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Executive Summary

Northern Montana Greater Sage-grouse

There was no fine-scale population genetic structure and no significant genetic differentiation between regions within the northern Montana Greater Sage-grouse population suggesting that leks are not isolated or inbred. Most leks had good levels of genetic diversity with the exception of several leks in Blaine, Valley, and Phillips counties (BL-25-20-19, BL-34-22-20, V-20-102, V-20-026, V-20-041, V-20-031, V-20-023, and PH-10). Most of these leks were south of the Milk River suggesting that leks in the heart of the population may be more susceptible to alterations in genetic diversity than leks in the north. Within-lek relatedness significantly increased as distance to the nearest active neighbor lek increased suggesting that as leks become more isolated, fewer birds disperse resulting in leks with more related birds. No significant trends were detected for males, but observed heterozygosity, expected heterozygosity, and allelic richness were significant for females suggesting that they are more philopatric and that their genetic diversity is the first to suffer when leks start to become isolated. Females are therefore the most important sex to sample to monitor isolation and gene flow. Leks had low within-lek relatedness (close to zero). Lek-to-lek relatedness revealed that leks are unrelated to one another and that relatedness between leks decreases with increasing geographic distance. Genetic data suggest that males appear to disperse farther than females and maximum dispersal is approximately 250 km. The ability to disperse provides evidence as to why genetic diversity is not low in the sparse north of the Milk River subpopulation and why there is little genetic structure within the population.

Sharp-tailed grouse

Sharp-tailed grouse in southern Alberta and Saskatchewan form two populations delineated by the South Saskatchewan River: North of the South Saskatchewan River (NSSR) and South of the South Saskatchewan River (SSSR). Grouse north of the river are more genetically depauperate, more related, and have few unique alleles. Overall, many Sharp-tailed grouse leks appear less genetically diverse than Sage-grouse. Sharp-tailed grouse do not exhibit isolation-by-distance overall or in either population, but the South Saskatchewan River is a significant barrier to dispersal. Sharp-tailed grouse exhibited low relatedness when all leks were combined, but exceptionally high relatedness when leks were examined independently. Only three of 73 leks had within-lek relatedness not significantly different than zero and some leks had average within-lek relatedness near the level for siblings or parent-offspring (relatedness = 0.50). Leks north of the South Saskatchewan River had higher within-lek relatedness than leks south of the South Saskatchewan River. This when combined with the genetic diversity data, suggests that birds north of the river are becoming isolated and may need further study.

Greater Sage-grouse X Sharp-tailed grouse Hybrids

Sage-grouse possessed 23 species-specific alleles and 11 alleles rare in Sharp-tailed grouse and Sharp-tailed grouse possessed 129 species-specific alleles and 45 alleles rare in Sage-grouse. These data were combined with the assignment test to identify Sharp-tailed grouse, Sage-grouse, and hybrids. All 11 sampled and observed hybrids assign approximately equally to both species, while four Sage-grouse strongly assigned to Sharp-tailed grouse and 27 Sharp-tailed grouse strongly assigned to Sage-grouse. Most of the individuals assigning to Sharp-tailed grouse that were sampled on Sage-grouse leks, were Sharp-tailed grouse, but two were hybrids. Similarly, most of the questionable Sharp-tailed grouse samples were identified as Sharp-tailed grouse containing only alleles that were commonly found in both species. However six Sage-grouse were identified on leks in the Manyberries region and 10 hybrids were found on leks in the Manyberries and Milk River regions. More hybrids and Sage-grouse were likely found on Sharp-tailed grouse leks because Sage-grouse males should have an easier time establishing themselves on Sharp-tailed grouse leks than vice versa. There are also observations of male Sage-grouse displaying on Sharp-tailed grouse leks in both Alberta and Saskatchewan, but no observations of male Sharp-tailed grouse displaying on Sage-grouse leks.

Habitat Fragmentation

We combined GIS data layers and genetic data for the current Alberta Sage-grouse range to determine the impact of disturbance on the species. When habitat was examined without the addition of disturbance, our results suggest that in the past, birds primarily dispersed via habitat corridors, whereas they currently do not or cannot. When habitat was examined with the presence of disturbance, we found that present gene flow by both males and the population as a whole is impacted by the current level of anthropogenic disturbance in Alberta causing a decrease in gene flow. This suggests that disturbance is negatively impacting Sage-grouse and may be partially responsible for their decline in Alberta.
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Introduction

Genetic diversity in relation to range periphery and anthropogenic disturbance is important in molecular ecology because of implications for species conservation. Peripheral populations are often considered sources of unique genetic variation, which may allow adaptation to future climate change, habitat alteration, range expansion, or speciation events, but they can also be viewed as genetically depauperate populations doomed to extinction and not worth conservation effort (Eckert et al. 2008). Populations at range peripheries are considered more susceptible to declines because they occupy less suitable habitat and are isolated from larger, more central populations (Lesica & Allendorf 1995; Sargarin & Gaines 2002). Peripheral populations are usually smaller in size, have smaller effective population sizes, are more genetically isolated, exhibit founder effects or genetic drift, and are more prone to extinction from stochastic or catastrophic events than core populations (Lammi et al. 1999; Vucetich & Waite 2003; Garner et al. 2004). Range limits can also be subjected to extreme, fluctuating environmental conditions and poor quality habitat (Lesica & Allendorf 1995; Sargarin & Gaines 2002), which can cause peripheral regions to quickly show signs of decreased population density and habitat fragmentation (Pulliam 2000). While many studies have found the expected outcome of peripheral populations being less genetically diverse (i.e. Lammi et al. 1999; Vucetich & Waite 2003; Bouzat & Johnson 2004), others have not (Kirkpatrick & Ravigne 2002; Garner et al. 2004). In a review of 134 studies on 115 species, 35.8% did not exhibit decreased diversity and increased differentiation at the range edge (Eckert et al. 2008). Channell & Lomolino (2000) predicted that peripheral populations may experience fewer extirpations than core populations because of immigration from core populations, which supplements the periphery with both individuals and genetic diversity (Kirkpatrick & Ravigne 2002). This suggests a source-sink dynamic, where peripheral sinks maintain high diversity and low differentiation from constant source/core supplementation.

Another major threat to genetic diversity is anthropogenic fragmentation because it may exacerbate the effects of marginal and low quality habitat. Fragmentation impacts gene flow by decreasing dispersal, reducing population size, and increasing genetic drift in isolated pockets (Frankel & Soulé 1981). Declining populations experience greater loss of genetic diversity, inbreeding, and fixation of deleterious alleles, all of which may increase probability of extinction and reduce adaptive potential of populations (Frankel & Soulé 1981). Birds should be more resilient to fragmentation due to their ability to fly (Galbusera et al. 2004; Veit et al 2005; Croteau et al. 2007; Martínez-Cruz et al. 2007). However, most studies consider migratory species with increased propensity for long-distance movement. Studies of more sedentary species, particularily galliforms, have found significant genetic structure and differentiation from fragmentation at varying geographic scales (Johnson et al. 2003, greater prairie chickens [Tympanuchus cupido pinnatus]; Caizergues et al. 2003a, black grouse [Tetrao tetrix]; Segelbacher et al. 2003, capercaillie [Tetrao urogallus]; Caizergues et al. 2003b, rock ptarmigan [Lagopus mutus]; Bouzat & Johnson 2004, lesser prairie chicken [Tympanuchus pallidicinctus]).

To assess how range periphery and fragmentation impact genetic diversity and structure, we chose Greater Sage-grouse (hereafter Sage-grouse; Centrocercus urophasianus) and Plains Sharp-tailed grouse (Tympanuchus phasianellus jamesi) as our model systems. Grouse are a good model system because large sample sizes are obtainable, they are well studied, and basic biological and habitat parameters are known. Microsatellite markers for Sage-grouse and baseline genetic data are available (Oyler-McCance et al. 2005). These species are also species of concern in North America due to rapid population declines and habitat destruction (Connelly et al. 2004). Furthermore, our study populations contain contiguous regions, peripheral regions, and fragmented regions.

Sage-grouse and Sharp-tailed grouse are polygynous. In the spring, males congregate and strut on communal display grounds (leks) and females select a mate, breed, and incubate and raise the young on their own (Gibson 1996). Grouse leks are thought to contain philopatric males (Bouzat & Johnson 2004) and mating success is highly skewed (Semple et al. 2001) so there should be reduced effective population size, increased genetic structuring, and inbreeding potential, especially in fragmented landscapes. 

Historically, Sage-grouse inhabited three Canadian provinces (Alberta, Saskatchewan, and British Columbia) and as many as 16 U.S. states, but presently occur only in southeastern Alberta, southwestern Saskatchewan, and 11 U.S. states (Schroeder et al. 2004). Throughout most of the range, sage-grouse are associated with big sagebrush (Artemisia tridentata), but north of the Milk River at the northern range periphery, birds inhabit sparsely and patchily distributed silver sagebrush (A. cana; Aldridge & Brigham 2003). In Canada, Sage-grouse numbers have declined by 66-92% since the 1970s (Aldridge & Brigham 2003) with an estimated census size of approximately 450 birds based on 2007 lek counts. Populations in the United States have declined at a slower rate, ranging from 45-80% across the species’ range, with the central Montana and central/southern Wyoming regions remaining relatively stable (Connelly et al. 2004). Rangewide, the amount of habitat has decreased by over 50% (Schroeder et al. 2004) from conversion of native sage steppe to agriculture, municipal infrastructure, and energy development (Connelly et al. 2004). In Canada potential habitat has dwindled from 100,000 km2 to 6,000 km2 (Aldridge & Brigham 2003). Short adult movements (seasonal migrations < 80 km; Connelly et al. 1988) and juvenile dispersal (< 20 km; Beck et al. 2006) have been reported throughout the species’ range suggesting movement and gene flow are limited.  

Sharp-tailed grouse originally occupied 21 U.S. states and eight provinces, but have been extirpated from eight states (Connelly et al. 1998). Populations have been greatly reduced due to habitat loss and conversion of native land to agriculture, especially in the eastern and southern portions of their range. Sharp-tailed grouse are also extensively hunted throughout their range (Connelly et al. 1998), including Alberta. Apart from this, little is known about Sharp-tailed grouse in Alberta so an extensive lek monitoring program was initiated in 2006 by Alberta Fish and Wildlife and Alberta Conservation Association.

We used polymorphic microsatellites to examine four main topics:

1. Continuation of the northern Montana Sage-grouse genetics research involving fine scale analyses on the various regions in northern Montana (Saskatchewan/Valley County, south Phillips/south Blaine counties, and the Powder River Basin [Montana & Wyoming]), which will provide detailed genetic information for conservation purposes:

a. Genetic diversity of each region and individual leks within each region

b. Genetic structure and differentiation within each region

c. Isolation of specific lek(s)

d. Relatedness of birds within and between leks

e. Presence/absence of inbreeding

f. Detectable movement patterns (dispersal)

2. Expansion of the preliminary genetic analysis of Sharp-tailed grouse in Alberta

a. Genetic diversity of each region and individual leks within each region

b. Genetic structure and differentiation within each region

c. Isolation of specific lek(s)

d. Relatedness of birds within and between leks

e. Presence/absence of inbreeding

f. Detectable movement patterns (dispersal)

3. Develop a test to detect Sage-Grouse X Sharp-tailed Grouse hybrids

4. Develop new analysis techniques to detect the impact of fragmentation on grouse.

Study Area and Genetic Sample Collection

This study was conducted on Sage-grouse from the northern Montana population (NMP) and part of the Powder River Basin (PRB) populations (Figure 1). Only the northern part of the PRB was sampled and was only included to delineate northern Montana population structure by acting as a control/outgroup. Birds were captured using walk-in funnel traps (Schroeder & Braun 1991), night lighting (Giesen et al. 1982), rocket nets (Giesen et al. 1982), and drop-nets (Bush 2008). Blood (n = 290), plucked feather (n = 974), mouth swab (n = 104), and shed feather (n = 2,441) samples were collected from adult sage-grouse as part of research projects in the northern Montana population (Alberta [1998-2009] and Montana: Phillips [2001-2005] and Valley [2006] counties) and northern PRB (Montana: Bighorn County [2003-2006] and Wyoming: Sheridan [2003-2006], Campbell [2003-2004], and Johnson [2004-2006] counties). The northern Montana population was sampled using molted feathers collected from leks in Alberta and Saskatchewan (2003-2009), Valley (2005), Blaine (2005 and 2006), Phillips (2006), and Choteau (2006) counties, Montana. Vehicular and predator mortalities (n = 15) were also opportunistically sampled in Canada. Overall, we collected 4,129 samples from 105 leks.

Figure 1. Northern Montana Sage-grouse study site. Black dots are sampled leks and the blue line is the Milk River, which separates the two subpopulations: north of the Milk River and south of the Milk River.
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Sharp-tailed grouse samples were collected from southern Alberta and Grasslands National Park in Saskatchewan using both molted feathers and dead birds (predator and vehicular mortalities). Eighty-two leks provided 1532 samples (Figure 2).

Figure 2. Sharp-tailed grouse study site. Green dots are sampled Sharp-tailed grouse leks, large black dots are sampled hybrid leks (leks with both Sage-grouse and Sharp-tailed grouse observed), blue lines are rivers and large creeks, and the pale green blocks represent Grasslands National Park in Saskatchewan.
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Methods

Microsatellite genotyping

DNA was extracted using Qiagen DNeasy® Tissue and QIAamp® DNA Micro kits using modifications from Bush et al. (2005). All samples were DNA sexed using the Bush et al. (2005) procedure. Thirteen microsatellite loci developed from sage-grouse (SGCA9-2 [redesigned primer set; S. Taylor, personal communication] and SGCA5; Taylor et al. 2003), capercaillie (TUT3, TUT4, TUD1, and TUD3; Segelbacher et al. 2000), black grouse (BG6 and BG15; Piertney & Höglund 2001; TTD6 and TTT1; Caizergues et al. 2001; TTT3; Caizergues et al. 2003a), red grouse (Lagopus lagopus; LLSD8; Piertney & Dallas 1997), and domestic chicken (Gallus gallus; ADL230; Cheng et al. 1995) were used. Null alleles were detected by examining 20 sage-grouse females and their known offspring. We did not detect null alleles, therefore the 13 loci were used for all analyses. Microsatellite PCRs (15µl total volume with 3, 4, or 5µl extracted DNA) were carried out as described in Bush et al. (2005). Forward primers were fluorescently labeled with 6-FAM, TET, and HEX (Applied Biosystems). We followed the PCR cycling conditions outlined for each microsatellite in the original publications using Perkin Elmer Cetus GeneAmp PCR System 9600® and Eppendorf Mastercycler® ep machines. All non-invasive samples were run in triplicate as outlined in Bush et al. (2005). The PCR products were visualized using an ABI 377® automated sequencer with genescan analysis3.1® software (Applied Biosystems). Alleles were scored using genotyper®2.0 software (Applied Biosystems).

Duplicate samples

Duplicate samples were identified using Microsoft Excel Microsatellite toolkit (Park 2001) and by eye. Two samples were considered duplicates if they shared all alleles at all loci or if they differed by one allele at two loci, with one sample being heterozygous and the other being homozygous to allow for allelic drop out in samples with poor quality DNA. Probability of identity (PI) was calculated in genalex version 5.1 (Peakall & Smouse 2001).

Population structure

We investigated spatial genetic structure using the Bayesian program structure (Pritchard et al. 2000), which groups individuals into clusters (K) to maximize Hardy-Weinberg equilibrium and minimize linkage disequilibrium based on multilocus genotypic data, independent of sample location. We selected the admixture option to allow for mixing of (sub)populations. All highly related individuals (parent-offspring and full-siblings) were identified with colony, version 1.2 (Wang 2004) and all but one were removed prior to structure analysis to minimize the influence of first-order relatives. We investigated three levels of population structure. First, we included all birds from NMP and PRB to identify the number of populations. Second, we used NMP birds to identify the number of subpopulations within NMP. Third, we looked for lower level structure (genetically distinctive leks and lek clusters [groups of neighboring leks that are highly related to each other]) by breaking NMP into distinct geographic regions containing less than 20 leks (i.e. Alberta and western Saskatchewan; Fig. 1). To determine K for the number of (1) populations, (2) subpopulations, and (3) lek clusters/distinctive leks, we ran five independent simulations for each K (1-20) with 100,000 burn-in iterations and 1,000,000 data repetitions assuming an admixture model and no prior population information. At each level, the most likely value of K was the one that maximized the log-likelihood of obtaining the observed sample of multilocus genotypes (Pritchard et al. 2000). We used the Evanno et al. (2005) method, which calculates ∆K, a measure of the second order rate of chance in the likelihood of K, to estimate the true K. 

Genetic diversity and differentiation in Sage-grouse and Sharp-tailed Grouse

We calculated expected (HE) and observed (HO) heterozygosity for each locus and tested for deviations from Hardy-Weinberg and linkage equilibrium using genepop, version 3.4 (Raymond & Rousset 1995). Number of alleles per locus (A) was calculated in Microsatellite toolkit (Park 2001). Allelic richness (AR) was determined using fstat, version 2.9.3 (Goudet 2001). Private alleles were calculated in Genalex. Average relatedness (R) within and between leks was computed in spagedi (Hardy & Vekemans 2002) and pairwise-FST was calculated in genepop. The preceding diversity indices were calculated for all populations, subpopulations, and leks. Levels of significance were adjusted using the Dunn-Sidák method of Bonferroni correction (Sokal & Rohlf 1995) when multiple statistical tests were conducted simultaneously. 

To characterize population differentiation we calculated (1) average lek-to-lek R in Spagedi and (2) pairwise-FST between leks. R was used because lekking species are expected to have a high degree of within-lek relatedness and familial structure due to male natal philopatry. Pairwise-FST was estimated with genepop and significance tests were performed in fstat using 1,000 permutations. For population and subpopulation level analyses, all birds and leks were retained.  For analyses at the lek and sex levels, we used leks with a minimum sample size of 10 and five, respectively. We regressed R and FST onto geographic distance to test for IBD and significance using a Mantel test (Mantel 1967) in r-package, version 4.0 (Casgrain & Legendre 2001). 

To determine whether certain landscape features acted as barriers to grouse, we used partial Mantel tests (10,000 permutations) in r-package. Partial Mantel tests were performed using lek-to-lek genetic distance (R or FST = matrix A), lek-to-lek geographic distance (matrix B), and a barrier matrix (0 = leks on the same side of the barrier, 1 = leks on the opposite side of the barrier = matrix C) to assess whether a potential barrier (i.e. a river) impeded gene flow. For Sage-grouse, the barriers we used were the Missouri and Milk Rivers. For Sharp-tailed grouse, the barriers we used were the South Saskatchewan River.

Hybrid Analysis

We used the assignment test implemented by structure to assign individuals to their species of origin using the method outlined in Bergl & Vigilant (2007). We also used the assignment test in Genalex, which uses the method developed by Paetkau et al. (2004) to assign individuals to their species of origin

Fragmentation Analysis

We tried multiple methods (isolation-by-distance, isolation-by-resistance, etc.) with cost surface analysis appearing to work the best on Sage-grouse. Cost surface analysis estimates the permeability or friction across a landscape and can be applied to dispersal modeling. It represents the estimated resistance to movement through landscape features and is generally assigned using expert opinion based on the species’ habitat use and requirements. Least cost paths are then calculated to determine the least costly route to travel between 2 points using a variety of scenarios. It also allows the combination of genetic data with habitat and disturbance data. There are six steps to cost surface analysis: (1) We assigned a cost to each habitat class in southern Alberta from 4 or no cost to 0 being the highest cost according to Sage-grouse land use preferences (Figure 3).  The 12 habitat classes are as follows with their assigned cost listed behind in brackets: (a) Lotic: Stream flood plains and channels consisting of lowlands with significant sage brush growth [4], (b) Overflow: fluvial fans, aprons, lower slopes off plateaus varying from low flat benches above the stream banks to gently rolling lower slopes [3], (c) Blowouts: Soil types with blown patches creating a mottled response in the photography [2]. (d) Loamy: Uplands, plateau tops and plains [2], (e) Saline Lowlands: Low depression areas with very saline soils and very limited vegetation growth [1], (f) Other: Escarpments, sand dunes, badlands.  These sites are very rough or unproductive soils for vegetation of most types [1], (g) Mixed Brush: Northern areas and some stream channels usually containing higher moisture levels.  This site class is separated out by bio-physical conditions of vegetation and moisture [3], (h) Recent Cultivated: recent activity or disturbance.  These sites are currently being farmed or cropped for grain or forage [0], (i) Old Cultivated: These sites have been cultivated at some time in the past  and have either been reseeded or undisturbed for a period of time [2], (j) Urban: Development sites by human activity, towns, oil batteries and farmyards [0], (k)  Fires: Recent occurrences in 1999, 2000, 2001 with the estimated date being placed in the percentage column [3], (l)

Poplar: Predominantly poplar in the river systems (Milk and tributaries). Class 12 labels refer to sage plants interpreted around and between poplar stems within the polygon [3].

Figure 3. Cost surface based on habitat preference by Sage-grouse in southeastern Alberta.
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(2) We identified each major form of anthropogenic disturbance in the area. For the purposes of this analysis, we used oil and gas wells (Figure 4), roads, and power lines (Figure 5). 

Figure 4. Locations of oil and gas wells in southeastern Alberta.
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Figure 5. Locations of roads and power lines in southeastern Alberta.
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(3) We then buffered each disturbance using a gradation system (with 0 being out of the disturbance completely and 4 being the epicenter) based on published data and government set-backs (Figures 6 and 7).

Figure 6. Buffered oil and gas wells in southeastern Alberta.
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Figure 7. Buffered roads and power lines in southeastern Alberta.
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(4) We then combined the habitat and disturbance surfaces to get a cost surface, which shows very little optimal undisturbed habitat within the Alberta Sage-grouse range (Figure 8).

Figure 8. Cost surface including Sage-grouse habitat preference and buffered oil and gas wells, roads, and power lines. All figures including disturbance involve 15 categories, 0 being the highest cost and 14 being the lowest cost.
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(5) We measured the least costly path between every lek pair using the different surfaces (Figures 9, 10, and 11). 

Figure 9. Habitat only least cost path for Greater Sage-grouse lek 31C in Alberta.
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Figure 10. Disturbance and habitat least cost path (black) for Greater Sage-grouse lek 31C in Alberta. Red lines are highways, blue lines are secondary roads, green lines are two-tracks/dirt roads, and hatched lines are major power lines (see Figure 5).
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Figure 11. Habitat only (blue) and disturbance with habitat (black) least cost paths for Greater Sage-grouse lek 31C in Alberta.
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(6) The final step is to add genetic data, which in our case is from 792 birds from 10 leks over 12 years. We used two forms of genetic data: Relatedness measures region-to-region genetic diversity right now. Relatedness varies from –1 to +1 with zero being average, negative values being less related than average and positive values being more related than average. FST measures region-to-region genetic diversity in the past approximately 20-100 years ago depending on generation time. The FST scale goes from zero to one with zero being complete panmixia and one being complete differentiation.

Results and Discussion

Northern Montana Sage-grouse

As with the range-wide analysis (Bush 2009), the region-specific analysis revealed no further population genetic structure and no significant genetic differentiation between regions suggesting that no leks are isolated or inbred. The pattern across the entire population was isolation-by-distance indicating that dispersal was limited by geographic distance no matter where the lek was located within the population (Figure 12). This also suggests that no leks are genetically isolated and at least some gene flow occurs to all leks.

Figure 12. Isolation-by-distance plot using relatedness for the northern Montana Greater Sage-grouse population.
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Most leks had normal levels of genetic diversity (Table 1) as determined by the complete northern Montana analysis and values for Sage-grouse in the literature further suggesting connectivity between leks and regions (Bush 2009). One exception was BL-25-20-19 in Blaine County, Montana. It had unusually low observed heterozygosity (0.33) and allelic richness (1.86 ; Table 1), but normal FIS and relatedness, indicating that the birds sampled had low genetic diversity, but were not showing evidence of inbreeding. This lek is in very close proximity to multiple other leks (2 – 4 km) and is part of the more demographically stable South of the Milk River (SMR) subpopulation so this lek should be continued to be observed and sampled. Other leks with low observed heterozygosity include BL-34-22-20 (0.57), V-20-102 (0.59), V-20-026 (0.59), V-20-041 (0.59), V-20-031 (0.56), and V-20-023 (0.59). These leks have relatively low allelic richness and all have positive FIS values (Table 1) suggesting that these leks have the potential for inbreeding. The only lek with excessively high FIS was PH-10 (0.16) implying that this lek has the greatest potential for inbreeding in the northern Montana population. Of these leks only V-20-102 is north of the Milk River suggesting that leks in the core of the population may be more susceptible to alterations in genetic diversity than the more sparsely distributed northern leks and that these leks are essential to continue monitoring to understand the health of the population.  

Table 1. Within-lek genetic diversity and relatedness values for Greater Sage-grouse leks with greater than 10 birds sampled in the Northern Montana population. AB = Alberta, SK = Saskatchewan, BL = Blaine County, Montana, PH = Phillips County, Montana, and V = Valley County, Montana. HE = expected heterozygosity, HO = observed heterozygosity, FIS = the inbreeding coefficient, AR = allelic richness, and R = relatedness.

	Lek
	HE
	HO
	FIS
	AR
	R

	AB – 1/9
	0.65
	0.69
	-0.33
	1.79
	0.64

	AB – 16
	0.66
	0.69
	0.03
	2.69
	-0.01

	AB – 22
	0.62
	0.65
	0.01
	2.44
	0.09

	AB – 30
	0.69
	0.66
	0.05
	2.64
	0.01

	AB – 31
	0.71
	0.69
	0.02
	2.68
	-0.01

	AB – 34
	0.70
	0.69
	0.01
	2.66
	0.02

	AB – 35
	0.67
	0.69
	-0.03
	2.53
	0.06

	AB – 10/11
	0.70
	0.69
	-0.01
	2.65
	0.01

	AB – 2/24
	0.68
	0.70
	0.01
	2.59
	0.02

	SK – SW
	0.69
	0.71
	0.01
	2.58
	0.01

	SK – MF
	0.65
	0.73
	-0.09
	2.43
	0.008

	SK – MC
	0.60
	0.62
	0.01
	2.34
	0.0006

	SK – DY
	0.69
	0.69
	-0.02
	2.61
	-0.009

	SK – FG
	0.69
	0.67
	0.05
	2.63
	-0.007

	SK – RC
	0.65
	0.68
	-0.06
	2.45
	-0.007

	BL – 34-22-20
	0.68
	0.57
	0.09
	2.63
	0.0006

	BL – 25-20-19
	0.46
	0.33
	-0.05
	1.86
	0.01

	BL – 27-27-08
	0.65
	0.62
	0.02
	2.50
	0.0001

	PH – 11-67
	0.67
	0.60
	0.07
	2.59
	0.008

	PH – 9
	0.65
	0.60
	0.01
	2.51
	0.01

	PH – 19
	0.68
	0.64
	0.07
	2.61
	0.01

	PH – 20
	0.68
	0.62
	0.07
	2.63
	0.01

	PH – 21
	0.68
	0.64
	0.03
	2.64
	0.01

	PH – 25
	0.71
	0.69
	0.02
	2.70
	0.01

	PH – 33
	0.72
	0.68
	0.07
	2.73
	0.01

	PH – 35
	0.71
	0.67
	0.05
	2.72
	0.01

	PH – 37
	0.71
	0.67
	0.04
	2.71
	0.02

	PH – 38
	0.71
	0.67
	0.05
	2.71
	0.02

	PH – 39
	0.72
	0.68
	0.04
	2.71
	0.02

	PH – AIRPORT
	0.71
	0.67
	0.07
	2.71
	0.01

	PH – WILDERNESS
	0.70
	0.67
	0.03
	2.67
	0.01

	PH – 10
	0.71
	0.61
	0.16
	2.59
	0.02

	PH – 11
	0.68
	0.62
	0.03
	2.48
	0.01

	PH – 18
	0.71
	0.74
	-0.06
	2.74
	-0.006

	PH – 45
	0.68
	0.73
	-0.09
	2.52
	-0.02

	PH – 7
	0.66
	0.60
	0.07
	2.53
	0.02

	V – 20-102
	0.66
	0.59
	0.09
	2.55
	-0.004

	V – 20-057
	0.66
	0.67
	0.04
	2.53
	-0.004

	V – 20-065
	0.64
	0.72
	-0.06
	2.45
	-0.005

	V – 20-064
	0.69
	0.64
	0.07
	2.56
	-0.006

	V – 20-026
	0.63
	0.59
	0.03
	2.44
	0.01

	V – 20-041
	0.62
	0.59
	0.04
	2.42
	0.005

	V – 20-031
	0.62
	0.56
	0.07
	2.41
	0.01

	V – 20-086
	0.67
	0.64
	0.01
	2.44
	0.01

	V – 20-013
	0.67
	0.62
	0.05
	2.57
	0.02

	V – 20-023
	0.60
	0.59
	0.03
	2.38
	0.01

	V – 20-018
	0.66
	0.69
	0.01
	2.52
	0.007

	V – 20-020
	0.66
	0.61
	0.04
	2.52
	0.02

	V- 20-019
	0.69
	0.67
	-0.01
	2.66
	0.01


When within-lek genetic diversity and relatedness were examined in relation to the distance to the nearest active neighbor lek, relatedness was the only significant value (P = 0.05; Figure 13). Within-lek relatedness significantly increased as distance to the nearest active neighbor lek increased suggesting that as leks become more isolated, fewer birds disperse resulting in leks with more related birds that may breed with one another. No significant trends were detected when males were examined independently (Figure 14) indicating that males are dispersing regardless of distance to the nearest active lek. Females, however, exhibited significant trends for observed heterozygosity (P = 0.05), expected heterozygosity (P = 0.02), and allelic richness (P = 0.0002; Figure 15) suggesting that females are the more philopatric sex and that their genetic diversity is the first to suffer when leks start to become isolated. Females are therefore the most important sex to sample to monitor isolation and gene flow.

Figure 13. Within-lek genetic diversity and relatedness for both sexes of Greater Sage-grouse combined in relation to distance to the nearest active neighbor lek. 
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Figure 14. Within-lek genetic diversity and relatedness for male Greater Sage-grouse in relation to distance to the nearest active neighbor lek.
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Figure 15. Within-lek genetic diversity and relatedness for female Greater Sage-grouse in relation to distance to the nearest active neighbor lek.
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Leks had low within-lek relatedness (close to zero) when examined with both sexes combined, males only, or females only (Figure 16) suggesting that leks are composed of primarily unrelated birds (Bush 2009). Lek 1/9 in Alberta was the primary exception, as within-lek relatedness for males (only males were sampled) was 0.64 (Table 1) suggested that the sampled males were brothers produced from an inbred mating (Bush 2009). No other leks in Alberta, Saskatchewan, or Montana exhibited elevated overall relatedness (Table 1). Of the leks that had at least five individuals of both sexes sampled, lek 30 females, FG (Fireguard) females, and PH-19 males had relatedness levels significantly greater than zero (Figure 16). All other leks had relatedness values not significantly different from zero suggesting that these leks may be important to monitor for isolation and/or inbreeding.

Figure 16: Within-lek relatedness for Greater Sage-grouse leks in Alberta, Saskatchewan, and Montana for leks with both males (squares) and females (circles) sampled. * denotes a significant deviation between the sexes.
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Lek-to-lek relatedness revealed that leks are unrelated from one another and relatedness between leks decreases with geographic distance. Using lek-to-lek relatedness, males on average appear to disperse farther than females (80 km vs. 20 km; the point where relatedness reaches zero for both sexes; Figure 17) and maximum dispersal is approximately 250 km (the point where the relatedness regression line crosses zero in an isolation-by-distance plot; Figure 12). This reveals that Sage-grouse have a propensity for dispersal and that males are not the philopatric sex. This ability to disperse also provides evidence as to why genetic diversity is not low in the sparsely populated north of the Milk River subpopulation and why there is little genetic structure within the population.

Figure 17. Lek-to-lek relatedness for Greater Sage-grouse leks in Alberta, Saskatchewan, and Montana for males (squares) and females (circles). * denotes a significant deviation from zero.
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Sharp-tailed grouse

At the population level, the most likely K produced by structure was two (∆K = 124.5 for K = 2 vs. the next highest ∆K = 86.7 for K = 3), therefore Sharp-tailed grouse in Alberta and Saskatchewan form two populations delineated by the South Saskatchewan River: North of the South Saskatchewan River (NSSR) and South of the South Saskatchewan River (SSSR; Figure 18). 

Figure 18. Southern Alberta and Saskatchewan Sharp-tailed grouse range map with active leks and population barrier (South Saskatchewan River) highlighted.
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Birds north of the river are more genetically depauperate, more related, and have few unique alleles (2 versus 224; Table 2). When compared at the lek level, genetic diversity values range greatly within both populations (NSSR, HO = 0.59 – 0.80, AR = 2.21 – 2.52; SSSR, HO = 0.44 – 0.87, AR = 2.11 – 3.15; Table 3) with many Sharp-tailed grouse leks appearing less genetically diverse than their endangered Sage-grouse counterparts (Table 1). These results suggest that SSSR is a genetically large population potentially connected to Montana to the south, similarly to the northern Montana population for Sage-grouse. NSSR in contrast, appears to be a small population that may not be connected to surrounding areas via dispersal. This suggests that there is some sort of barrier to dispersal north of the South Saskatchewan River that is preventing gene flow and this population should be further studied. Sharp-tailed grouse likely have lower diversity and higher relatedness that Sage-grouse in the same region for several reasons. First, Sharp-tailed grouse may not be as prone to disperse as Sage-grouse, which would account for lower diversity and higher within-lek relatedness. Second, within-lek relatedness may be higher in Sharp-tailed grouse because they may be a species with kin selection, unlike Sage-grouse. Both of these factors would make Sharp-tailed grouse less genetically diverse, more related, and subsequently, more susceptible to disturbance and change.

Table 2. Alberta Sharp-tailed grouse genetic diversity and relatedness values for the North of the South Saskatchewan River (NSSR) and South of the South Saskatchewan River (SSSR) populations. N = number of birds sampled, HE = expected heterozygosity, HO = observed heterozygosity, FIS = the inbreeding coefficient, AR = allelic richness, R = relatedness, and PA = private alleles.
	Population
	N
	HE
	HO
	FIS
	AR
	R
	PA

	SSSR
	1153
	0.82
	0.67
	0.18
	9.85
	0.0009
	224

	NSSR
	88
	0.62
	0.64
	-0.01
	5.84
	0.3952
	2


Table 3. Within-lek genetic diversity and relatedness values for Sharp-tailed grouse leks with greater than 5 birds sampled in both the North and South of the South Saskatchewan River populations. HE = expected heterozygosity, HO = observed heterozygosity, FIS = the inbreeding coefficient, AR = allelic richness, R = relatedness, and PA = private alleles. Leks starting with S and N belong to the south of the South Saskatchewan River population and north of the South Saskatchewan River populations, respectively. 

	Lek
	HE
	HO
	FIS
	AR
	R
	PA

	S-MB1
	0.63
	0.52
	0.18
	2.43
	0.22
	2

	S-MB10
	0.71
	0.67
	0.07
	2.74
	0.08
	1

	S-MB11
	0.70
	0.69
	0.02
	2.93
	0.07
	5

	S-MB12
	0.78
	0.80
	-0.05
	3.09
	0.004
	3

	S-MB14
	0.63
	0.67
	-0.05
	2.79
	0.13
	1

	S-MB17
	0.63
	0.72
	-0.18
	2.80
	0.21
	0

	S-MB18
	0.72
	0.67
	0.07
	2.84
	0.07
	0

	S-MB2
	0.74
	0.70
	0.04
	2.93
	0.002
	4

	S-MB20
	0.65
	0.64
	0.06
	2.11
	0.23
	4

	S-MB23
	0.59
	0.66
	-0.04
	2.54
	0.36
	0

	S-MB3
	0.53
	0.59
	-0.17
	2.28
	0.41
	0

	S-MB36
	0.82
	0.62
	0.26
	3.15
	0.04
	6

	S-MB37
	0.77
	0.68
	0.09
	3.07
	0.03
	5

	S-MB38
	0.62
	0.59
	0.07
	2.68
	0.29
	0

	S – MB4
	0.60
	0.68
	-0.11
	2.59
	0.42
	0

	S – MB40
	0.64
	0.55
	0.20
	2.60
	0.32
	1

	S – MB41
	0.68
	0.48
	0.30
	2.78
	0.07
	0

	S – MB47
	0.58
	0.58
	0.03
	2.55
	0.29
	0

	S – MB5
	0.50
	0.46
	0.05
	2.51
	0.27
	2

	S – MB51
	0.68
	0.61
	0.11
	2.86
	0.11
	2

	S – MB6
	0.62
	0.60
	0.01
	2.69
	0.24
	0

	S – MB9
	0.74
	0.61
	0.20
	2.94
	0.04
	1

	S – MR?
	0.62
	0.57
	0.11
	2.68
	0.23
	0

	S – MR03
	0.66
	0.74
	-0.11
	2.86
	0.16
	0

	S – MR04
	0.48
	0.57
	-0.15
	2.36
	0.32
	0

	S – MR09
	0.68
	0.71
	-0.02
	2.78
	0.21
	0

	S – MR12
	0.66
	0.78
	-0.21
	2.84
	0.23
	0

	S – MR29
	0.63
	0.68
	-0.05
	2.76
	0.21
	0

	S – MR30
	0.66
	0.83
	-0.28
	2.71
	0.25
	0

	S – MR42
	0.73
	0.69
	0.06
	2.94
	0.17
	2

	S – MR44
	0.76
	0.76
	-0.01
	3.02
	0.10
	1

	S – MR46
	0.64
	0.63
	0.05
	2.62
	0.24
	0

	S – MR47
	0.61
	0.62
	-0.01
	2.75
	0.17
	0

	S – MR48
	0.72
	0.73
	-0.01
	2.93
	0.14
	1

	S – MR49
	0.73
	0.71
	0.06
	2.92
	0.13
	0

	S – MR51
	0.61
	0.69
	-0.15
	2.70
	0.25
	0

	S – MR52
	0.69
	0.73
	-0.04
	2.77
	0.19
	0

	S – MR54
	0.76
	0.74
	0.03
	2.95
	0.14
	0

	S – MR55
	0.59
	0.59
	0.01
	2.55
	0.25
	0

	S – MR57
	0.62
	0.68
	-0.09
	2.60
	0.30
	0

	S – MR65
	0.66
	0.62
	0.07
	2.80
	0.08
	0

	S – MR66
	0.57
	0.61
	-0.07
	2.49
	0.35
	0

	S – MR84
	0.70
	0.66
	0.05
	2.84
	0.19
	0

	S – MR88
	0.58
	0.80
	-0.37
	2.58
	0.47
	0

	S – MR98
	0.65
	0.75
	-0.19
	2.69
	0.31
	0

	S – PS11
	0.74
	0.77
	-0.03
	2.90
	0.14
	1

	S – PS13
	0.65
	0.63
	0.07
	2.83
	0.28
	0

	S – PS15
	0.69
	0.64
	0.06
	2.91
	0.12
	0

	S – PS6
	0.69
	0.87
	-0.30
	2.77
	0.29
	0

	S – VB
	0.63
	0.60
	0.10
	2.47
	0.23
	0

	S – VB2
	0.64
	0.72
	-0.16
	2.77
	0.13
	0

	S – WC
	0.63
	0.62
	0.05
	2.55
	0.26
	3

	S – WR01
	0.69
	0.66
	0.05
	2.72
	0.26
	0

	S – WR04
	0.67
	0.61
	0.11
	2.80
	0.12
	3

	S – WR06
	0.63
	0.65
	-0.04
	2.54
	0.33
	0

	S – WR07
	0.66
	0.73
	-0.12
	2.60
	0.25
	1

	S – WR09
	0.64
	0.67
	-0.01
	2.56
	0.26
	0

	S – WR13
	0.55
	0.61
	-0.07
	2.52
	0.41
	0

	S – WR14
	0.53
	0.56
	-0.07
	2.60
	0.29
	0

	S – WR30
	0.57
	0.69
	-0.19
	2.46
	0.39
	0

	S – WR31
	0.63
	0.72
	-0.17
	2.88
	0.11
	1

	S – WR46
	0.64
	0.78
	-0.26
	2.66
	0.25
	0

	S – WR66
	0.70
	0.86
	-0.21
	2.70
	0.17
	0

	S – CWD1
	0.64
	0.60
	0.10
	2.66
	0.36
	0

	S – DFRG1
	0.60
	0.63
	-0.02
	2.42
	0.36
	0

	N – ST0030
	0.62
	0.80
	-0.26
	2.52
	0.50
	0

	N – ST0031
	0.52
	0.64
	-0.19
	2.32
	0.48
	0

	N – ST0033
	0.58
	0.68
	-0.16
	2.51
	0.44
	0

	N – ST0135
	0.59
	0.64
	-0.06
	2.49
	0.39
	0

	N – ST9604
	0.55
	0.62
	-0.10
	2.35
	0.44
	0

	N – ST9608
	0.51
	0.59
	-0.17
	2.45
	0.44
	0

	N – ST9615
	0.50
	0.65
	-0.27
	2.26
	0.51
	0

	N – ST9824
	0.58
	0.63
	-0.07
	2.45
	0.40
	2


Sharp-tailed grouse overall (Mantel r = 0.444, P = 0.20; Figure 19) or in either population (SSSR, Mantel r = 0.040, P = 0.50; NSSR, Mantel r = -0.080, P = 0.41; Figures 20 and 21) do not exhibit isolation-by-distance or further population structure, but the South Saskatchewan River proved to be a significant barrier to dispersal (Partial Mantel r = -0.42, P = 0.001). Consistent with this, only one migrant per generation is estimated to cross the river and both populations are significantly genetically differentiated.

Figure 19. Isolation by distance plot for all Sharp-tailed grouse leks with over five birds sampled.
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Figure 20. Isolation by distance plot for all South of the South Saskatchewan River Sharp-tailed grouse leks with over five birds sampled.
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Figure 21. Isolation by distance plot for all North of the South Saskatchewan River Sharp-tailed grouse leks with over five birds sampled
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Overall, Sharp-tailed grouse exhibited low relatedness when all leks were combined (R = -0.003), however relatedness within Sharp-tailed grouse leks (0.001 – 0.51) was considerably higher than Sage-grouse within-lek relatedness (-0.15 – 0.28) when leks were examined independently. Of the 73 leks with greater than five birds sampled, all but three leks had within-lek relatedness significantly different than zero (Figures 22 – 26). These 70 leks had average within-lek values near the level for siblings or parent-offspring (relatedness = 0.50; Figures 22 – 26). One lek with relatedness near zero was one of the two leks with either hybrids or Sage-grouse males observed displaying on it.  This suggests that the low within-lek relatedness was due to the presence of Sage-grouse alleles in at least some of the birds. Leks north of the South Saskatchewan River had higher within-lek relatedness (seven of eight leks had values > 0.40; Figure 26) than leks south of the South Saskatchewan River (three of 64 leks had values > 0.40; Figures 23 - 25). This combined with the genetic diversity data suggests that birds north of the river are becoming isolated and need further study.

Figure 22. Within-lek relatedness for all Sharp-tailed grouse leks with greater than five birds sampled in Alberta and Saskatchewan.
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Figure 23. Within-lek relatedness for Sharp-tailed leks grouse in the Manyberries, Alberta area. Relatedness for all leks except MB12, MB2, and MB37 are significantly different from zero.
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Figure 24. Within-lek relatedness for Sharp-tailed grouse leks in the Milk River, Alberta area. Relatedness for all leks is significantly different from zero.
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Figure 25. Within-lek relatedness for Sharp-tailed grouse leks in the Purple Springs and Writing on Stone areas in Alberta and Grasslands National Park in Saskatchewan. Relatedness for all leks is significantly different from zero.
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Figure 26. Within-lek relatedness for Sharp-tailed grouse leks north of the South Saskatchewan River in Alberta. Relatedness for all leks is significantly different from zero.
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Sage-grouse X Sharp-tailed grouse Hybrids

Alberta and Saskatchewan were the only regions where both Sage-grouse and Sharp-tailed grouse were collected so we focused on these regions for the hybrid analyses. Sage-grouse possessed 23 species-specific alleles (alleles not found in Sharp-tailed grouse) and Sharp-tailed grouse possessed 129 species-specific alleles (alleles not found in Sage-grouse; Table 4). There were also other Sage-grouse (n = 10) or Sharp-tailed grouse (n = 40) specific alleles found in very low frequencies in the other species and were most likely due to hybridization (i.e. the alleles were only found in one or a few birds; Table 4). 

Table 4. Microsatellite alleles found only in one species: Greater Sage-grouse or Sharp-tailed grouse or found commonly in one species and rarely in the other. 

	Species
	Microsatellite locus
	Number of species-specific alleles
	Number of alleles common in one species and rare in the other species

	Sage-grouse
	TUT4
	1
	0

	
	TTD6
	2
	1

	
	TUT3
	0
	0

	
	TUD3
	2
	0

	
	SGCA5
	1
	2

	
	TUD1
	0
	1

	
	SGCA9-2
	2
	0

	
	ADL230
	1
	0

	
	TTT3
	0
	0

	
	BG6
	7
	3

	
	BG15
	1
	0

	
	LLSD8
	2
	2

	
	TTT1
	4
	1

	
	Total
	23
	10

	
	
	
	

	Sharp-tailed grouse
	TUT4
	18
	2

	
	TTD6
	8
	5

	
	TUT3
	11
	3

	
	TUD3
	10
	1

	
	SGCA5
	5
	0

	
	TUD1
	15
	3

	
	SGCA9-2
	3
	7

	
	ADL230
	5
	6

	
	TTT3
	8
	4

	
	BG6
	8
	4

	
	BG15
	14
	0

	
	LLSD8
	17
	2

	
	TTT1
	7
	3

	
	Total
	129
	40


structure, the program that is most frequently used to detect hybrids, had difficulty separating Sage-grouse from Sharp-tailed grouse due to the genetic similarities of both species. Alternatively, the program may have had difficulty due to bi-directional genetic introgression leading to genetic similarities between the two grouse species. We therefore had to use different methods to examine hybridization. Basic assignment tests performed the best of all methods tried (Figure 27), as most individuals were assigned to their correct species. There was some overlap in the genotypes of both species, but these were primarily hybrids, birds of both species containing only alleles common in both species, and individuals sampled via molted feathers with incomplete genotypes (only 7 - 9 loci of 13 possible loci). 

Figure 27. Species assignment plot for Greater Sage-grouse (blue) and Sharp-tailed grouse (pink).
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Of the 2039 birds tested in Canada (798 Sage-grouse and 1241 Sharp-tailed grouse), all 11 sampled hybrids approximately equally assign to both species, while four Sage-grouse strongly assign to Sharp-tailed grouse and 27 Sharp-tailed grouse strongly assign to Sage-grouse (Table 5). Based on the frequency of species-specific alleles found in known hybrids (Table 6), we determined whether the questionable birds were Sage-grouse, Sharp-tailed grouse, or hybrids. Most of the birds assigning to Sharp-tailed grouse that were sampled on Sage-grouse leks, were indeed Sharp-tailed grouse (Table 5). These were all molted feather samples and were likely birds passing through the area as Sharp-tailed grouse leks are found in close proximity to Sage-grouse leks in southern Alberta. However, two of the samples from leks 35 and 38 were deemed to be hybrids based on the presence of species-specific alleles from both Sage-grouse and Sharp-tailed grouse (Table 5). Both of these samples were molted feathers and neither lek had birds captured on it so neither bird was observed. For the questionable Sharp-tailed grouse samples, most were identified as Sharp-tailed grouse containing only alleles that were commonly found in both species. Six Sage-grouse were identified on leks in the Manyberries region: MB1, MB11, and MB 36, with the latter having both species observed on in by Alberta Fish and Wildlife (Table 5). Nine hybrids were found on leks in the Manyberries region: MB12, MB2, and MB 36 and one hybrid was identified on a Milk River lek: MR46. The latter hybrid is problematic as this is not within the current range of Sage-grouse and may not have been in the historical range as well (Bush 2009). There are three possible explanations: (1) the alleles deemed Sage-grouse specific in this case may be very rare in Sharp-tailed grouse and are therefore not evidence of hybridization, (2) Sage-grouse were found historically in the Milk River region and this is a remnant of past hybridization events, or (3) the sporadic reports of Sage-grouse in the Milk River region present day may be valid and this is the result of a wayward disperser not being able to find a Sage-grouse mate. 

The presence of a greater amount of Sage-grouse genetic material in Sharp-tailed grouse is likely because male Sage-grouse would have an easier time establishing themselves on Sharp-tailed grouse leks than vice versa. There are also observations of male Sage-grouse displaying on Sharp-tailed grouse leks in both Alberta and Saskatchewan, but no observations of male Sharp-tailed Grouse displaying on Sage-grouse leks.

Table 5. Number of Greater Sage-grouse and Sharp-tailed grouse on each lek assigning to the opposite species using the assignment test. Leks not listed contained no hybrids or weakly or strongly assigned birds to either species. Weakly and strongly assigned individuals are assigned to the other species by less than three points and greater than three points, respectively. A final status is determined based on the species assignment from the assignment test combined with species-specific and rate alleles. SG = Sage-grouse, STG = Sharp-tailed grouse, and HYB = hybrid. No known hybrids are included in this table. * denotes Sharp-tailed leks with either Sage-grouse or hybrid males displaying on them in at least one year.

	Species
	Lek
	Weakly Assign (< 3 points)
	Strongly Assign (> 3 points)
	Status Based on Species Assignment & Alleles

	Sage-Grouse
	16
	1
	1
	STG (2)

	
	22
	1
	0
	STG (2)

	
	35
	1
	1
	STG (1), HYB (1)

	
	38
	2
	0
	STG (1), HYB (1)

	
	Unassigned Lek
	1
	1
	STG (2)

	Sharp-tailed grouse
	Unassigned Lek
	2
	1
	STG (3)

	
	CWD1
	1
	0
	STG (1)

	
	MB1
	7
	3
	STG (9), SG (1)

	
	MB10
	2
	0
	STG (2)

	
	MB11
	2
	2
	STG (2), SG (2)

	
	MB12
	4
	1
	STG (3), HYB (2)

	
	MB14
	1
	0
	STG (1)

	
	MB17
	2
	0
	STG (2)

	
	MB18
	3
	0
	STG (3)

	
	MB2
	2
	3
	STG (4), HYB (1)

	
	MB20
	2
	0
	STG (2)

	
	MB35
	1
	0
	STG (1)

	
	MB36*
	7
	6
	STG (3), SG (3), HYB (6)

	
	MB4
	1
	1
	STG (2)

	
	MB40
	2
	0
	STG (2)

	
	MB47
	0
	1
	STG (1)

	
	MB51
	0
	1
	STG (1)

	
	MB9
	3
	3
	STG (6)

	
	MR03
	1
	0
	STG (1)

	
	MR14
	1
	0
	STG (1)

	
	MR29
	0
	1
	STG (1)

	
	MR30
	1
	0
	STG (1)

	
	MR42
	1
	0
	STG (1)

	
	MR44
	2
	0
	STG (2)

	
	MR46
	2
	0
	STG (1), HYB (1)

	
	MR48
	1
	0
	STG (1)

	
	MR49
	1
	0
	STG (1)

	
	MR52
	1
	0
	STG (1)

	
	MR54
	1
	0
	STG (1)

	
	PS11
	1
	0
	STG (1)

	
	PS6
	0
	1
	STG (1)

	
	VB
	2
	1
	STG (3)

	
	VB2
	2
	0
	STG (2)

	
	WC
	1
	0
	STG (1)

	
	WR06
	1
	1
	STG (2)

	
	WR07
	2
	0
	STG (2)

	
	WR09
	1
	0
	STG (1)

	
	WR13
	0
	1
	STG (1)

	
	WR31
	1
	1
	STG (2)

	
	WR46
	4
	0
	STG (4)

	
	WR66
	1
	0
	STG (1)


Table 6. Genetic breakdown of seven first generation Greater Sage-grouse X Sharp-tailed grouse hybrids (with photographic evidence of hybrid plumage). 

	Sample
	Location
	Number of Common or Sage-grouse Specific Alleles
	Number of Common or Sharp-tailed grouse Specific Alleles

	M63HYB(00)
	Alberta
	0
	3

	MHYB(86)
	Alberta
	2
	2

	MHYB2(86)
	Alberta
	0
	1

	MSU4885HYB(69)
	Montana
	0
	6

	MSU5866engHYB(74)
	Montana
	1
	2

	ROM145946HYB(69)
	Montana
	0
	3

	ROM4989HYB(69)
	Montana
	0
	3


Habitat Fragmentation

All methods have been tested only on Alberta Sage-grouse due to difficulties obtaining the necessary GIS data layers from all of the jurisdictions. Alberta was also sampled the most intensively over the most years, which provided a better data set to test new methods. We are in the process of obtaining the last of the data layers necessary to do the analyses on Saskatchewan, Montana, and Wyoming.

We tried multiple methods (isolation-by-distance, isolation-by-resistance, etc.) with cost surface analysis appearing to work the best on Sage-grouse. For the analyses using the least cost path for habitat only, FST (the historic measure) was significant for all birds combined (Figure 28), males only (Figure 29), and females only (Figure 30). However, relatedness (the current measure) was not significant for any of the three groups. This suggests that in the past, birds primarily dispersed via habitat corridors, whereas they currently do not or cannot.

Figure 28. Lek-to-lek isolation-by-distance using genetic distance and the habitat only least cost path for both sexes of Greater Sage-grouse combined.
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Figure 29. Lek-to-lek isolation-by-distance using genetic distance and the habitat only least cost path for Greater Sage-grouse males only.
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Figure 30. Lek-to-lek isolation-by-distance using genetic distance and the habitat only least cost path for Greater Sage-grouse females only.
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For the analyses using the least cost path for disturbance + habitat, FST (the historic measure) was not significant for all three categories. However, relatedness (the current measure) was significant for all birds combined (Figure 31) and males only (Figure 32), but not females only (Figure 33). This suggests that in the past, gene flow was not limited by distance, but now gene flow by both males and the population as a whole is impacted by the current level of anthropogenic disturbance in Alberta causing a decrease in gene flow.

Figure 31. Lek-to-lek isolation-by-distance using genetic distance and the habitat with disturbance least cost path for both sexes of Greater Sage-grouse combined.
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Figure 32. Lek-to-lek isolation-by-distance using genetic distance and the habitat with disturbance least cost path for Greater Sage-grouse males only.
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Figure 33. Lek-to-lek isolation-by-distance using genetic distance and the habitat with disturbance least cost path for Greater Sage-grouse females only.
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Conclusions & Recommendations

Northern Montana Sage-grouse

No further population structure was identified different from those reported by Bush (2009) and genetic diversity was high suggesting that leks are not isolated or inbred within the Northern Montana Population. The presence of isolation-by-distance and dispersal reinforces that leks are not isolated and that at least some gene flow is occurring to all leks. Exceptions are BL-25-20-19 with unusually low observed heterozygosity (0.33) and allelic richness (1.86), but normal FIS and relatedness, indicating low genetic diversity, but not inbreeding. BL-34-22-20, V-20-102, V-20-026, V-20-041, V-20-031, and V-20-023 all had low observed heterozygosity and allelic richness suggesting that these leks have the potential for inbreeding. The only lek with excessively high FIS was PH-10 (0.16) implying that this lek has the greatest potential for inbreeding in the Northern Montana population. It is of particular importance to continue monitoring these leks to determine if disturbance or environmental factors are impacting these leks and leading to their isolation.

Within-lek relatedness significantly increased as distance to the nearest active neighbor lek increased suggesting that as leks become more isolated, fewer birds disperse resulting in leks with more related birds that may breed with one another. No significant trends were detected for males indicating that males are dispersing regardless of distance to the nearest active lek. Females exhibited significant trends for observed heterozygosity, expected heterozygosity, and allelic richness suggesting that females are the more philopatric sex and that their genetic diversity is the first to suffer when leks start to become isolated. Females are therefore the most important sex to sample to monitor isolation and gene flow.

Leks had low within-lek relatedness (close to zero). Lek 30 females, Fireguard females, and PH-19 males had relatedness levels significantly greater than zero suggesting that these leks may be important to monitor for isolation and/or inbreeding. Males appear to disperse farther than females (80 km vs. 20 km) and maximum dispersal is approximately 250 km revealing that Sage-grouse have a propensity for dispersal and that males are not the philopatric sex. This ability to disperse provides evidence as to why genetic diversity is not low north of the Milk River where there are few leks and why there is little genetic structure within the population.

Sharp-tailed grouse

Sharp-tailed grouse in southern Alberta and Saskatchewan form two populations: south of the South Saskatchewan River and north of the North Saskatchewan River. Sharp-tailed grouse do not exhibit isolation-by-distance or further population structure, but the South Saskatchewan River is a significant barrier to dispersal. Birds north of the river are more genetically depauperate, more related, and have few unique alleles. Overall, Sharp-tailed grouse leks also appear less genetically diverse than their endangered Sage-grouse counterparts. This suggests that SSSR is a genetically large population potentially connected to Montana and NSSR is a small population that may not be connected to surrounding areas via dispersal. This indicates that there are barriers to dispersal north of the South Saskatchewan River preventing gene flow and this population should be further studied to determine if disturbance is resulting in the decreased genetic diversity or if it is a natural occurrence. 

Sharp-tailed grouse exhibited exceptionally high within-lek relatedness compared to Sage-grouse. Only three of 73 leks had within-lek relatedness not significantly different than zero and some leks had average within-lek values near the level for siblings or parent-offspring. Leks north of the South Saskatchewan River had higher within-lek relatedness than leks south of the South Saskatchewan River. This combined with the genetic diversity data suggests that birds north of the river are becoming isolated and need further study to determine the causes.

Sage-grouse X Sharp-tailed grouse Hybrids

Four Sage-grouse strongly assigned to Sharp-tailed grouse and 27 Sharp-tailed grouse strongly assigned to Sage-grouse. Most of the birds assigning to Sharp-tailed grouse that were sampled on Sage-grouse leks were Sharp-tailed grouse and two of samples were hybrids. Of the Sharp-tailed grouse samples that assigned to Sage-grouse, most were identified as Sharp-tailed grouse containing only alleles that were commonly found in both species, six Sage-grouse were identified on leks in the Manyberries region, and 10 hybrids were found on leks in the Manyberries and Milk River regions. The presence of hybrids is somewhat alarming to the conservation of Sage-grouse in Canada, but because hybrids occur at low frequencies (1.6%) and Sharp-tailed grouse are found within the entire northern Sage-grouse range, there is not much that can be done except to monitor both populations for both observed and genetic (via molted feathers) hybrids to determine if the incidence of hybridization increases with increased habitat fragmentation and continued Sage-grouse population declines.

Habitat Fragmentation

Using both GIS and genetic data, it appears that in the past, Sage-grouse primarily dispersed in Alberta via habitat corridors, whereas they currently do not or cannot. However, presently gene flow by both males and the population as a whole is impacted by the current level of anthropogenic disturbance in Alberta causing a decrease in gene flow. This reveals that disturbance is currently impacting Sage-grouse and that further research needs to be done on which form of disturbance and their placement on the landscape is having the biggest impact on the species. Research is also needed to understand the best measures to mitigate anthropogenic disturbance on Sage-grouse.
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