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Abstract For over two decades, genetic studies have been used to assist in the
conservation and management of both Greater Sage-grouse (Centrocercus
urophasianus) and Gunnison Sage-grouse (C. minimus), addressing a wide variety
of topics including taxonomy, parentage, population connectivity, and demography.
The field of conservation genetics has been transformed by dramatic improvements
in sequencing technology, facilitating genomic studies in many wildlife species. The
quality and amount of data generated by genomic methods vastly exceed that of
traditional genetic studies, allowing for increased precision in estimating genetic
parameters of interest. Perhaps more importantly, genomic methods can provide
insight into non-neutral evolution such as adaptive divergence. Here we recount the
shift from genetic to genomic methods using two wildlife species of substantial
conservation interest, focusing on the improved capabilities and advantages of
genomic methods. For instance, reassessment of divergence in sage-grouse using
genomic methods confirmed strong differentiation between the two species and
revealed that a small population in the state of Washington was more genetically
distinct than previously recognized. Further, new genomic resources and approaches
have been used to identify a family of genes linked to local dietary adaptation
suggesting that sage-grouse may possess digestive and metabolic adaptations that
mitigate the effects of consuming plant secondary metabolites like those found in
sagebrush. Genetic variation among populations in these gene regions is thought to
be involved with local dietary adaptations, and therefore maintaining the tie between
sage-grouse and the chemistry of local sagebrush may be an important management
consideration. We posit that the integration of newly developed genomic resources
combined with the vast wealth of ecological and behavioral data for sage-grouse has
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the potential to shed light on mechanistic relationships that ultimately are vital to the
conservation and management of these species.

Keywords Adaptive genetic variation · Centrocercus · Conservation genetics ·
Landscape genetics · Whole-genome sequencing

1 Introduction

1.1 Background

Molecular genetic methods (i.e., those methods involving a small number of anon-
ymous and presumed neutral markers) have been used to address a wide variety of
conservation and management issues for both Greater Sage-grouse (Centrocercus
urophasianus) and Gunnison Sage-grouse (C. minimus). Both species have been
well-studied from a genetic perspective with over 25 peer-reviewed publications in
the past 20 years. The earliest research began in the mid-1990s examining taxonomy
and distinct populations (Kahn et al. 1999; Oyler-McCance et al. 1999; Young et al.
2000; Benedict et al. 2003). Since those early papers, the range in topics tackled by
genetic studies has been broad, examining questions ranging from lek formation and
mating system (Gibson et al. 2005; Semple et al. 2001; Bird et al. 2012) to detecting
gene flow and identifying landscape features impacting population connectivity
(Bush et al. 2011; Oyler-McCance et al. 2005a, b; Cross et al. 2016; Row et al.
2015). Dramatic improvements in DNA sequencing technology (Mardis 2008;
Shendure and Ji 2008; Metzker 2010) have facilitated the ability to collect genomic
data for virtually any organism and the ability to parse anonymous versus putative
adaptive genetic variation (Allendorf et al. 2010; Luikart et al. 2019; Hohenlohe
et al. 2019). Such genomic approaches have recently been applied to sage-grouse,
broadening our understanding about evolutionary history, current genomic structure,
and potential adaptation – all of which are important for successful management and
conservation. The aim of this chapter is to discuss the 20-year progression of
molecular studies on Greater and Gunnison Sage-grouse, highlighting the expanded
capabilities and advantages of genomic approaches and considering future research
directions.

1.2 Conservation Status of Sage-Grouse

The distributions of both Greater and Gunnison Sage-grouse have contracted con-
siderably across North America since the time of European settlement (Fig. 1). As of
2004, Greater Sage-grouse were thought to occupy roughly 56% of their historical
distribution, while Gunnison Sage-grouse occupy only 10% (Schroeder et al. 2004).
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The causes of range contraction vary in different parts of the ranges yet likely
involve habitat fragmentation, degradation, and loss associated with agriculture,
resource extraction, livestock grazing, fencing, powerlines, invasive plants, and
changes in the fire cycle (Connelly and Braun 1997; Braun 1998; Oyler-McCance
et al. 2001; Knick et al. 2003; Connelly et al. 2004; Green et al. 2017; Monroe et al.
2017). Despite significant range contraction, the Greater Sage-grouse persists across
much of the remaining western North American landscape that is dominated by
sagebrush (Artemisia spp.). Some populations (e.g., in the states of Washington and
Utah and the Jackson Hole population in the state of Wyoming) are small and
isolated, while others persist in relatively continuous habitat (Fig. 1). Conservation
and management efforts often cross state and federal boundaries and, by necessity,
focus on large-scale processes. Both species have been petitioned to be listed under
the US Endangered Species Act, with Gunnison Sage-grouse currently listed as
threatened under US law (USFWS 2014) and Greater Sage-grouse listed as endan-
gered under the Canadian Federal Species at Risk Act (Environment Canada 2014)
for the northernmost populations in Alberta and Saskatchewan. The threat of poten-
tial listing has facilitated a plethora of studies on habitat requirements, population

Fig. 1 Current and presettlement distribution of sage-grouse (modified from Schroeder et al. 2004).
The boundary for the Bi-State population of Greater Sage-grouse as well as the Washington
populations is delineated by dotted lines, whereas the boundary for the Gunnison Sage-grouse
distribution is delineated by a solid line. The numbers represent sampling locations for the whole-
genome resequencing study (1, Alberta; 2, Jackson Hole; 3, Bi-State; 4, Washington; 5, Piceance
Basin; 6, Gunnison Sage-grouse) of Oh et al. (2019)
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trends, impacts of management actions, and causes of decline, particularly for
Greater Sage-grouse.

1.3 Sagebrush Specialist

Sage-grouse are considered sagebrush obligate species (Beever and Aldridge 2011),
depending on sagebrush throughout their entire life cycle (Patterson 1952). They
require sagebrush for cover and nesting, and while they forage on sagebrush
throughout the year, they rely on it exclusively for food in the winter months
(Patterson 1952; Dalke et al. 1963; Wallestad et al. 1975; Braun et al. 1976;
Connelly et al. 2000; Young et al. 2000). There are six main species and subspecies
of sagebrush that are important for sage-grouse (described in Connelly et al. 2000),
and their occurrence varies widely across the landscape due to differences in climate,
soil type, topography, and disturbance (West 1983; Miller et al. 2011). Sagebrush
leaves contain high levels of plant secondary metabolites (PSMs) such as mono-
terpenes (Kelsey et al. 1982) that act as a defense against herbivory by inhibiting
digestive enzymes in herbivores (Kohl et al. 2015). Different varieties of sagebrush
have distinct combinations and concentrations of toxins that vary across the land-
scape (Frye et al. 2013). Sage-grouse are dietary specialists and consume sagebrush
leaves selectively, targeting leaves with higher nutrient content and lower concen-
tration of PSMs (Remington and Braun 1985; Welch et al. 1988; Frye et al. 2013)
and have coevolved mechanisms to deal with the inhibition of digestive enzymes
associated with PSMs (Kohl et al. 2015).

1.4 Mating System

Both species of sage-grouse have a polygynous mating system that has been the
focus of numerous studies over many decades (Wiley 1974; Wittenberger 1978;
Gibson and Bradbury 1986; Bergerud 1988; Gibson et al. 1991; Young et al. 2000).
In the spring, males congregate on leks, where they engage in an elaborate strutting
display to attract females. Males establish territories on leks and defend them
throughout the breeding season (Gibson and Bradbury 1986). Behavioral observa-
tions suggest that females arrive at leks later in the breeding season and typically
mate with one of the dominant males on the lek (Wiley 1974; Gibson and Bradbury
1986; Gibson et al. 1991). Thus, reproductive success is highly variable among
males, with a small proportion of males monopolizing all matings, which has
important implications for management and conservation. Such highly skewed
mating success among males implies strong sexual selection which can lead to
rapid changes in morphology and behavior that can facilitate divergence and speci-
ation (Ellsworth et al. 1994; Uy and Borgia 2000; Panhuis et al. 2001; Spaulding
2007; Oyler-McCance et al. 2010), processes that favor the formation of
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evolutionarily significant units that are important to identify and protect. Further, this
mating skew decreases the overall genetic diversity and effective population size of
sage-grouse (Stiver et al. 2008), which may be important for surviving and adapting
to future stressors such as novel diseases or environmental change. Importantly,
lekking behavior and the leks themselves provide a predictable time and location for
biologists to count, monitor, and sample sage-grouse for research.

1.5 Why Sage-Grouse Are Good Candidates for Genetic
and Genomic Research

Unlike many species of conservation concern, sage-grouse have been closely mon-
itored for decades as they are game birds that have been sought by hunters and are
therefore actively managed by governmental wildlife agencies. Research and mon-
itoring efforts by these agencies have produced a wealth of data on population trends
and habitat needs (see volume edited by Knick and Connely 2011), and concern over
listing has prompted further research to better understand threats to sage-grouse and
their habitat. This resulted in an abundance of information regarding sage-grouse
populations, habitats, and threats, providing an extensive baseline into which molec-
ular data can be integrated. The collection of samples for genetic analyses has been
relatively straightforward as wings from hunter-killed grouse are collected each fall
by most state agencies to determine demographic information, and DNA can be
extracted from the muscle tissue of those wings (Oyler-McCance et al. 1999, 2005a;
Benedict et al. 2003). In addition, blood collected from birds in radio telemetry
studies has served as a good source of DNA (Oyler-McCance et al. 2005b, 2014;
Bush et al. 2011). More recently, DNA extracted from feathers and fecal pellets
collected noninvasively on leks during the breeding season has successfully been
used in genetic analyses (Bush et al. 2005, 2010; Baumgardt et al. 2013; Row et al.
2015; Cross et al. 2016; Shyvers et al. 2019). While many genomic methods (e.g.,
whole-genome or reduced representation (re)sequencing) require relatively large
quantities of high molecular weight DNA from tissue or blood (see Oyler-McCance
et al. 2016 for a discussion of DNA quantity and quality in genomic applications), a
few (e.g., targeted sequence capture; for review, see Jones and Good (2016)) have
successfully generated genome-wide SNP markers using low-quality DNA samples
such as from preserved museum specimens (Bi et al. 2013), suggesting that feather
or fecal-derived DNA may be suitable for some genomic applications. Finally, sage-
grouse are closely related to two agriculturally important galliform species (domestic
turkey [Meleagris gallopavo; Dalloul et al. 2010] and chicken [Gallus gallus;
International Chicken Genome Sequencing Consortium 2004]), thereby providing
extensive genomic resources, including functional and structural genomic datasets
and experimental validation that can serve as invaluable resources for assigning
putative gene functions to sage-grouse orthologs.
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2 How Traditional Genetics and the Shift to Genomics Help
Conserve Sage-Grouse

2.1 Delineating Units for Conservation and Management

Historically, sage-grouse were considered to be one species. Research in the 1990s
revealed dramatic morphological (Hupp and Braun 1991) and behavioral (Young
et al. 1994) differences between sage-grouse in southwestern Colorado and south-
eastern Utah compared to the rest of the range, raising the possibility that this group
of sage-grouse may be a new species. Genetic analyses using mitochondrial DNA
and microsatellite loci were then employed to explore genetic differentiation
between sage-grouse in northern and southern Colorado (Kahn et al. 1999; Oyler-
McCance et al. 1999), comparing across the purported species boundary located
within Colorado. These studies revealed a lack of gene flow between the two
morphologically and behaviorally distinct groups of sage-grouse in Colorado, con-
sistent with the idea that sage-grouse in southwestern Colorado were a distinct
species. This new species was subsequently named, described (Young et al. 2000),
and recognized by the American Ornithologists’Union (2000). Further, these studies
revealed that the newly described Gunnison Sage-grouse had much less genetic
diversity than was found within Greater Sage-grouse in northern Colorado (Kahn
et al. 1999; Oyler-McCance et al. 1999).

The recognition of the Gunnison Sage-grouse as a separate species led to the
renaming of all other sage-grouse as Greater Sage-grouse and a correction to its
range distribution (Fig. 1). Within the revised large range of the Greater Sage-
grouse, the species had historically been divided into two taxonomic groups; an
eastern (C. u. urophasianus) and a western (C. u. phaios) subspecies (Aldrich 1946).
This delineation was based on plumage and coloration differences in 11 individual
Greater Sage-grouse collected from Washington, Oregon, and California (Aldrich
1946). The western subspecies presumably occurred in southern British Columbia
(Aldridge and Brigham 2003), central Washington, east-central Oregon, and north-
eastern California (Aldrich 1946), although Aldrich and Duvall (1955) considered
the birds in California to be intermediate. Populations in other areas of the range
were considered to be the eastern subspecies. The validity of the subspecies distinc-
tion was later questioned (Johnsgard 1983). Using genetic techniques similar to
those used to evaluate the validity of the Gunnison Sage-grouse, Benedict et al.
(2003) and Oyler-McCance et al. (2005a) examined the subspecific boundary and
found no genetic evidence to support the original subspecies distinction (Fig. 1).
Instead, they found several populations that were notable for other reasons. Along
the border between Nevada and California, the “Bi-State” population (alternately
referred to as “Lyon/Mono”) was found to be unusual, with mitochondrial DNA
sequences largely unique compared to the rest of the range (Benedict et al. 2003).
Further examination of the Bi-State population revealed that, unlike Gunnison Sage-
grouse, they are neither morphologically nor behaviorally distinct from other Greater
Sage-grouse (Taylor and Young 2006; Schroeder 2008). Interestingly, Benedict
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et al. (2003) also found that the two populations in Washington contained the lowest
level of haplotype diversity observed (with one of the few haplotypes a common,
widespread haplotype), perhaps resulting from a recent genetic bottleneck given that
these populations now occupy just 8–10% of their original range and have shown
significant declines in population size (Schroeder et al. 2000).

Managing populations with unique genetic diversity could be extremely impor-
tant if those populations are to be conserved. Benedict et al. (2003) suggested that the
unique allelic composition of the Bi-State population might be of particular impor-
tance for conservation. Since the likelihood that distinctiveness of anonymous
genetic markers extends to genes under adaptive selection, they suggested this
population should be managed independently, avoiding translocation of other
Greater Sage-grouse into this area. They also surmised that the probable loss of
genetic variation in Washington should be addressed, recommending that translo-
cation of birds from neighboring populations may be justified to ensure continued
persistence of the populations in Washington (Benedict et al. 2003). A subsequent
study spanning the species’ entire range using both mitochondrial DNA and nuclear
microsatellites came to similar conclusions (Oyler-McCance et al. 2005a).

Compared to other Greater Sage-grouse populations, the Bi-State population has
a somewhat similar amount of genetic divergence (based on anonymous neutral
markers) as the Gunnison Sage-grouse, yet it lacks the morphological and behavioral
differences present between the two species (Taylor and Young 2006; Schroeder
2008; Oyler-McCance et al. 2014). This has led to lingering confusion over the
taxonomic status of the Bi-State population. A shift to genomic markers has helped
to resolve this taxonomic uncertainty. Using a reduced representation approach
(RAD-Seq), Oyler-McCance et al. (2015a) identified over 11,000 single-nucleotide
polymorphisms (SNPs) among three groups: Gunnison Sage-grouse, Bi-State, and
the southern portion of the range of Greater Sage-grouse. Contrary to previous
findings with microsatellites and mitochondrial DNA, they found much higher
differentiation between Gunnison and Greater Sage-grouse than within Greater
Sage-grouse (e.g., Bi-State population versus populations in the remainder of the
species’ range). When each SNP site was mapped onto the chicken genome, the most
highly divergent SNPs between Greater and Gunnison Sage-grouse were located on
the Z chromosome (sex-determining macrochromosome in birds), and for both
species, genetic diversity on the Z chromosome was reduced compared to autosomes
(Oyler-McCance et al. 2015b). Greater divergence on the Z chromosome could be
the result of selection (including sexual selection) or genetic drift associated with a
genetic bottleneck related to the speciation event. These recent findings highlight the
added value of genomic approaches, which help to better characterize patterns of
genetic variation in sage-grouse and add insights into the mechanisms underlying
speciation in these birds.

In light of these studies, there is ongoing interest in better understanding the
genetic distinctiveness of sage-grouse populations, particularly those with small
populations that exist on the margins of the species range, often constrained to
relatively isolated patches of suitable sagebrush habitat that may limit gene flow
from neighboring populations. From a conservation perspective, an important
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question is whether the patterns of genetic differentiation observed with anonymous
markers in such populations have any functional genetic significance that might
suggest local adaptation. While homology-based approaches provide a convenient
option, species-specific genomic resources are necessary to fully characterize genetic
variation observed. Recent efforts to enhance sage-grouse genomic studies have
been bolstered by the de novo assembly of a high-coverage (ca. 170�) reference
genome for Gunnison Sage-grouse (Oh et al. 2019). Comparative genomic analysis
shows that 98% of scaffolds mapped with high confidence (e-value <1e-50) to the
chicken genome, with all chicken chromosomes covered by three or more scaffolds.
Preliminary genome annotation was also performed, utilizing both ab initio gene
prediction and homology-based methods, resulting in a draft annotation containing
18,565 protein-coding genes. Taken together, this reference genome represents
arguably the most comprehensive set of genomic resources available for a
non-domesticated galliform species to date and was used to facilitate a whole-
genome resequencing study (Oh et al. 2019) aimed at investigating anonymous
and adaptive differentiation for several small, isolated, and potentially unique
Greater Sage-grouse populations (Fig. 1): (1) at the northern extent of the contem-
porary species range in southeastern Alberta (Bush et al. 2011); (2) an isolated
population near Jackson Hole, Wyoming (Schulwitz et al. 2014); (3) the Bi-State
population (Benedict et al. 2003; Oyler-McCance et al. 2005a); and (4) a population
in southern Washington (Benedict et al. 2003; Oyler-McCance et al. 2005a). Fifteen
individual genomes were resequenced from each population, in addition to 15 sam-
ples from Greater Sage-grouse from the Piceance Basin in northwestern Colorado,
which were expected to be more genetically representative of the largest populations
occurring across relatively contiguous habitat of the Wyoming Basin (Oyler-
McCance et al. 2005a). Fifteen Gunnison Sage-grouse samples were also included
to evaluate previous interspecific genetic comparisons at a finer resolution. Analyses
of approximately 1.5 million SNPs in the resulting dataset suggested distinct clus-
tering by population (Fig. 2), with a largely hierarchical population structure,
consistent with a pattern of postglacial recolonization from multiple refugia
(Taberlet et al. 1998; Oyler-McCance et al. 2005a; Meirmans 2012). Evaluation of
divergence at the whole-genome level (Oh et al. 2019) suggested greatest levels of
differentiation at the interspecific level (mean pairwise FST at autosomal SNPs for
C. urophasianus� C. minimus populations¼ 0.460), largely corroborating previous
results. Interestingly, comparisons among Greater Sage-grouse populations indi-
cated relatively high levels of divergence in pairwise contrasts involving
Washington (mean pairwise FST at autosomal SNPs ¼ 0.231) compared to the
mean values among Greater Sage-grouse populations in the northeastern core of
the species range (Alberta, Jackson Hole, and Piceance Basin: mean pairwise FST at
autosomal SNPs ¼ 0.103). The Bi-State population also showed comparatively
elevated levels of genome-wide differentiation (mean pairwise FST at autosomal
SNPs ¼ 0.137). Importantly, because tests of population structure over relatively
large geographic ranges can be biased by limited dispersal (i.e., isolation-by-
distance), a partial Mantel test confirmed the evidence of genetic clustering, while
controlling for interpopulation distance (Meirmans 2012). While evidence from
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previous genetic analyses of Washington sage-grouse has been consistent with a
history of isolation and dramatic reductions in population size (Oyler-McCance et al.
2005a), these results at the whole-genome level provide new quantitative evidence
for greater genetic distinctiveness of Washington birds than previously appreciated,
which likely has implications for management priorities (Oh et al. 2019).

Whole-genome sequences were also used to investigate historical demographic
trends in both sage-grouse species. Utilizing the Gunnison Sage-grouse genome
along with a reference genome for Greater Sage-grouse (sequenced to a moderate
depth of ~27� and then aligned to the C. minimus reference), Oh et al. (2019) used
the pairwise sequentially Markovian coalescent model (Li and Durbin 2011) to infer
changes in effective population size (Ne) over the past ~4 million years. Both species
showed evidence of declines in Ne (Fig. 3), part of which coincides with the last
glacial period in North America (c. 110,000–11,700 BP). However, while the
Greater Sage-grouse genome revealed some evidence of population size stabilization
(consistent with postglacial range expansion), the inferred Ne for Gunnison Sage-
grouse exhibited consistent decline, suggesting that the ancestral population to this
species may have been demographically isolated from other sage-grouse populations
and undergone a more severe bottleneck, perhaps contributing to initial population
divergence and the speciation process (Oh et al. 2019).

Fig. 2 Principal component analysis of complete dataset representing five populations of Greater
Sage-grouse (AL, Alberta, Canada; PI, Piceance Basin, Colorado; JH, Jackson Hole, Wyoming; BI,
Bi-State population spanning the border between California and Nevada; WA, Washington) and the
Gunnison Sage-grouse (GU in southwestern Colorado), based on 1,500,781 nuclear SNPs. Axes
represent first (PC1) and second (PC2) principal components, with percentage of total genetic
variance explained by each component shown in parentheses (Oh et al. 2019, reprinted with
permission from Oxford University Press, Genome Biology and Evolution)
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2.2 Population Connectivity and the Factors Influencing
Gene Flow

Dispersal of individuals has important effects on population dynamics and persis-
tence, as well as patterns of diversity and population structure (e.g., Garant et al.
2005; Row et al. 2010, 2016; Fedy et al. 2017). Thus, documenting effective
dispersal (i.e., dispersal that results in gene flow) across landscapes can inform
management actions on how to improve or maintain population connectivity.
Genetic studies have examined gene flow at both large (Oyler-McCance et al.
2005a, b; Cross et al. 2018; Row et al. 2018) and small scales (Bush et al. 2011;
Oyler-McCance et al. 2014; Schulwitz et al. 2014; Davis et al. 2015; Cross et al.
2016; Row et al. 2016). A common theme that emerges from these studies is that
sage-grouse follow an isolation-by-distance pattern where neighboring populations
tend to be more closely related than those that are separated by larger geographic
distances (i.e., gene flow occurs more readily among neighboring populations).
Further, populations in discrete patches of habitat isolated from other populations
in more continuous sagebrush (e.g., satellite populations of Gunnison Sage-grouse,
Washington, Jackson Hole, Bi-State populations within Greater Sage-grouse) are
less connected than populations in more contiguous habitat (Oyler-McCance et al.
2005a, b; Schulwitz et al. 2014).

Fig. 3 Inferred changes in ancestral effective population size for Greater Sage-grouse (blue) and
Gunnison Sage-grouse (red) from Oh et al. (2019) (Reprinted with permission from Oxford
University Press, Genome Biology and Evolution). Thick lines are median estimate from PSMC
analysis of autosomes from a single individual of each species; lighter lines are from 100 bootstrap
replicates. Values were scaled by generation time (g) (Stiver et al. 2008) and lineage-specific
estimated mutation rate (μ) (Nam et al. 2010). The median divergence time for the two species is
estimated to be roughly 1.24 million years ago (range 0.58–1.64 million years ago, Kumar et al.
2017; Jetz et al. 2012)

532 S. J. Oyler-McCance et al.



While documenting levels of gene flow among populations is an important first
step, understanding how different landscapes actually influence gene flow provides a
logical progression and can be critical for management and prioritization of areas
for protection. The field of landscape genetics combines landscape modelling and
genetic data to better comprehend how landscape features influence gene flow across
a given region (Manel et al. 2003; Storfer et al. 2007; Forester et al. 2018). Several
studies have used microsatellite data to examine such relationships in both Greater
and Gunnison Sage-grouse at vastly different extents (Shirk et al. 2015; Row et al.
2015, 2018; Zimmerman 2019). Landscape features that impact gene flow in Greater
Sage-grouse are scale-dependent and vary across the range (Row et al. 2018).
Similarly, the habitat composition also had a scale-dependent facilitation of gene
flow for Gunnison Sage-grouse, with the presence of sagebrush habitat facilitating
gene flow among populations and high-quality nesting habitat and a tall shrub
component facilitating gene flow among leks within the largest population
(Zimmerman 2019). In general, sage-grouse gene flow tends to be greatest in areas
of high-quality breeding habitat, yet conifers, rugged terrain, and agriculture
impeded gene flow in many areas (Shirk et al. 2015; Row et al. 2015, 2018;
Zimmerman 2019). Thresholds can be identified for the amount of breeding habitat
or other important variables (positive or negative) that might influence gene flow
(see Row et al. 2018), providing guidance on how to best manage landscapes to
promote connectivity and gene flow. Genomic methods have the potential to add
precision to landscape genetic studies due to the large number of markers. For
instance, Jahner et al. (2016) analyzed variation at 27,866 SNPs in 140 male Greater
Sage-grouse in a small region in central Nevada and found that geographic distance
and suitable habitat best predicted genetic differentiation. Landscape genetic studies
have produced maps that depict the strength and redundancy of connectivity that can
help inform conservation actions that maintain and restore functional connectivity
for sage-grouse. The added precision from genomic studies could further refine such
efforts (Forester et al. 2018). Moreover, genomic methods could greatly expand
the types of landscape genetic research questions being asked for sage-grouse by
including adaptive loci. For instance, ties between adaptive genetic loci and envi-
ronmental gradients could be examined (Waits and Storfer 2016) and used to predict
potential responses to changing habitats under differing climate change scenarios.

Genetic data have frequently been used to estimate diversity within and differ-
entiation between populations. Although one key feature of genomic data is being
able to evaluate functional genetic regions, using thousands of anonymous loci can
increase the precision of population parameter estimates (Allendorf et al. 2010). For
instance, Gunnison Sage-grouse samples have been used to compare population
parameter estimates from two datasets, one composed of 22 microsatellite loci from
254 individuals across populations and another composed of 14,072 SNP loci from
60 individuals (a subset of the 254) across populations (Zimmerman et al. 2019b).
Both datasets generally showed the same pattern of differentiation, diversity, and
clustering, although the SNP data had some increased precision of estimates and
identification of distinct groups, as expected (Fig. 4). However, this increased
precision was not always realized with differentiation metrics (see FST; Fig. 4). As
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Fig. 4 Increased precision in Gunnison Sage-grouse population genetic metrics for 14,072 puta-
tively neutral SNP loci from 60 individuals versus 22 microsatellite loci from 254 individuals for
multiple measures (Figure created from data presented in Zimmerman et al. 2019b). For (a)
differentiation metrics (FST (Weir and Cockerham 1984); DJost (Jost 2008); GST (Hedrick 2005);
calculated in diveRsity R package (Keenan et al. 2013) with 1,000 bootstraps) and (b) diversity
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other studies have demonstrated (Willing et al. 2012; Defaveri et al. 2013), precision
in bootstrapped confidence intervals for pairwise differentiation is impacted by how
many SNPs are used in combination with the number of individuals sampled for
each population (more of both results in greater precision).

2.3 Managing Genetic Diversity

Small and isolated populations often face a risk of severe inbreeding and the
resulting expression of deleterious recessive alleles. Additionally, for species with
ranges that span diverse habitats, natural selection may promote highly localized
adaptations that could warrant consideration when setting conservation priorities or
contemplating certain management practices such as translocation or captive breed-
ing. Thus, an important challenge for conservation genetics is to balance the
maintenance of genetic diversity with the retention of potentially locally adapted
genetic variants. The transition to genomic studies in sage-grouse conservation has
provided important advances toward this goal.

Previous genetic analyses revealed low genetic diversity in Gunnison Sage-
grouse satellite populations in comparison to the larger Gunnison Basin population
(Oyler-McCance et al. 2005b). One of the management actions taken to mitigate
both population size and genetic diversity was to translocate individuals from
Gunnison Basin to satellite populations (Fig. 5). Recently, genetic data from
22 microsatellite loci were used to estimate change in diversity, differentiation,
and population admixture among samples collected before, and 9 years after trans-
location efforts began (Zimmerman et al. 2019a). Satellite populations that received
translocated birds all had increased genetic diversity, decreased genetic differentia-
tion from the larger Gunnison Basin population, and showed signals of population
admixture within individuals, indicating reproduction between Gunnison Basin
transplants and resident satellite population birds. Though this work was completed
using microsatellite loci, large numbers of anonymous loci from genomic techniques
would likely identify finer signatures of change as a result of translocation. For one
of the datasets, Zimmerman et al. (2019a) used a large number of noninvasively
collected genetic samples, which were low in quality and unsuitable for many

⁄�

Fig. 4 (continued) metrics (AR ¼ allelic richness, HE ¼ expected heterozygosity, FIS ¼ inbreeding
coefficient; calculated in diveRsity R package), increased precision is illustrated as the difference in
95% confidence interval width for estimates calculated from microsatellites and SNPs (>0 indicates
SNPs have a smaller width). Populations in pairwise comparisons for differentiation metrics (a) are
abbreviated along the x-axis: CM Cimarron, CR Crawford, DC Dove Creek, GB Gunnison Basin,
PM Piñon Mesa, SM San Miguel; CM.CR FST between Cimarron and Crawford. Clustering
approaches (hclust function in R, the complete method and with dissimilarity matrix (Nei and
Kumar 2000) and 1,000 bootstraps) show a clear increase in precision of identifiable groups when
using SNPs (d) as opposed to microsatellites (c)
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genomic techniques. Once anonymous loci are identified from high-quality samples,
additional samples collected noninvasively could be used to continue tracking
change as a result of the management action.

Despite relatively close geographic proximity, Gunnison Sage-grouse satellite
populations have relatively high levels of genetic differentiation (Oyler-McCance
et al. 2005b) with conspicuous differences in habitat quantity, quality, and ecological
composition (GSRCC 2005) leading to the possibility of local adaptation across
populations. Understanding the underlying genetic basis of such adaptations could
be important for implementing conservation measures (Savolainen et al. 2013) such
as translocations. The small effective population size of satellite populations could
present a risk of translocations overwhelming any locally adapted alleles with
variation from the larger Gunnison Basin. Zimmerman et al. (2019b) used 15,033
SNP genotypes in genomic outlier analyses, genotype-environment associations,
and gene ontology (GO) enrichment analyses to examine patterns of putatively
adaptive genetic differentiation in six of the Gunnison Sage-grouse populations.

Fig. 5 Range of Gunnison Sage-grouse in southwestern Colorado and southeastern Utah (modified
from Zimmerman et al. 2019a). The largest (core) population is the Gunnison Basin. All other
populations are considered to be satellite populations. The blue arrows represent translocation of
Gunnison Sage-grouse from the Gunnison Basin to satellite populations, and the numbers represent
the number of birds that were translocated between 2005 and spring of 2014 (USFWS 2014).
Although birds were translocated into the Cimarron population, none of those birds survived.
Analysis of pre- and post-translocation genetic data generally revealed increased genetic variation
in the satellite populations and a decrease in differentiation between satellites and the Gunnison
Basin population (Zimmerman et al. 2019a)
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A total of 411 loci linked to 289 putative genes associated with biological functions
that were overrepresented in the assemblage of outliers were identified. Of particular
interest was the identification of candidate SNPs linked to four genes which are
members of the cytochrome P450 gene family (CYP4V2, CYP2R1, CYP2C23B,
CYP4B1) which could indicate adaptive divergence for genes involved in sagebrush
PSMmetabolism and candidate loci that were linked to genes potentially involved in
antiviral response (DEAD box helicase gene family and SETX) (Zimmerman
et al. 2019b). Additionally, seven of the candidate SNPs corresponded to predicted
non-synonymous amino acid substitutions in putative genes; this included two
putative genes associated with antiviral response (DDX60 and SETX), as well as
one (CYB5R4) that was previously associated with heat stress response
(Zimmerman et al. 2019b; Zimmerman 2019).

Genomic methods have also been applied to investigate potentially adaptive
genetic variation in small and isolated Greater Sage-grouse populations (Oh et al.
2019). Utilizing the whole-genome resequencing datasets (see above), a population
genomics study was carried out to identify SNPs that bear the signature of selection
(Oh et al. 2019). Briefly, the analysis utilized a Bayesian method that first estimates
overall genetic covariance among populations and then identifies outlier loci that
deviate from the expectations of this background population structure (Gautier
2015). This analysis identified 8,630 outlier SNPs that exhibited extreme differen-
tiation among populations (i.e., exceeded 1% probability threshold). Of these,
147 SNPs occurred within exons of predicted protein-coding genes, with 50 identi-
fied as causing non-synonymous changes. Another 2,099 SNPs occurred within 5 kb
up- or downstream regions of genes, thus suggesting potential regulatory effects on
nearby genes. Gene ontology analysis of predicted genes associated with outlier
SNPs revealed participation in diverse organismal functions, including spermato-
genesis (HOOK1, MYCBP-associated protein) and immune function (CFI, GAB3),
suggesting a potential role of sexual and pathogen-mediated natural selection,
respectively, in shaping patterns of protein variation. In a parallel approach, the
same study tested for evidence of positive natural selection on cytochrome P450
genes, along with a panel of candidate genes that are likely related to metabolism
of PSMs, identified from pharmacological literature. Multiple genomic regions
containing outlier SNPs that were associated with candidate genes related to the
metabolism of xenobiotic compounds were identified, suggesting that inter-
population variation could underlie consequential local dietary adaptations
(Oh et al. 2019). These potential links between sage-grouse and the chemistry of
the local sagebrush plants within which they reside are highly relevant to consider
for conservation and management strategies. For instance, sagebrush restoration
efforts could consider using local sagebrush material to avoid mismatches in
PSMs with the local sage-grouse population. Additionally, it may be prudent for
translocation efforts to carefully consider the sagebrush communities associated with
source and recipient sage-grouse populations.
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3 Future Directions in Sage-Grouse Genomics

3.1 Identifying and Conserving Adaptive Genetic Variation

The genetic and genomic research described above highlights the many ways
that molecular data have contributed to the management of sage-grouse. The new
genomic resources available for both species of sage-grouse greatly expand the types
of questions that can now be answered, with a particular focus on understanding and
conserving adaptation. Given the recently discovered relationship between specific
sagebrush varieties and the sage-grouse that coevolved with them, genomic methods
could further explore this relationship. A comprehensive analysis of diet, for exam-
ple, can be obtained using metabarcoding approaches (Jarman et al. 2004; Deagle
et al. 2009; Pompanon et al. 2012) and is particularly compelling as it can be
completed noninvasively through analysis of fecal pellets. Moreover, the role of
sage-grouse gut microbiome in metabolizing PSMs in sagebrush may be important
(Kohl et al. 2015) and could be further investigated using genomic techniques.
Adaptive genetic variation can also be identified by testing for associations between
genomic variation and environmental variables important for sage-grouse. As the
range of Greater Sage-grouse remains large, encompassing a wide variety of habitat
and environmental conditions, this type of analysis could be particularly useful.
Finally, genomic approaches can provide insights into the susceptibility of sage-
grouse to disease. Rudimentary exploration of genetic diversity at immune genes has
shown that both species of sage-grouse have lower levels of diversity compared to
other prairie grouse and that Gunnison Sage-grouse is particularly low (Minias et al.
2016, 2018). Newly developed genomic resources for both species (Oh et al. 2019)
should facilitate the expansion of this line of research.

3.2 Exploring the Impacts of Low Genetic Diversity

Both species of sage-grouse have experienced significant population declines that
can result in loss of genetic diversity, which may decrease evolutionary adaptive
potential and increase the likelihood of inbreeding depression (Allendorf et al. 2010;
Steiner et al. 2013). Issues with low genetic diversity and inbreeding depression have
been documented in a close relative, the greater prairie-chicken (Tympanuchus
cupido; Westemeier et al. 1998), and was suspected in at least one population of
Gunnison Sage-grouse (Stiver et al. 2008). Although the range and overall number
of Greater Sage-grouse (>100,000 individuals) are relatively large, some
populations (e.g., two populations in Washington and one in Strawberry Valley,
Utah) show low levels of genetic diversity (Oyler-McCance et al. 2005a; Oh et al.
2019). Gunnison Sage-grouse, on the other hand, have a small and fragmented
range, small number of individuals (<5,000), and much lower genetic diversity
(Oyler-McCance et al. 2015a; Oh et al. 2019), which may make impacts of low
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genetic diversity more problematic. Genomic methods can elucidate the underlying
genetic basis of inbreeding depression and provide a mechanistic link between
phenotypes and the molecular processes behind them (Steiner et al. 2013). Identify-
ing genes that contribute to inbreeding depression can be achieved through genome-
wide association studies comparing genomic variation of individuals with different
fitness levels. This approach is currently being investigated in captive Attwater’s
prairie-chicken (T. cupido attwateri, J Johnson, pers. comm) and could potentially
be useful in sage-grouse. Captive breeding of both species of sage-grouse has been
attempted (Pyrah 1964; Johnson and Boyce 1991; Thompson et al. 2015; Apa and
Wiechman 2015) and potentially could be used as a tool to augment wild sage-
grouse populations as is taking place in Canada (D McKinnon, pers. comm),
increasing both the size and genetic diversity of populations. Genomic analyses
can provide more precise estimates of relatedness and inbreeding coefficients both in
captive and wild populations that may assist in release, translocation, and genetic
rescue efforts (Kardos et al. 2015).

3.3 Document and Better Understand Physiological Response
to Stress

To date, an understanding of how sage-grouse respond to stress has relied on
measuring corticosteroid metabolites in fecal samples (Jankowski et al. 2009,
2014; Blickley et al. 2012). Genomic methods have the potential to expand such
investigations through gene expression experiments involving transcriptome
sequencing. Such investigations could examine the physiological response of sage-
grouse to biotic and abiotic stressors that occur both naturally (e.g., seasonal changes
in temperature) and due to anthropogenic origin (e.g., noise) (Kleist et al. 2018). By
providing measures of relative changes in gene expression in response to exposure to
stressors, these analyses can yield insight not only into the molecular basis of these
responses but may also serve as biological indicators for monitoring ecosystem
health (Isaksson 2015). The main limitation for gene expression studies is that
they require systems that are amenable to experimental manipulation, something
that has proven to be difficult for sage-grouse. Improvements in our ability to
maintain sage-grouse in captivity from captive breeding programs may provide an
avenue to move forward with such experimental studies, such as testing adaptability
to different food resources and thus variation in sagebrush PSMs.

3.4 Incorporate Genomic Data into Comprehensive
Monitoring Programs

Baseline microsatellite data across the range of both species have been collected
(Zimmerman et al. 2019a; Cross et al. 2018; Row et al. 2018), providing current
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information on connectivity among populations and levels of anonymous genetic
diversity within them. While these microsatellite datasets provide useful informa-
tion, reliance on these markers for future monitoring may not be ideal for several
reasons. First, microsatellite allelic variation is based on fragment size, typically
estimated from electrophoretic methods, which often vary among different tech-
niques and conditions, thereby requiring constant standardization across instruments
and laboratories, and may sometimes be influenced by subjectivity in scoring.
Second, while microsatellite markers may be useful for documenting connectivity
and levels of anonymous genetic diversity, they are typically not useful alone for
identifying and monitoring adaptive genetic variation that may be important for
conservation efforts. Finally, genomic genotyping methods are likely now less
expensive and more repeatable than traditional microsatellite genotyping. Thus, a
standardized set of genome-wide SNPs representing both anonymous and adaptive
processes could be developed from existing genomic resources and archived sam-
ples and used as a baseline for future monitoring programs.

In the past, monitoring of sage-grouse populations relied on yearly lek counts in
the field and analyses of trends that were tracked through time by individual states.
Recent more comprehensive monitoring efforts now coordinate monitoring at dif-
ferent hierarchical scales (e.g., lek, lek cluster, region, or management zone) across
the range of Greater Sage-grouse (Coates et al. 2017; Edmunds et al. 2017). These
efforts identify when a lek or lek cluster is declining, identifying when trends deviate
from a broader-scale pattern(s), and ultimately will link causal mechanisms to those
declines which will identify potential management actions. Genomic monitoring
could be incorporated into such programs as feathers could be collected periodically
from a subset of leks and analyzed to watch for changes in connectivity, isolation of
populations, or loss of anonymous or adaptive genetic diversity, evaluating potential
links to population trends.

4 Conclusion

Information from genetic studies has informed conservation and management of
sage-grouse for nearly two decades, addressing a broad variety of questions from
taxonomy and gene flow to investigations of mating systems and unique identifica-
tion of individuals for demographic analyses. Genomic methods, however, can build
significantly on these foundations, greatly expanding the types of questions that can
now be addressed. Novel genomic techniques coupled with the recently developed
genomic resources for sage-grouse facilitate more precise estimates of parameters of
interest (e.g., gene flow, inbreeding coefficients) and provide a more comprehensive
understanding of the genetic basis of adaptation in sage-grouse. The integration of
these new genomic resources with existing ecological and behavioral data for sage-
grouse promises to shed light on mechanistic relationships that ultimately are vital
for the conservation and management of these species.
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