) 0.001 (0.001) 0.001 (0.001) 0.001 (0.001) 0.001 (0.001) 0.001 (0.001) 0.002 (0.002) 
Santa Cruz 
(n=27) 

-0.009  
(0.553+-0.008) 0.002 (0.001) 0.001 (0.001) 0.001 (0.001) 0.002 (0.001) 0.002 (0.001) 0.003 (0.002) 

Espanola 
(n=6) 

-0.055  
(0.695+-0.007) 

-0.098  
(1.00+-0.000) 0.001 (0.001) 0.001 (0.001) 0.002 (0.001) 0.002 (0.001) 0.003 (0.002) 

Isabela 
(n=4) 

-0.146  
(1.00+-0.000) 

-0.120  
(1.00+-0.000) 

-0.178  
(1.00+-0.000) 0.001 (0.001) 0.001 (0.001) 0.001 (0.001) 0.002 (0.002) 

Genovesa 
(n=4) 

0.032  
(0.691+-0.004) 

-0.042  
(0.846+-0.003) 

-0.081  
(1.000+-0.000) 

0  
(1.00+-0.000) 0.001 (0.001) 0.001 (0.001) 0.002 (0.002) 

Sante Fe 
(n=2) 

-0.256  
(1.00+-0.000) 

-0.167  
(0.715+-0.006) 

-0.164  
(1.00+-0.000) 

-0.379  
(1.00+-0.000) 

0.385  
(0.331+-0.001) 0.001 (0.001) 0.002 (0.002) 

Pinzon 
(n=2) 

-0.256  
(1.00+-0.000) 

-0.167  
(0.703+-0.007) 

-0.164  
(1.00+-0.000) 

-0.379  
(1.00+-0.000) 

0.385  
(0.333+-0.002) 

-1  
(1.00+-0.000) 0.002 (0.002) 

Santiago 
(n=2) 

0.096  
(0.302+-0.005) 

0.087  
(0.353+-0.010) 

0.095  
(0.638+-0.002) 

-0.018  
(0.595+-0.003) 

0.385  
(0.333+-0.001) 

-0.500  
(1.000+-0.000) 

-0.500  
(1.00+-0.00) 
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Table 4.4 
Characterization of sequence differences between A. f. flammeus (China, n=1) and A. f. galapagoensis (n=8) haplotypes 
of mitochondrial DNA protein-coding regions. Divergence time estimates based on different mutation models for each 
protein-coding region as well as for all regions combined. Minimum and maximum estimates are bolded.  

mtDNA region μ L Mutation Model λ t Estimate 

ND2 (forward) 30 751 Classic 2% 0.00000002 1997336.9 2 million years 

 
30 751 Subramanian point* 0.000000073 547215.6 550,000 years 

 
30 751 Subramanian (low) 0.000000025 1597869.5 1.6 million years 

 
30 751 Subramanian (high) 0.000000123 324770.2 320,000 years 

ND6 13 522 Classic 2% 0.00000002 1245210.7 1.2 million years 

 
13 522 Subramanian point 0.000000073 341153.6 340,000 years 

 
13 522 Subramanian (low) 0.000000025 996168.6 1 million years 

 
13 522 Subramanian (high) 0.000000123 202473.3 200,000 years 

ND6+tRNA-Glu 13 595 Classic 2% 0.00000002 1092437.0 1.1 million years 

 
13 595 Subramanian point 0.000000073 299297.8 300,000 years 

 
13 595 Subramanian (low) 0.000000025 873949.6 870,000 years 

 
13 595 Subramanian (high) 0.000000123 177632.0 180,000 years 

ALL 43 
134
6 Classic 2% 0.00000002 1597325.4 1.6 million years 

 
43 

134
6 Subramanian point 0.000000073 437623.4 440,000 years 

 
43 

134
6 Subramanian (low) 0.000000025 1277860.3 1.3 million years 

  43 
134
6 Subramanian (high) 0.000000123 259727.7 260,000 years 

μ, no. of nucleotide substitutions during a time period; L, sequence length in bp; λ, mean rate of nucleotide 
substitutions in substitutions per site per year; t, time period considered in years; calculated using the 
equation μ=Lλt, see Braun and Kimball (2001)  
*Based on Bayesian MCMC analysis to estimate the mitogenomic rate of evolution at synonymous sites 
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Table 4.5 
Genetic diversity indices based on eight polymorphic microsatellite loci in Galápagos Short-eared Owls from the islands of 
Floreana and Santa Cruz.  

Population n P A AR He Ho Private Alleles 

Floreana 22.875 0.5 3.375 3.35825 0.33 0.34 2 

Santa Cruz 27 1 4.625 4.268125 0.48 0.47 12 

n, number of samples; P, percentage of polymorphic loci; A, number of alleles; AR, allelic 
richness; He, expected heterozygosity; Ho, observed heterozygosity 

Table 4.6 
Contemporary migration rates using the program BAYESASS among Floreana and Santa Cruz populations of Short-eared 
Owls in the Galápagos. Values are mean (standard deviation) from the run (out of ten total) with the lowest calculated 
Bayesian deviance.  

Migration from: 

Migration into: Floreana Santa Cruz 

Floreana 0.9856(0.0139) 0.0144(0.0139) 

Santa Cruz 0.3101(0.0172) 0.6899(0.0172) 
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CHAPTER V 

GENERAL CONCLUSIONS 

Introduction 

In this dissertation, I explore the genetic signatures of two at-risk bird populations 

in order to inform management decisions. However, these populations are not stand-

alone entities. Rather, they are components of larger ecosystems that are both central 

to unprecedented conservation efforts. In this conclusion chapter, I discuss these 

populations in their relevant broader contexts and highlight the importance of 

population-level conservation when the overarching goal is species or ecosystem 

conservation. 

Conservation of the Greater Sage-Grouse and Sagebrush Biome 

Conservation of the Jackson Hole Greater Sage-grouse population fits into a 

much larger, landscape-level conservation story that transcends single populations. 

During the past two centuries, sagebrush habitat has been reduced by 56% (Schroeder 

et al. 2004) and now covers ~165 million acres across the North American west. At one 

time, the species likely numbered in the millions, but has been reduced to 200,000-

500,000 individuals range-wide (Western Association of Fish and Wildlife Agencies, 

2015, Garton et al. 2015). Declines were caused by habitat loss and degradation 

through sagebrush destruction, exurban development, energy exploration and 

extraction (coal, oil, natural gas), woodland encroachment, drought, altered fire regimes, 

and invasive species (Knick and Connelly 2011). Therefore, in 2010, the United States 

Fish and Wildlife Service (USFWS) determined that listing the Greater Sage-grouse 
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under Endangered Species Act (ESA) was warranted. However, listing was precluded 

at the time due to higher priority species and a final decision was scheduled for 

September 2015. 

Listing the species would have had massive political and social ramifications 

regarding land use for private, state, and federal lands (of the remaining sage-grouse 

habitat, the federal government manages 53% and states and private landowners 

manage 43%). The species’ decline and the continued threat of its listing (2002 saw the 

first petition to list the species under the ESA) galvanized unprecedented conservation 

collaborations to preserve the Greater Sage-grouse and prevent its listing. Eleven state 

governments enacted protective policies (e.g., Wyoming’s 2008 Executive Order for 

Greater Sage-grouse Core Area Protection, which protects the largest core population). 

In 2010, the US Department of Agriculture’s (USDA) Natural Resources Conservation 

Service (NRCS) launched the Sage Grouse Initiative (SGI; 

http://www.sagegrouseinitiative.com/). The SGI enlisted more than 1,100 ranchers, 

universities, agencies, non-profit groups, and businesses in voluntary, incentive-based 

conservation via habitat restoration and sustainable ranching of private lands. In 2015, 

the NRCS launched SGI 2.0 to continue efforts to at least 2018. These ventures will 

have invested $751 million (NRCS and private funds) to conserve 8 million acres on 

private land by 2018. The USFWS and Bureau of Land Management (BLM) partnered 

with private landowners through the Candidate Conservation Agreement with 

Assurances (CAAA) program for additional protection on 5.5 million acres of non-

government land. Together, public lands under BLM and US Forest Service (USFS) 

comprise roughly half of the present Greater Sage-grouse range. Finalized in 2015, the 
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BLM and the USFS published policy guides for future land and resource management 

on ~70 million acres of public lands for the benefit of the Greater Sage-grouse and 

associated species.  

Following these extraordinary demonstrations, in September 2015 the USFWS 

determined that the coordinated conservation efforts since 2010 resulted in a 

substantial reduction in potential threats facing Greater Sage-grouse across their range 

(USFWS 2015). They predicted that existing and future regulations and conservation 

would protect the most important habitats and maintain large, well-distributed, and 

interconnected populations across much of their range (USFWS 2015). Further, they 

determined that the Greater Sage-grouse was not in danger of extinction throughout a 

significant portion of its range. Finally, the USFWS declared that Greater Sage-grouse 

did not warrant protection under the ESA at the current time and that a status review 

would be conducted in five years (USFWS 2015). 

Information provided in this dissertation should be considered during the USFWS 

status review as a caution for other populations that may experience reduced gene flow. 

The first case study of this dissertation investigates a small, declining population of 

Greater Sage-grouse for which relatively recent environmental changes have likely 

altered evolutionary potential. Specifically, the results indicate that the Jackson Hole 

Greater Sage-grouse population in the Greater Yellowstone Ecosystem is genetically 

isolated and has low neutral genetic diversity compared to other Wyoming populations 

(Schulwitz et al. 2014). This information was included in the Federal Register 50 CFR 

Part 17 outlining the decision not to list the species (USFWS 2015). In the third chapter 

of this dissertation, not yet published, I provided evidence that this isolation probably 
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occurred relatively recently (i.e., probably in the past 600 years) rather than in the 

distant past (i.e., 2,000-10,000 years). It is conceivable that recent habitat changes 

(e.g., due to anthropogenic development) at geographically important locations 

eliminated gene flow with the much larger core Wyoming population, located at a 

Euclidian distance of 90 km away. For example, locations potentially critical for gene 

flow include migration corridors, “stepping stone” habitats, or the northern reaches of 

the core Wyoming population in the Upper Green River Basin, near Pinedale.  

In order to increase the likelihood of persistence for this population, several 

conservation recommendations are proposed. First, prevent further decline of the 

current Jackson Hole population and make efforts to increase current population size. 

Second, restore and/or protect the Greater Sage-grouse population in the Upper Green 

River Basin, which is the closest Wyoming basin population. Third, identify and protect 

existing populations intermediate between Jackson Hole and the core Wyoming basin, 

such as the small population in Gros Ventre. Fourth, restore sagebrush habitat in 

corridors between Jackson Hole and the Wyoming basin. Finally, consider the 

translocation of individuals from nearby populations into the Jackson Hole population. 

These recommendations may also apply to several populations that experience 

decreased gene flow with the larger metapopulation. Generally, a metapopulation can 

be defined as a set of local populations connected by dispersal that exhibit varying 

degrees of local adaptation and gene flow (Hanski 1998, Kawecki and Ebert 2004). 

Local adaptation in the presence of gene flow is an important evolutionary mechanism 

that has been documented in several species (Charlesworth et al. 1997, North et al. 

2010, Feder et al. 2012, De Wit and Palumbi 2013, Sexton et al. 2014). Within a larger 
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metapopulation, the presence of populations that exhibit local adaptation may be an 

important source of unique genetic diversity that increases the evolutionary potential of 

a species, especially in the face of environmental change (La Rouzic and Carlborg 

2007, Hoffmann and Sgrò 2011). A critical goal of conservation is to protect evolutionary 

processes at the population and species levels (Crandall et al. 2000). Therefore, 

maintaining metapopulation dynamics, particularly gene flow with populations that may 

harbor local adaptations, should be a primary strategy in species conservation. In the 

case of the Greater Sage-grouse, while it is critical to maintain large, well-distributed 

populations across the species range, it is also essential to maintain healthy populations 

in unique habitats that do not become permanently disconnected from larger 

metapopulations due to anthropogenic activities. 

Notably, some of the characteristics that provide the warrant to protect these 

populations in the first place also serve to increase the vulnerability of these 

populations. For example, Greater Sage-grouse populations in the Northwestern 

Forested Mountains ecoregion (i.e., North Park, Middle Park, and Eagle, CO; 

Strawberry Valley and Wayne, Utah; Sawtooth Valley, ID; Oyler-McCance et al. 2005) 

inhabit high-elevation valleys surrounded by forested mountains. These populations 

likely face different environmental conditions than sage-grouse in the core populations, 

which inhabit the North American Desert and Great Plains ecoregions (Figure 2.1D). 

Habitat differences (e.g., high elevation, greater snowfall, surrounded by coniferous 

forests) described by these ecoregion delineations may promote local adaptation. 

However, habitat features such as forested mountains may potentially reduce gene flow 

between high-elevation valley and core populations. With “naturally” reduced gene flow 
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due to long-standing habitat barriers, these populations are more vulnerable to 

anthropogenic habitat destruction when it further reduces connection to the larger 

metapopulation. To preserve evolutionary potential of the sage-grouse species, careful 

attention should be paid to minimizing anthropogenic disturbances in biogeographically 

important locations for populations with naturally reduced gene flow and the potential for 

local adaptation. The Jackson Hole population provides one example of this lesson. 

Effective conservation may allow other populations to avoid similar fates, thereby 

maintaining or increasing current evolutionary potential of the entire species. 

Galápagos Conservation 

As compared to the species-centric “umbrella” model used in Greater Sage-

grouse conservation (Rowland et al. 2006), the Galápagos Short-eared Owl research 

presented in this dissertation fits into a very different conservation story. Management in 

the Galápagos Archipelago identifies the ecosystem or “natural environment” on islands 

as the target of conservation and not any one species in particular. 

The Galápagos flora and fauna existed in the absence of humans until sometime 

during the past 700 years. In 1535, the Bishop of Panama created the first record of 

their discovery. In the centuries that followed, buccaneers used the Galápagos as a 

base of operation. In 1807, the first human settler immigrated to Floreana. During the 

past half century, the residential human population has grown exponentially. As of the 

2010 Ecuadorian census, a total of ~25,000 people inhabit the islands of Santa Cruz 

(~12,000), San Cristóbal (~6,000), Isabela (~1,800), and Floreana (~100). People have 
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intentionally and unintentionally introduced hundreds of invasive species, which are now 

considered the greatest threat to the native ecosystem. 

Conservation by the Galápagos National Park (GNP) and Charles Darwin 

Foundation (CDL) from the 1960s to 1990s focused largely on “control” of the most 

damaging invasive species by attempting to keep their populations low (Atkinson et al. 

2012). With increased tourism perpetuating the risk of further introductions, the 1990s 

saw a paradigm shift in the conservation management regime. Focus shifted to a goal 

of complete eradication of the most damaging species as well as strict inspections of 

tourists’ luggage and all incoming cargo from ships and planes (Donlan et al. 2003, 

Atkinson et al. 2012). Focused invasive species eradication campaigns have 

successfully removed nearly all feral goats, pigs, and donkeys and are now shifting 

focus to cats, rats, and mice (Campbell et al. 2004, Cruz et al. 2005, Carrion et al. 2007, 

Cruz et al. 2009, Carrion et al. 2011, Harper and Carrion 2011). 

The model of conservation through invasive species eradication has been 

increasingly implemented on islands worldwide. To date, 1,437 successful eradications 

of 59 invasive species have been conducted across 934 islands globally 

(http://diise.islandconservation.org). Multi-species eradications that account for 

interactions between invasive species are increasingly implemented due to their higher 

efficacy as compared to single species projects (Glen et al. 2013, Young et al. 2013, 

Russell and Broome 2016). Additionally, technological advances are improving methods 

and providing novel approaches for conducting invasive species eradication, especially 

for those in more challenging environments (e.g., locations with human residents; 

Campbell et al. 2015, Russell and Broome 2016). These advances indicate that island 
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conservation through invasive species eradication will only gain momentum in the 

coming decades as strategies are tested and improved. 

Consequently, involvement of supporting research to ensure proper protection of 

non-target native species may become increasingly important as these conservation 

efforts become more ubiquitous. The Short-eared Owl research described here was 

conducted primarily to determine if the Floreana population warranted additional 

protection during rodenticide application planned for 2018. Mitochondrial DNA provided 

insufficient resolution to detect differences by island. Alternatively, microsatellite and 

morphometric data provided evidence that there may be asymmetric gene flow between 

Floreana and Santa Cruz with possible dispersal of owls emigrating away from 

Floreana, but probably not high levels of immigration into Floreana from Santa Cruz. 

Given that the Floreana population of Short-eared Owl is unlikely to receive frequent 

immigrants, it may be ill-advised for conservation professionals to rely on natural 

migration to reestablish a population following the rodenticide application planned for 

2018. Therefore, in order to maintain the evolutionary potential of the entire Galápagos 

Short-eared Owl complex, I recommend that the Floreana population be protected 

during rodenticide application.  

The overall aim of conservation in the Galápagos, and specifically of Project 

Floreana, is to restore ecosystem processes to a baseline that existed before humans 

and associated invasive species arrived in the archipelago. Eradication of the most 

damaging invasive species is the most direct approach to achieving this goal but may 

also harm non-target native species. Since the Short-eared Owl is the only native 

predator on Floreana, it will be important to protect this species’ vital role in the 
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ecosystem. Several other species have also been identified for candidates for protection 

during the rodenticide application (Island Conservation 2013). These include the 

Medium tree finch (Camarhynchus pauper), Common Gallinule (Gallinula chloropus), 

Paint-billed Crake (Neocrex erythrops), White-cheeked Pintail Duck (Anas bahamensis 

galapagensis), and American Flamingo (Phoenicopterus ruber), which are endemic or 

native resident species at risk of primary or secondary poisoning. Future management 

via invasive species eradication in ecosystems around the world should take similar 

precautions to identify and protect native species that may be negatively affected by 

eradication methods. 

Significant reduction or eradication of invasive species in the Galápagos has led 

to recovery of several native species and habitat types (Hamann 1993, Donlan et al. 

2007, Tye 2007, Cruz et al. 2009, Carrion et al. 2011, Márquez et al. 2013, but see 

Rivera-Parra et al. 2012). Successful eradications together with more stringent 

regulation on incoming cargo, tourists, and ships were sufficient to warrant the removal 

of Galápagos Archipelagos from the United Nations Educational, Scientific, and Cultural 

Organization (UNESCO) List of World Heritage in Danger in 2010 

(http://whc.unesco.org/en/news/636/). 

 

Conclusions 

Coordinated, well-funded, and well-informed conservation measures can be 

successful in reducing threats that decrease biodiversity and ecosystem functioning. 

However, the successes of large-scale projects are contingent upon information 

regarding individual populations and their interaction within the larger system. 
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Conservation studies such as those presented in this dissertation are not only critical for 

informing conservation of single populations, but are equally important for developing a 

comprehensive knowledge base for the larger ecosystem to be conserved. 
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APPENDIX A 

EVANNO PLOTS DERIVED FROM STRUCTURE HARVESTER 
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Evanno plots derived from STRUCTURE HARVESTER separating (A) Jackson/Gros 
Ventre Greater Sage-grouse from other sampling locations in Wyoming. Analysis with 
datasets reduced to the two initially defined clusters showed further substructure with 
(B) Jackson and Gros Ventre grouse separating into two clusters and (C) Pinedale/
Casper and Powder River Basin/Montana grouse separating into two clusters. 
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Table B.1  
Parameters for input files for MSVAR 1.4 analysis of Jackson, WY Greater Sage-grouse population. 

Start for all loci 
Priors (mean, 
var) Hyperpriors (mean, var) 

Multiv
ariate 

Set Reps. N0 N1 µ Ta N0 N1 µ Ta N0 N1 µ Ta PSRF 

A 5 1.0e4 all 1.0e4 all 1.0e-4 all 1.0e5 all 4 1 4 1 -3.5 1 5 1 3 2 0 0.5 3 3 0 0.5 -3.5 0.25 0 0.5 5 3 0 0.5 1.48 

B 5 1.0e4 all 1.0e4 all 1.0e-4 all 1.0e5 all 3 1 3 1 -3.5 1 5 1 3 2 0 0.5 4 3 0 0.5 -3.5 0.25 0 0.5 5 3 0 0.5 1.24 

C 5 1.0e4 all 1.0e4 all 1.0e-4 all 1.0e5 all 4 1 4 1 -3.5 1 5 1 3 2 0 0.5 5 3 0 0.5 -3.5 0.25 0 0.5 5 3 0 0.5 1.59 

D 5 1.0e4 all 1.0e4 all 1.0e-4 all 1.0e5 all 2 1 4 1 -3.5 1 3 1 3 2 0 0.5 4 3 0 0.5 -3.5 0.25 0 0.5 4 3 0 0.5 1.04 
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Table B.2 
Results of HKA tests. P-values indicating departure from the chi-square distribution using the HKA tests with each Greater 
Sage-grouse population compared with each outgroup taxon. Tests were conducted with each marker type separately 
(autosomal and Z-linked) and combined (all loci). Values in bold were significant (P<0.05). 

Outgroup Population All Loci Z-linked Autosomal 

Sharp-tailed Grouse Jackson 0.27409 0.90216 0.31989 

Gros Ventre 0.01346 0.78906 0.27883 

Pinedale 0.01305 0.8715 0.22313 

Powder River 0.00963 0.79674 0.17602 
All Greater Sage-
Grouse 0.01252 0.87421 0.52331 

Lesser Prairie-
Chicken Jackson 0.24487 0.98344 0.19651 

Gros Ventre 0.0974 0.95455 0.16389 

Pinedale 0.13044 0.97234 0.10599 

Powder River 0.10987 0.9517 0.08745 
All Greater Sage-
Grouse 0.05769 0.97513 0.13315 

Gunnison Sage-
Grouse Jackson 0.03669 0.41999 0.37772 

Gros Ventre 0.43164 0.32644 0.5362 

Pinedale 0.66064 0.36104 0.38058 

Powder River 0.66378 0.29863 0.40682 
All Greater Sage-
Grouse 0.51722 0.37107 0.44743 
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Figure B.1. FST outlier tests for A. autosomal and B. sex-linked sequence data using the 
LOSITAN program. Results indicate all loci neutral and are not operating under selection. 
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A.  B.

C.  D. 

Figure B.2. Gelman plots showing convergence for MSVAR 1.4 output for five replicate 
runs each for four sets (i.e., A-D) of prior/hyperprior distributions where means and 
variances were varied. Each replicate began with different starting seed file. Plots 
shown represent gelman plots for current population size (V4), ancestral population size 
(V6), mutation rate (V8), and time since population change (V10). Numeric output 
shows that set D obtained satisfactory convergence with multivariate PSRF of 1.04.  
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Figure B.3. Most likely time period for the start of the Jackson Hole Greater Sage-
grouse population decline. The Bayes Factor (BF) measures the weight of evidence that 
a decline began during one time interval versus all other time intervals. BF were 
calculated across the past 10,000 years ago in intervals 200 years. BF values >4, above 
horizontal red line, provide positive evidence for decline during that time period. Interval 
with maximum BF value marked with solid vertical line.
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Table C.1  
Collection and haplotype information for Short-eared Owl (Asio flammeus; Family: Strigidae) museum samples obtained 
for use during this study. Toe pad samples were collected for each of these samples. Haplotypes for some samples could 
not be fully reconstructed due to degraded nature of DNA and are indicated with 'na' under Haplotype ID. 

Museum DNA ID 

Museum 
Catalog 
No. Haplotype ID Taxon Region Locality/Island 

Year 
Collecte
d Collector 

CAS mE01 2912 CR_Hap_5 A. f. galapagoensis Galápagos Islands Española 1906 R. H. Beck 

CAS mP01 2913 CR_Hap_4 A. f. galapagoensis Galápagos Islands Pinzon 1905 R. H. Beck 

CAS mG01 2914 CR_Hap_5 A. f. galapagoensis Galápagos Islands Genovesa 1906 E. W. Gifford 

CAS mS01 2915 na A. f. galapagoensis Galápagos Islands Santa Cruz 1905 R. H. Beck 

CAS mS02 2916 CR_Hap_5 A. f. galapagoensis Galápagos Islands Santa Cruz 1906 J. S. Hunter 

CAS mF01 2917 na A. f. galapagoensis Galápagos Islands Floreana 1906 J. S. Hunter 

CAS mC01 2918 na A. f. galapagoensis Galápagos Islands San Cristobal 1906 J. S. Hunter 

CAS mT01 2919 CR_Hap_5 A. f. galapagoensis Galápagos Islands Santiago 1906 J. S. Hunter 

CAS mI01 2920 CR_Hap_5 A. f. galapagoensis Galápagos Islands Isabela 1906 J. S. Hunter 

CAS mS03 2921 na A. f. galapagoensis Galápagos Islands Santa Cruz 1905 J. S. Hunter 

CAS mE02 2922 CR_Hap_4 A. f. galapagoensis Galápagos Islands Española 1905 J. S. Hunter 

CAS mG02 2923 CR_Hap_5 A. f. galapagoensis Galápagos Islands Genovesa 1906 E. W. Gifford 

CAS mS04 2924 na A. f. galapagoensis Galápagos Islands Santa Cruz 1905 J. S. Hunter 

CAS mF02 2925 CR_Hap_5 A. f. galapagoensis Galápagos Islands Floreana 1906 J. S. Hunter 

CAS mE03 2926 CR_Hap_3 A. f. galapagoensis Galápagos Islands Española 1906 J. S. Hunter 

CAS mE04 2927 CR_Hap_5 A. f. galapagoensis Galápagos Islands Espanola 1906 E. W. Gifford 

CAS mN01 2928 CR_Hap_5 A. f. galapagoensis Galápagos Islands Santa Fe 1905 J. S. Hunter 

CAS mF03 2929 CR_Hap_5 A. f. galapagoensis Galápagos Islands Floreana 1906 J. S. Hunter 

CAS mT02 2931 CR_Hap_5 A. f. galapagoensis Galápagos Islands Santiago 1905 J. S. Hunter 

CAS mI02 2932 CR_Hap_5 A. f. galapagoensis Galápagos Islands Isabela 1906 J. S. Hunter 

CAS mC02 2933 CR_Hap_6 A. f. galapagoensis Galápagos Islands San Cristobal 1906 J. S. Hunter 

CAS mF04 2934 CR_Hap_5 A. f. galapagoensis Galápagos Islands Champion* 1905 E. W. Gifford 

CAS mP02 75669 CR_Hap_5 A. f. galapagoensis Galápagos Islands Pinzon 1899 Snodgrass; Heller 

CAS mN02 75670 CR_Hap_4 A. f. galapagoensis Galápagos Islands Santa Fe 1899 Snodgrass; Heller 
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AMNH mZ01 172961 CR_Hap_8 A. f. bogotensis Mainland, S. of Quito Mt. Corazon 1922 [no agent data] 

AMNH mZ02 172963 CR_Hap_9 A. f. bogotensis Mainland, S. of Quito Mt. Corazon 1920 [no agent data] 

AMNH mZ03 172965 CR_Hap_9 A. f. bogotensis Mainland, S. of Quito Mt. Corazon 1913 [no agent data] 

AMNH mZ04 172967 CR_Hap_10 A. f. bogotensis Mainland, S. of Quito Mt. Corazon 1921 [no agent data] 

AMNH mZ05 172968 CR_Hap_8 A. f. bogotensis Mainland, S. of Quito Pichincha 1917 [no agent data] 

AMNH mG03 805096 CR_Hap_5 A. f. galapagoensis Galápagos Islands Genovesa 1923 C. W. Beebe 

MCZ mF05 134592 CR_Hap_5 A. f. galapagoensis Galápagos Islands Champion* 1929 W.S. Brooks 

MCZ mF06 134593 CR_Hap_5 A. f. galapagoensis Galápagos Islands Champion* 1929 W.S. Brooks 

MCZ mF07 134594 CR_Hap_5 A. f. galapagoensis Galápagos Islands Champion* 1929 W.S. Brooks 

MCZ mZ06 137799 CR_Hap_9 A. f. bogotensis Mainland, S. of Quito Mt. Atacazo 1920 D. Soderstrom 

MCZ mE05 157940 CR_Hap_5 A. f. galapagoensis Galápagos Islands Española 1933 [no agent data] 

MCZ mE06 199022 CR_Hap_5 A. f. galapagoensis Galápagos Islands Española 1905 R. H. Beck 

MCZ mG04 65698 CR_Hap_5 A. f. galapagoensis Galápagos Islands Genovesa 1891 G. Baur  

CAS, California Academy of Sciences; AMNH, American Museum of Natural History; MCZ, Museum of Comparative Zoology 

* Champion is a satellite of Floreana and is grouped with Floreana samples hereafter
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Table C.2  
Primers used to sequence Galápagos Short-eared Owl mitochondrial DNA. Short overlapping sequences were generated 
for degraded aDNA extracted from museum toe pad samples using primers generated for this study.  

For use with: mtDNA region Primer Name Sequence (listed in 5' to 3' direction) Reference 

aDNA Control region SEOW-1-F-60 GAAAAGCCGCCGTTAACTC this study 

SEOW-1-R-60 GATGGCATGTTTGTTGGACA this study 

SEOW-2-F-59 CTACCAGGGCAATCCTTCC this study 

SEOW-2-R-57 TCCTTCTGTCATGGGTTAGAG this study 

SEOW-3-F-61 CTTTAGTGCCGCTCGGTATG this study 

SEOW-3-R-56 CATAAGTAGTATGTTTGTCGGTCA this study 

SEOW-4-F-58 TCCAACAAACATGCCATCCA this study 

SEOW-4-R-58 GCCTTGTTGCTCTGTAAGGT this study 

SEOW-5-F-53 TGCACTACATGTACTCAAAAT this study 

SEOW-5-R-55 TGGAACTATTACATTGAAAGTGC this study 

SEOW-6-F-55 ACTACTTATGCCCTACGACT this study 

SEOW-6-R-53 TGGGACAGGTTCTATTACATA this study 

SEOW-7-F-56 AACCTTACAGAGCAACAAGG this study 

SEOW-7-R-51 AATTGATATGTACTGTTACCG this study 

SEOW-8-F-55 GCACTTTCAATGTAATAGTTCCA this study 

SEOW-8-F-58 GCTGATTTCACGTGAGAAGC this study 

SEOW-9-F-57 AGAACCTGTCCCAATATACGG this study 

SEOW-9-R-57 AGTAGGGCTAGGGGTTTAGG this study 

SEOW-10-F-59 GACTCTCTCGCCGTACCG this study 

SEOW-10-R-58 CGGTGAAGAGCAAGTTGAGA this study 

Contemporary DNA Control region L16758 - SEOW GGCCTGAAAAGCCGCCGTT 
modified from Sorenson 
et al. 1999 

ND6, tRNA-Glu, Control region N1 AACATTGGTCTTGTAAGCCAA Barrowclough et al. 1999 

ND6, tRNA-Glu, Control region D16 AGTGCATCAGTGTCTAGGTGATTC Barrowclough et al. 1999 

ND2 L5219 CCCATACCCCGAAAATGATG Sorenson et al. 1999 

ND2 H6313 CTCTTATTTAAGGCTTTGAAGGC Sorenson et al. 1999 

144



Table C.3  
Mitochondrial haplotype sequences for Short-eared Owl obtained or used in this study with corresponding GenBank 
Accession numbers.  

mtDNA region Haplotype n Subspecies Region Accession Number No. bp 

control region CR_Hap_2 1 A. f. flammeus DFW 433 

control region CR_Hap_3 7 A. f. galapagoensis Galápagos 433 

control region CR_Hap_4 17 A. f. galapagoensis Galápagos 433 

control region CR_Hap_5 47 A. f. galapagoensis Galápagos 433 

control region CR_Hap_6 4 A. f. galapagoensis Galápagos 433 

control region CR_Hap_7 2 A. f. galapagoensis Galápagos 433 

control region CR_Hap_8 2 A. f. bogotensis Ecuador 433 

control region CR_Hap_9 3 A. f. bogotensis Ecuador 433 

control region CR_Hap_10 1 A. f. bogotensis Ecuador 433 

ND2 - partial ND2_Hap1 11 A. f. galapagoensis Galápagos 751 

ND2 - partial ND2_Hap1 11 A. f. galapagoensis Galápagos 129 

ND2 - partial ND2_Hap2 1 A. f. flammeus DFW 607 

ND2 - partial ND2_Hap2 1 A. f. flammeus DFW 98 

ND6-tRNAGlu ND6-
tRNAGlu 

11 A. f. galapagoensis Galápagos 598 

ND2-partial A. f. flammeus China KP889214.1_3999-4749* 751 
ND6 A. f. flammeus China KP889214.1_14973 to 15494* 522 

tRNA-glu A. f. flammeus China KP889214.1_15498 to 15570* 73 

control region A. f. flammeus China KP889214.1_15765 to 16196* 433 

*previously published by Zhang et al. (2015)
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