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January 4, 2014

TO:  Governor Brian Sandoval and Sagebrush Ecosystem Council

CC: Ted Koch, US Fish and Wildlife Service,
Lyon County Commission,
Mono County Supervisors

SUBJECT:

1. Response to Ted Koch remarks of Dec.3, 1013
2. Response to Sagebrush Ecosystem Council meeting of Dec. 18, 2013

It comes as quite a shock to the whole agriculture and livestock community of Nevada, that the
USFWS went against all of their own words and assurances to us regarding the greater sage
grouse, and decided to propose a listing of the Bi-State DPS of Sage grouse as “threatened”.

They told all of us what we wanted to hear, and went behind our backs and did what they
wanted. The USFWS State director Ted Koch, said that the Bi-State working group plan was
the best he had seen. He applauded the Bi-State working group for all their work and for the
implementation of programs of the last 10 years on the sage grouse preservation. The
programs put in place with the cooperation of NRCS, the over 16,000 acres of re-furbished
pinion/juniper land, the conservation easements that have been secured, and all the hard work
and sweat put forth to protect the sage grouse. Yet it all seems to be MOOT.

Agency biologists how say that the sage grouse in the Lyon/Mono county region is a separate
kind of greater sage grouse than the other sage grouse in the rest of Nevada with a different
DNA. The mtDNA [ from the female side], is definitely from the Greater Sage Grouse in Nevada
and linked to Canada and Washington, but some studies seem to indicate that the nuclear DNA
is distinct to this area population.

The genetic evaluation of Bi-State sage grouse does not warrant classification as a subspecies
in the following two papers, both attached: (1) S.J. Oyler-McCance, S.E. Taylor, and T.W.
Quinn. “A multilocus population genetic survey of the greater sage-grouse across their range”.
Molecular Ecology (2005)14:1293-1310 and (2) Nicolas G Benedict, SJ Oyler-Mcance, S.E.
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Taylor, C.E. Braun, and T.W. Quinn “Evaluation of the eastern (Centrocercus urophasianus
urophasianus) and western (Centrocercus urophasianus phaios) subspecies of Sage Grouse
using mitochondrial contol region sequence data”. Conservation Genetics 4:301-310, 2003

Oyler-McCance et.al. “A multilocus population genetic survey of the greater sage-grouse across
their range” cites Benedict [et,al] [2003] “it is noted that the Lyon/Mono population represents
separation by “ALLOPATRIC FRAGMENTATION”.

Allopatric fragmentation means, according to Biology 413{ZOOGEOGRAPHY}, “ the separation
of a population into two or more geographically isolated populations.” Allopatric fragmentation is
considered one of the prime, if not major processes, that promotes “evolutionary diversification.”
This document also states on page [1307] enclosed, “The Bi-State [Lyon/Mono] population is
distinct in a way that could be significant in that genetic variation is relevant and necessary to
the health and viability of populations, and should be monitored as a MANAGEMENT UNIT
[MU]. As reported, the Lyon/Mono population is significant with divergent alleles of nuclear
micro DNA but the mtDNA [female], control region types are not reciprocally [present on both
sides] monophyletic [developed from a single ancestral type] greater sage grouse despite most
newly arisen DNA within this population. Although the Lyon/Mono population could and would
be considered a M.U.{ Management Unit] as defined by Moritz [1994], it would NOT be
considered an Evolutionary Significant Unit [ESU]. ESU status is necessary for listing under the
ESA and the so-called Bi-State sage grouse is just another population of greater sage grouse.

In a lek breeding species such as the greater sage grouse where only a few males do most of
the mating, sexual selection can act to influence morphological and behavioral traits at a rate
much faster than can be tracked genetically. The nuclear DNA can undergo more of a
bottleneck relative to mtDNA [female] inherited in most species. Preliminary comparisons of
gross morphology [how they look] and the behavior between the surrounding greater sage
grouse populations have revealed little or no differences. S.E. Taylor [unpublished], Young et al
[2000].

The distinct population segment is a term used by the USFWS under Endangered Species Act
regulations. BLM, FS, and environmental groups whole heartedly endorse the use of DPS in
this case to set apart a small group of Greater Sage Grouse, to lock up 1.9 million acres of land
for a bird they say hasn’t traveled more than a hundred miles in its thousand years history.
They base their conclusion on their strongest feelings called professional opinions and not on
known facts including the lack of reported sage grouse observations by explorers prior to 1850.

Where did logic and science come from in this case? Not from the “best scientific or
commercial data” available. They need to read more and see the WHOLE report, not just the
pieces to fit their agenda.

The State director of the USFWS stated at the December 3, 2013 meeting of the Bi-State
working group , in Bridgeport, California, that the Governors Sagebrush Ecosystem Council,
had NO say in the Bi-State sage grouse issue. The Governor’s bill AB461, created a council to
oversee ALL the greater sage grouse in Nevada, but according to Mr. Koch, did not apply to or
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have anything to do with the decisions, processes or consultations regarding the Bi-State DPS
of sage grouse. | hereby challenge all the Governor's AB461 council [Sagebrush Ecosystem
Council], to read said bill and all its amendments, and discuss it again. It clearly states on page
4 of the document that “The State of Nevada has authority to manage ALL wildlife belonging to
the State that is not listed pursuant to the Endangered Species Act.. That can only mean that it
is the duty of the sworn public officials who make up the Sagebrush Ecosystem Council to
assemble the best available scientific and commercial data then use that data and the authority
of the State to tell the USFWS that any federal data that contradicts the data of Nevada is
wrong. USFWS cannot lawfully list the sage grouse until they prove that the data officially held
by the State of Nevada is wrong and the federal data is somehow correct.

On July 31, 2012, The Greater Sage Grouse Advisory Committee was created by Executive
Order 2012-19, to develop a state specific strategy to conserve the greater sage grouse. It also
states on page 4 of Bill AB461, " Whereas, It is in the interest of this State to bring stakeholders
and relevant agency experts together on an ongoing basis to guide the implementation of
conservation measures sufficient to preclude the need to list the greater sage grouse, the Bi-
State sage grouse, and other species that inhabit sagebrush ecosystems within the state.”

How can anyone, who knows how to read, not see what this statement says and determine that
the council IS required by Nevada law to address the Bi-State Sage grouse issues. They took
an OATH of Office to follow and protect the Constitution of Nevada when they oversee the sage
hen and all other wildlife species and that includes protection of Nevada and its people from
harm regarding federal regulation of the sage hen [all species]. When a law is broken, there are
consequences and those consequences may be even more severe for public officials because
they have also violated their oath of office. This council can clearly see that the sage grouse in
Nevada are ALL Greater Sage Grouse, no matter what part of the state they live in. None are
physically separated by geography, even the ones you call a DISTINCT POPULATION
SEGMENT. They are still in Nevada, and are still Greater sage grouse, no matter how you
decide to look at them. In reality, it does not matter what | believe or you believe, the reality is
you are obligated by LAW to do EVERYTHING in your power to protect this bird and the people
of Nevada. That starts with the Governor and goes down to the lowest Nevada employee and
committee appointee. You are here for Us.

Further the Governor and the respective County Commissioners need to read the “Endangered
Species Act of 1973, and see that in Section 4 under the heading of “Determination of
Endangered Species and Threatened Species” category, letter C, it states, “The Secretary of
the Interior shall by regulation promulgated in accordance with subsection [b] determine whether
a species is an endangered or threatened species because of any or all of the following factors
.... [c] disease or PREDATION”. As for Mr. Koch of the USFWS, and others in the Department
of the Interior, who proposed to list the Bi-State population and possibly the entire greater sage
grouse population, they clearly understand the predator control is a responsibility of the State.
Yet the Governor’'s council changed the original plan that showed predation as a major threat at
the top of the list to a threat at the bottom of the list because you did not want to deal with the
environmental groups that oppose killing any species to save another. Right or wrong, you are
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obligated under the law to do just that. Federal agencies have a scientist, Dr. Peter Coates,
who wrote in his report that over 80% of the loss of nests, eggs, and chicks was due to
predation. Yet NDOW and the Governor choose not to address the situation because of
political challenges. ESA Section 4 also states under the same heading and under [b] Basis of
Determination [1]]a], “The Secretary shall make determination required by subsection [a][1]
solely on the basis of the best scientific and commercial data available to him after the review of
the status of the species and after taking into accounts those efforts, if any, being made by any
State or foreign nation, or any political subdivision of any state or foreign nation, to PROTECT
SUCH SPECIES, WHETHER BY PREDATOR CONTROL, PROTECTION OF HABITAT OR
FOOD SUPPLY, OR OTHER CONSERVATION PRACTICES, WITHIN ANY AREAS UNDER
IT'S JURISDICTION, OR ON THE HIGH SEAS. It is especially important for all parties involved,
to read all of Section 4, for it clearly lays out the guidelines which must be followed for a lawful
determination of “threatened or endangered species”. If you are going use the Endangered
Species Act for your ulterior motives, then you must abide by the WHOLE Act, not just pieces to
suit your agenda. You ALL must be held accountable to the people of Nevada and to the other
11 states which also face the determination on Greater sage grouse It is not too late for
Nevada’'s Governor to develop a predator control program under the Division of Conservation
that would meet the requirements of adequacy and deprive the federal officials of one excuse
for listing the sage hen.

Do what is right. Fight for Nevada and against the abusive ESA listing of the Greater Sage
Grouse including the Bi-State sage grouse populations.

Please.

(S) Fred Fulstone
Fred Fulstone

FIM Corp

P.O. Box 12
Smith, NV 89430
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Abstract

The status of Sage-grouse (Centrocercus urophasianus) is of increasing concern, as populations throughout
its range have contracted as a result of habitat loss and degradation. Historically, Sage-grouse were classi-
fied into two subspecies: eastemn (C. w. wrophasianus) and western Sage-grouse (€. u. phaios) based on slight
differences in coloration noted among cight individuals sampled from Washington, Oregon, and California. We
sequenced a rapidly evolving portion of the mitochondrial control region in 332 birds from 16 populations.
Although our sampling area covers the proposed boundary between the eastern and western subspecies, no
genetic evidence to support the delineation of these subspecies was found. However, a population straddling
southwestern Nevada and eastern California was found to contain an unusually high proportion of unique haplo-
types, consistent with its genetic isolation from other Sage-grouse populations, Of additional interest was the lack
of diversity in the two populations sampled from Washington, one of which contained only a single haplotype.
We suggest that multiple lines of evidence are valuable for the formulation of conservation strategies and hence
the southwestern Nevada/eastern California population merits further morphological, behavioral, and molecular
investigation.

Introduction

The status of Sage-grouse (Centrocercus wrophasi-
anus) is of increasing concern, as populations
throughout its range have been negatively impacted by
habitat loss and degradation (Braun 1998). This has
resulted in their extirpation from five U.S. states and
one Canadian province (Johnsgard 1973; Braun 1998).
Remaining populations often become isolated and
contain small numbers of individuals (Braun 1993)
(Figure 1).

Historically, Sage-grouse were classified into
two subspecies: eastern (C. w. urophasianus) and
western Sage-grouse (C. w. phaios) based on slight

color differences in eight individuals collected from
Washington, Oregon and California {Aldrich 1946).
Western Sage-grouse presumably occurred in southern
British Columbia, central Washington, east-central
Oregon, and northeastern California (Aldrich 1946).
Populations in other areas of the range are con-
sidered to be eastern Sage-grouse. The validity of
this taxonomic distinction has since been questioned
(Johnsgard 1983).

While this species has recently been the target of
extensive conservation efforts, the taxonomic/genetic
relationships between populations/subspecies remain
poorly understood. At the southeastern edge of their
range, Sage-grouse from southwestern Colorado and
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Figure 1. Historic (garly 1900s} and current distribution of Sage-grouse in western North America.

southeastern Utah have recently been described as
a new species known as Gunnison Sage-grouse (C.
minimus} (Young et al. 2000), based on morpholo-
gical (Hupp and Braun 1991), behavioral (Young et
al. 1994}, and genetic (Kahn et al. 1999; Oyler-
McCance et al. 1999) data. For the genetic studies,
Oyler-McCance et al. (1999) and Kahn et al. (1999)
sequenced a rapidly evolving portion of the control
region of mitochondrial DNA (mtDNA) from nine
populations of Sage-grouse in Colorado, spanning the
boundary between the commonly found Sage-grouse
and the Gunnison Sage-grouse. Both these data and
additional data from nuclear microsatellites (Oyler-
McCance et al. 1999) suggests a lack of gene flow
between these groups.

Because the distinction between the eastern and
western subspecies has been questioned (Johnsgard

1983), our objective was to use the methods of Kahn
et al. (1999) and Oyler-McCance et al. (1999) to
determine whether there was evidence at the genetic
level to support designation of the western subspe-
cies. While genetic data alone can only support or
not support a subspecies distinction, we believe that,
as in Young et al. (2000), morphological, behavi-
oral, and genetic data when used in conjunction, can
help clarify such taxonomic questions. In addition, we
were interested in providing information relevant to
an understanding of gene flow, genetic diversity, and
evolutionary history among Sage-grouse populations
in Washington, Oregon, Nevada, and California. This
type of information can often be used in the devel-
opment of cohesive management strategies that take
genetic distinctiveness into account.
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Figure 2. Location of study populations. The solid line denotes the delineation between the eastern and western subspecies as proposed by

Aldrich (1946).

Methods

Sage-grouse tissue samples were collected from 16
populations in Califomia, Nevada, Oregon, and Wash-
ington (Figure 2), crossing the boundary separating
the eastern and western subspecies as described by
Aldrich (1946, 1963). Approximately 20 birds were
sampled from each population (Table 1), Most tissue
samples consisted of muscle obtained from wings of
hunter-killed birds. Consequently, these wings were

collected by hunt unit, which we are loosely referring
to as “populations”. These units were delineated by the
wildlife professionals most familiar with these birds
and the geographic regions in which they reside. These
biologists further suggest the Lyon (NV) and Mono
{CA) populations are more appropriately considered
as 4 single contiguous population that happens to cross
a state boundary (D.S. Blankenship, pers. comm.;
S.J. Stiver, pers. comm.; C.E. Braun, pers. comm.;
J.R. Young, pers. comm.). To minimize the concern
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of over-sampling from single broods, primarily adult
{86%) females (87%) were sampled after they had
already left their lek sites.

The only populations in this study that are no
lenger hunted are those in Washington. Samples from
these birds consisted of either blood or feathers and
were provided by M. A. Schroeder of the Wash-
ington Department of Fish and Wildlife. These birds
were trapped following the methods of Giesen et
al. (1982) and blood was collected as described by
Oyler-McCance et al. (1999).

In most cases DNA was extracted using a phenol-
chloroform based extraction as described by Kahn et
al. (1999). All other samples were extracted using
either a chelex-based method (Walsh et al. 1991)
or the Wizard Genomic DNA Purification System
(Promega), following the manufacturer’s instructions.

The Polymerase Chain Reaction (PCR) amplifica-
tion and manual sequencing was performed following
the protocol and using the primers outlined by Kahn
et al. (1999), in approximately two-thirds of the
cases. All reactions were performed using previ-
ously described primers, 16775L (Quinn 1992), 521H
(Quinn and Wilson 1993), and 418H (Quinn and
Mindell 1996). In their study, Kahn et al. (1999)
found that 92% of the variation contained in a 380
bp region of the highly variable mitochondrial control
region I, was within a 141 bp region. It was this 141
bp hyper-variable region that was sequenced in our
study. The remaining one-third of our samples were
sequenced using a dye terminator cycle sequencing
reaction (Beckman Coulter CEQ2000), using the same
primer sets. In these instances, double-stranded PCR
products were cleaned using either QIAquick spin
columns (Qiagen) or Amicon Microcon-PCR Centri-
fugal Filter Devices (Millipore). following the manu-
facturers instructions. The cycle sequencing and sub-
sequent purification of the dye-labeled products was
performed using the manufacturer's protocol. These
samples were then run on the CEQ2000 automated
sequencer (Beckman Coulter).

All sequences were aligned manually and haplo-
types were identified using the program MacDNAsis
Pro Version 2.0 (Hitachi). Nei's minimum distance
(Nei 1972), Roger’s distance (Rogers 1972), and
Wright's modification of Roger’s distance (Wright
1978) were calculated using the software TFPGA
(Miller 1997). Neighbor-Joining trees were con-
structed using the Phylip software package (Felsen-
stein 1989). A maximum parsimony analysis was
performed using the heuristic search algorithm in the
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software package PAUP*4.0b4a (Swofford 1999), as
was done in Kahn et al. (1999). Evaluation of F-
statistics was performed using the TFPGA software
package (Miller 1997),

To determine whether there was genetic support for
the subspecies distinction, we used a randomization
test (Manly 1991). In this test, the six populations
belonging to the eastern subspecies were pooled as
were the nine belonging to the western subspecies.
The frequency of each haplotype was calculated for
cach subspecies, using the following statistic:

38

_ (fw; _.fej)z
£ Zm

i=1

2

where fw is the frequency of haplotype i in the western
subspecies and fe is the frequency of haplotype i in
the eastern subspecies. To compare these frequency
differences to those generated with randomized group-
ings, six populations were randomly assign to the
eastern subspecies and nine populations to the western
subspecies. The test statistic x was then recalculated.
This process was repeated 30,000 times. Our ori-
ginal statistic was then compared to the distribution of
the 30,000 randomly generated statistics to determine
P values. This procedure was also modified to test
whether the Eyon/Mono population and Washington
populations were statistically different from all other
populations.

Results

Thirty-eight haplotypes were identified among the 332
birds assayed (Table 1). Collectively across all haplo-
types, 40 sites were variable. These sites contained
27 wansitions, 12 transversions, 7 deletions, 4 inser-
tions, and one site containing both a transition and a
transversion. Twenty of these sites were informative
for parsimony analysis. All haplotypes fell into one
of the two distingt monophyletic clades (Clade I and
Clade II) described in Kahn et al. (1999) (Figure 3).
Of these 38 haplotypes, 33 had not been described
in previous studies by our lab {genbank accession
numbers AF543863—-AF543895). Labeling of haplo-
types by our lab has progressed alphabetically as they
have been identified. An evaluation of the distribu-
tion of haplotypes revealed that five of the previously
identified and widespread haplotypes (A, B, Q, T,
and X), were found in at least 6 and as many as 14
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Figure 3. Phylogram of the strict-consensus tree of all haplotypes presenied. The tree has a consistency index of 0.882, a retention index of
0.979 and a rescaled consistency index of (.856. Bootstrap values > 50 are presented on the branches of the tree.

of the populations sampled. Of the birds sampled,
221 (66.6%) had one of these five haplotypes. The
X haplotype was found in all populations sampled
except the Lyon/Mono population. This widespread
haplotype was the only one found in the Yakima
(WA) population and constituted the majority of the
haplotypes in Douglass/Grant (WA) birds.

Of the 29 newly identified haplotypes, 17 are
unique to single populations. Of the remaining 12,
only three are present in more than two popula-
tions. The most abundant and widespread haplotypes
encountered in this study (A through X) are also found
in eastern Sage-grouse as far away as Colorado. When
these common haplotypes are removed from our data
set, only 11 haplotypes that are shared among two or
more populations remain.

Since all multiple neighbor-joining trees suggested
similar partitioning, a single representative tree is

presented (Figure 4). There is no partitioning of the
populations representing the eastern and western sub-
species. However, the Lyon/Mono and Washington
populations do segregate from the other populations.

The distribution of novel haplotypes was evalu-
ated, as was the proportion of novel haplotypes among
groups. The frequency with which these novel haplo-
types are found in their respective groups ranged from
0 (Whitchorse, Wagontire, Beattys, Steens, Sheldon
NWR, and Nye), to a high of 97.7% (Lyon/Mono)
(Figure 5). With the exception of Lyon/Meno, no
population had more than 30% of its individuals com-
prised of these novel haplotypes. The F-statistics
provided no support for the subspecies distinction (Fst
=0.0356, p > 0.05).

The randomization test showed no genetic sup-
port for the subspecies distinction (x = 1.49, P >
0.05). In contrast, the distribution of haplotypes in
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Lyon/Mono was statistically different from all other
populations (x = 3.86, P < 0.001). The Washington
populations were also statistically different from all
other populations (x = 2.61, P < (.03).

Discussion

Fossil records from the Pleistocene document Sage-
grouse in Colorado, Nevada, New Mexico, Utah,
Wyoming, and Idaho (Shufeldt 1913; Howard and
Miller 1933; Howard 1952; Miller 1963; Miller 1965;
McDonald and Anderson 1975; Grayson 1976; Emslie
1985; Emslie and Heaton 1987; Emslie 2001). By
6,000 years ago Sage-grouse were also documented
in northern Califormia (Miller 1963; Grayson 1976).
Pollen tecords suggest that the requisite sagebrush
(Artemisia spp.) habitat was patchily distributed
throughout the sonthwestern United States during the
Pleistocene (Van Devender and King 1971; Wright
et al. 1973; Madsen and Currey 1979; Emslie 1986;
Nowak et al. 1994; Hall and Valastro 1995; Koehler
and Anderson 1995). It would follow that Sage-grouse
were limited to these patchily distributed refugia
during this Epoch. This may explain the two distinct
monophyletic haplotype clades described by Kahn et
al. (1999). These two clades are thought to have begun
diverging approximately 850,000 years ago in two
geographically isolated populations of Sage-grouse.
Under this hypothesis the two clades subsequently
intermixed as these populations re-converged.
Analysis of Molecular Variance (AMOVA) is often
used for the analysis of sequence based population
data in part because it can weight allelic/haplotypic
differences according to the number of base substitu-
tions between them. However, in this case, the largest
differences between haplotypes come in comparisons
between members of Clade T and Clade TII. Tt is the
considerable sequence divergence between these two
haplotype clades that pose unique difficulties in per-
forming conventional molecular analyses (Figure 3).
These differences actually relate to biogeographic
conditions that no longer exist (see above) and hence
weighting haplotypes according to those differences
adds more noise than signal to the analysis. The subtle
molecular differences among the modem populations
that we have sampled are found in the relatively
shallow branches of the respective clades and become
obscured when haplotypes of its divergent sister clade
are included. All populations, except Yakima (WA),
contain multiple haplotypes from both clades. Further-

more, since neither clade is predominant in all popula-
tions, neither can be independently evaluated in our
molecular analyses, as we would thus encounter unac-
ceptably low sample sizes. Consequently, our analyses
focused primarily on the distribution of haplotypes
among our populations, rather than on haplotype dis-
tances. It is specifically because of these difficulties
that statistical tests such as AMOVA were forsaken
for the frequency based randomization test previously
described.

The number of haplotypes per population ranged
from one (Yakima, WA) to nine (Warner, OR), with an
average of 6.4. Most populations had a combination
of common, rare, and novel haplotypes. The distri-
bution of widespread, common haplotypes showed
there was no obvious genetic subdivision between the
eastern and western subspecies. In addition, 42% of
birds in this study share five haplotypes (A, B, F, X,
AG) with populations from Colorado and Utah (Kahn
et al. 1999). The Washington populations and the
Lyon/Mono population are obvious exceptions to this
overall pattern.

Ten of sixteen populations sampled contain novel
haplotypes that, to date, are unique to those popula-
tions. Typically, these haplotypes vary from those pre-
viously described by a single base change (Figure 3).
They occur in low frequency in most populations, typi-
cally fewer than 10% of the individuoals. In stark con-
trast, 87.5% of the haplotypes found in the Lyon/Mono
poptlation are novel, constituting 97.7% of the birds
sampled (Figure 5). The onty shared haplotype is
from a single individual possessing the widespread Q
haplotype. Further, the Lyon/Mono population does
not contain the ubiquitous X haplotype that has been
found in every other population sampled in this study.
This high proportion of novel haplotypes coupled with
the lack of the X haplotype suggest the Lyon/Mono
population has been isolated from neighboring popula-
tions for a considerable amount of time. Further, since
novel haplotypes closely related to both of the diver-
gent Sage-grouse mitochondrial clades can be found,
it is likely that the isolation of this population occurred
after the intermixing of historic populations repre-
senting the two major haplotype clades. Over thou-
sands and perhaps tens of thousands of years, factors
such as mutation, genetic drift, and the fixation of rare
haplotypes have resulted in the significant divergence
of the Lyon/Mono population from other Sage-grouse
populations.

The Washington populations contain the lowest
level of haplotype diversity observed. Although two



haplotypes are unique to the Douglass/Grant popula-
tion, a single haplotype (X) is found in the majority of
individuals (86.1%). Low allelic diversity is expected
in populations that have recently experienced severe
bottlenecks (Hoelzel et al. 1993; Zink 1994; Bouzat et
al. 1998; Le Page et al. 2000). Given that these popula-
tions now occupy between 8 and 10% of their original
range (Friedman and Carlton 1999), such a bottleneck
is plausible. Nonetheless, these results could also be
explained by the founder effect as the species’ range
expanded into its northwestern edge during relatively
recent postglacial periods.

The neighbor-joining tree shows a lack of dicho-
tomy between the populations representing the eastern
and western subspecies (Figure 4). The long branch
length of the Lyon/Mono population is attributable
to the unigue allelic composition of these birds, as
evidenced by both their high proportion of novel
haplotypes as well as the lack of the widespread X
haplotype. Conversely, the long branch representing
the Washington populations can be explained by their
relative low level of haplotype diversity. This lack
of genetic diversity, rather than their unique allelic
composition, sets the Washington birds apart.

Using mtDNA sequence data, we found no
evidence to support the subspecies delineation pro-
posed by Aldrich (1946). These data, however, did
uncover the distinctiveness of the Washington and
Lyon/Mono populations. The low genetic diversity in
the Washington populations is likely a reflection of
population declines {Schroeder et al. 2000). The prob-
able loss of genetic variation caused by this bottieneck
and its potentially long-term adverse impact (Bouzat et
al. 1998; Le Page et al. 2000) should be addressed as
management strategies are developed for these popula-
tions. Active management, such as translocation of
birds, may be justified to ensure their continued per-
sistence. Preservation of genetic diversity represented
by the unique allelic composition of the Lyon/Mono
population is also of particular importance for conser-
vation, Given the likelihood that the distinctiveness
of neutral genetic markers extends to genes under
adaptive selection, this population should be man-
aged independently to avoid the translocation of other
Sage-grouse into this area.

Studies in our lab are ongoing to further evaluate
populations of Sage-grouse throughout their range,
ustng nuclear microsatellite markers. Meanwhile, it
will be critical that additdonal morphological and
behavioral studies of the Lyon/Mono population be
undertaken to address taxonomic questions. Sound
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conservation strategies require that multiple and mutu-
ally supportive lines of evidence be used to make
prudent delineations at the species and subspecies
level.
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Abstract

The distribution and abundance of the greater sage-grouse (Centrocercus urophasianus)
have declined dramatically, and as a result the species has become the focus of CONServaHon
efforts. We conducted a range-wide genetic survey of the species which included 46 popu-
lations and over 1000 individuals using both mitochondrial sequence data and data from
seven nugclear mlcmsatellltes Nested clade and sSTRUCTURE analyses revealed that, in general,
the greater sage-grouse populations follow an isolation-by-distance model of restricted
gene flow. This suggests that movements of the greater sage-grouse are typically among
neighbouring populations and not across the species, range. This may have important
implications if management is considering translocations as they should involve neigh-
bouring rather than distant populations to preserve any effects of local adaptation. We
identified two populations in Washington with low levels of genetic variation that reflect
severe habitat loss and dramatic population decline. Managers of these populations may
consider augmentation from geographically close populations. One populatien (Lyon/
Mono) on the southwestern edge of the species’ range appears to have been isolated from
all other greater sage-grouse populations. This population is sufficiently genetically dis-
tinct that it warrants protection and management as a separate unit. The genetic data pre-
sented here, in conjunction with large-scale demographic and habitat data, will provide an
integrated approach to conservation efforts for the greater sage-grouse.

Keywords: gene flow, genetic diversity, greater sage-grouse, microsatellites, mtDNA, nested clade

doi: 10.1111/4.1365-294X 2(005.02491.x

analysis

Received 20 September 2004; revision received 29 October 2004; accepted 12 January 2005

Introduction

“The range of the greater sage-grouse (Centrocercus urophasi-
anus) historically spanned 12 western US states and three
Canadian provinces {(Schroeder ef af, 2004), et this species
currently occupies only 56% of its historic {pre-European
period) range (Fig. 1) with extirpations in at least one state
and one province (Connelly & Braun 1997; Schroeder et al.
2004). Regional population declines have been dramatic,
ranging from 17% to 47% (Connelly & Braun 1984). These
declines are likely linked to the loss, fragmentatlon—s;a
degradation of sagebrush VArféinisia spp.) habitat (Braun
19985, resultmg in the isolation of iRall populatlons from
larger popuTa'ﬁbns ex15tmg i ot e contlguous “Rabitat

become a species of conservation concern and petitions
have been filed to list them for protection under the US
Endangered Species Act.

Management of the greater sage-grouse has previously
been based on information from studies of demographic
rates and habitat requirements that have focused on local
populations (reviewed in Connelly et al. 2000). The distri-
bution of genetic variation among populations across the
entire range of the greater sage-grouse has been unknown
despite increasing pressure on managers to make difficult
decisions about which populations may be more ‘impor-
tant’ than others. The identification of any geneticaily dis-
crete groups of the greater sage-grouse is paramount kc tothe the
development of greater sage-grouse management plans

Az T Consequenti s the greater sage—grouse have

A A
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In addition, faced with an increasingly fragmented dlstn-
bution with small and isolated populations, it is important
to determine the relative amount of genetic diversity
contained in each population. Populations with relatively low
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Fig. 1 Historic and current distribution of
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levels of genetic diversity can suffer from inbreeding
effects and can be more susceptible to parasitic agents and
disease. Genetic data can provide information relevant to
an understanding of gene flow, isolation, genetic diversity,
and the evolutionary history of a species. Further, it can
facilitate a cohesive management strategy that takes
genetic distinctiveness into account, based in part on a
clear picture of the entire ‘genetic landscape’ of a species.
This increases the efficiency of management decisions and
adds to their scientific foundation.

Previous population genetic studies of sage-grouse have
focused on assessing taxonomic status. Kahn ef al. (1999
and Oyler-McCance et al. (1999) used mitochondrial and
nuclear markers to document the genetic distinctiveness of
sage-grouse in southwestern Colorado. This, combined
with morphological (Hupp & Braun 129:1) and behavioural
{(Young et al. |294) information led to the recognition of
a new species of sage-grouse (Young et al. 2000}, the

_Gunnison sage-grouse (Centrocercus minjtius). Benedict ¢t al.
{(2003) investigated whether or not genetic data supported
a subspecific taxonomic delineation in the western part of
the greater sage-grouse range that had long been ques-
tioned. These studies provided useful taxonomic informa-
tion and knowledge of the distribution of genetic variation
locally, yet they lacked the range-wide perspective neces-
sary to make management decisions regarding the greater
sage-grouse at the species level. Here we greatly extend the
sampling range and density of previous studies to provide
a comprehensive examination of the distribution of genetic

variation across the entire range of the greater sage-grouse
using both mitochondrial DNA (mtDNA) sequence data
and data from nuclear microsatellites.

Materials and methods

Tissue collection and DNA extraction

Forty-six populations from all US states with populations
of the greater sage-grouse (11) and one Canadian province
(Alberta} were included in this study. The Owyhee, Oregon
population was included solely in the microsatellite ana-
lysis and the Converse, Wyoming population was only
included in the mtDNA analysis. We collected approxi-
mately 20 samples per population. Blood samples were
collected from the Alberta, Lyon/Mono, South Dakota,
Strawberry Valley, and Yakima populations. Feather samples
were collected from the Douglass/Grant population. For
all other populations, including most samples from Lyon/
Mono and South Dakota, muscle tissue was obtained
from the wings of hunter-killed birds. As in Benedict ef al.
(2003), most population names correspond to hunt units.
DNA was extracted from most samples using either a
phenol-chloroform method (Kahn et al. 1999) or the Wizard
Genomic DNA Purification System (Promega) following
the manufacturer’s instructions. Some blood samples were
later re-extracted using the GenomicPrep Blood DNA
Isolation Kit (Amershamn Biosciences) using the modifica-
tions of Oyler-McCance et al. (in press).

© 2005 Blackwell Publishing Ltd, Moleculer Ecology, 14, 12931310
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Mitochondrial sequencing

A 146-base pair portion of hypervariable control region 1
was amplified using polymerase chain reaction (PCR) and
sequenced using a dye terminator cycle sequencing reaction
(Beckman Coulter CEQB000) as described by Benedict ef al,
(2003). This region was used because it was known to contain
approximately 92% of the variable sites in a larger 380-base
pair region spanning control region I (Kahn et al. ]9-?22.

Microsatellite fragment analysis

Seven nuclear microsatellite loci {LLSTI, SGCAS5, SGCA9,
SGCA11,LLSD3, LLSDS, and ADL0230) were screened using
the methods described in Oyler-McCance et al. (in press).
Briefly, PCRs were performed using a dye-labelled forward
primer and amplified products were then run on the CEQ
8000 Genetic Analysis System (Beckman Coulter).

Data analysis

All mtDNA sequences were edited and aligned using
SEQUENCHER version 4.1.4 and haplotypes were identified
using programs MACDNASIS PRO version 2.0 (Hitachi) and
GENETOOL. Maximum-parsimony analysis of all haplo-
types was conducted using pAUP* version 4.1 {(Swofford
~2003). Blue grouse (Dendragapus obscurus) was used as an
outgroup because it has been confirmed by molecular work
(Ellsworth et al. 1996; Lucchini et al. 2001) to be the closest
extant relative to sage-grouse. An heuristic analysis was
conducted keeping best trees only, with maxtrees set at 100.
The starting tree was obtained by stepwise addition with
swapping on the best tree when multiple starting trees exist.
The addition sequence was simple, with the outgroup used
as the reference taxon. Five hundred trees were held at
each step. Branch swapping was carried out with the tree-
bisection-reconnection (TBR) algorithm, saving multiple trees
and swapping on the best trees only. This analysis was
followed by an heuristic bootstrap analyis using the default
settings but with 1000 replicates. We used nested clade
analysis (NCA) to differentiate patterns of population history
and gene flow. This was performed by generating an unrooted
haplotype cladogram using the statistical parsimony software
Tcs version 1.13 (Clement ef al. 2000). The cladogram was
constructed following the algonthm of Templeton et al.
(1993) with ambiguities resclved following Crandall &
Ternpleton (l%?_:i) and Crandall et ai. (1230). The resulting
dadogram was then nested using procedures from Templeton
¢t al, (1987) and input along with geographical coordinates
of all populations in the software program ceopis version
2.2(Posada et al. 200D The program GeoDIs calculates the clade
distance (D), nested clade distance (D), and the average
interior distances minus the average tip distances (I-T'),
and (I-T),. These four statistics were used in conjunction

© 2005 Blackwell Publishing Ltd, Molecular Ecology, 14, 1293-1310

with the key provided by Templeton (1998} and sub-
sequently updated in Templeton (2004) to examine if the
observed clade structure provided information about
biological processes such as restricted gene flow, allopatric
fragmentation, or long-distance migration events.

We calculated the total number of microsatellite alleles
per locus and the mean number of alleles for each popula-
tion. Microsatellite loci were tested (by population) for
departures from Hardy—Weinberg equilibrium (HWE) (Guo
& Thompson_ﬁl_‘)ﬁ%) using the computer program ARLEQUIN
2.001 (Schneider ef al, L 2001). A test for linkage disequilib-
tium (LD) among pairs irs of loci within each population was
performed using ceneror (http://whbiomed.curtin.edu.au/
genepop/) on the Web (Markov chain parameters: 5000
dememorization steps, 500 batches, 5000 iterations per
batch) (Raymond & Rousset 1995).

Pairwise population genetic distances (Rgp, Slatkin 1395)
were calculated in ARLEQUIN (Schneider ef al. 2001). The
Rg; values were used to construct a neighbour-joining (NJ)
tree using pHyLIP 3.57 (Felsenstein 1989) that was viewed
using TREEVIEW 1.6.6 (Page 1996).

Rgr values were used to perform an analysis of molecular
variance (AMova) (Excoffier ef al. 1992) in ARLEQUIN. AMOVA
partitions the molecular variance (microsatellite allele size}
into three categories: between groups, among populations,
and among individuals within populations. We tested for
population bottlenecks using the software BOTTLENECK
(Cornuet & Luikart ] and the Wilcoxon test under the
TPM model with 1000 replications. Population structure
was also examined using STRUCTURE 2.00 software
{Pritchard et al. 2000). In this program, individuals were
grouped into clusters without regard to the assigned
population using a model-based clustering analysis. The
number of ‘populations’ (K} was initially estimated by
conducting five independent runs each of K =1-45 with
100 000 Markov chain Monte Carlo (MCMC) repetitions
and a 100 000 burn-in period using the model with admix-
ture, correlated allele frequencies, and no prior informa-
tion. An additional set of five independent runs was then
conducted with K = 5-15 with 500 000 MCMC repetitions
and a 500 000 burn-in period using the above model. A
Mantel (1967} test was used to look for a correlation
betweenFetietic distance and geographical distance using
the software zr (Bonnet & Van de Peer 2002).

Results

Mitochondrial analysis

We sequenced a portion of the mitochondrial control region
Tin 614 individuals, adding to the 466 individuals that had
been sequenced previously (Kahn et al. 1999; Benedict ¢t al.

Of the 1080 total individuals sequenced over the
codrse of this study and our previous work, 80 unique



1296 5. J. OYLER-MCCANCE, 5. E. TAYLOR and T. W. QUINN

! 1 g 520 sT0 6T weqy
BIE( 110N

1 9 £8°0 10 4 e Moy

BioNeq

£ g 080 0z0 9t yuoN adog

©oxe(Q yinog

1 9 €80 PN T Buiprey

BURJUO

1] 001 w0 € *snd1ag

BUBIUOLY

H [ 6 820 wo 8l ‘sdiny
BUBRIOW

z 9 €80 10 9z ‘Aaren,

VUERION

z 1 z 140 &0 W ‘peat[saaeag
BUBNIOWNY

2 001 0o £ ‘prgasay

Bupmokm

1 9 760 w0 €l ‘asLaAULD

Sunuodpy

P at D60 aro 0T WO

Sunoodpy

[ 0ol [ (T4 woyfg

Sunuod ay

z [ [ 090 ok0  0F ‘surmey
Sumitiod pq

t T g 090 [0 g uosey

Junaodpy

1 z z L 250 €0 81 IRV

e ‘Aeqien

s1 ¢ SO ora( € Ausquens

I z I g il 090 8L Y™ UN Mg

L < i L [ (] ¥o 950 Lra Yl ‘puourelq

ot I L [ S € 6 950 W0 9T ey Yo
I L [ [} 050 050 ST ye “auiepm

van

1 L i T o1 F4 60 2o 87 ISP %08

opeIo[oD)

z £ ? 8 €90 80 €2 Sfred YHON

opeIo[o])

1 4 9 280 €0 1T “freg SPPPIN

OpRIO[O])

¥ T g 090 o¥0 9z apdey

opeIo[0])

T 1 I £ L £¥0 50 s 'sBundgpop
OpRIo[O])

1 L I 1 1L 0 9E0 44 TN g

4 vd ad 2 vad x4 @ T AT 18 WE a2 D4 DA HD 4 F 80 Td 48 IV ZV OV 14 WA OV VY dd a Ja v seddiodey  rapepar  papepur N uene(rdog

sadfyordey

jorpquny  vonaodery  uonzodoug

[apep w sadfordey (e)
o1EN Ul umoys are ] ape ul sadAjoidey Jx8) pewou ui psay peiuasardas ase | apers w sadAordey -suogeadod e vy sapuenbay adAidey 1L 31qeL



POPULATION GENETICS OF THE GREATER SAGE-GROUSE 1297

1 4 1 L 1 I FAN 4 T 3 [ [4 € € € € E ¥ ¥ ¥ ¥ 9 6 6 01 €L 81 91 € Wl 080T  19PTID-v01

uoSuyses

3 £ 290 €0 8L ‘ssedno]

uosBumysem

1 001 oo 1 BWpE)

e e W ¥O/AN

£ 6 0 1 o1 090 0¥e b ‘ouopjuck]

eTuIoNE)

§ VRO 1. SRR L4 N 4 sl

1 ¥ L ] 050 050 0F epeasN ‘AN
vpeaan

l — P A

. o kpEBAN

¥ 0l 9 250 g0 1z pioquiny

L 1 [3 [ g g gy T R 0 epeasy 0T
epeAdN

1 1 g T ey T gD i T s
vpeAdN

t TTETTTTTTERG. . Zl0 8L TR

ucainy

4 4 8 520 S0 1z raumgednesg

uclag

11 9 # €90 e 6l ‘aazwoden

[ L [ ] £9°0 8€0 61 uoBap uswrep
I 3 L 120 6z0 1z uodaip suag

uodng

b1 F4 980 ¥lo £ IO EM

oyep]

Lo 1 L1 z 8 £l 90 50 ek Aajrep nFep

aep] S8po1

L S 00 0z0 02 UDIPA

oyep]

1 1 £ 1 g 050 090 6L C‘AIfA MIMD

T 1 1 i 1 90 90 Bb OYep[O[PPRY

8 vd Qd D0 va xd €4 T A9 IS WE Q8 28 Oa HD 4 3 d9a 1 494 NV ZV OV 14 Wd 9V Vv 80 a Jta v sdbodey qepepuwr  jepepur N uependog

jozaqumpy  uowadoly uwoydodorg

sad£yordegy

(¥)
panutjiey T IFEL



1298 5. J. OYLER-MCCANCE, 5. E. TAYLOR and T. W. QUINN

z I 1 7 ¢

]
o
&

adoig
eoeq
yinos
Burprey
Bumuap
“sndaag
Bwejuoly
‘sduypug
FuRUOy
“A3TTeA
BueuO
‘pedyioarag
BUTIUOl
"pgEsoy
Bunurofpy
“3BIBAUCD)
Bunuroday
“UOYSIpL
Bunuodpy
anyig
Sunurodp
RaMEY
Bunuodpy
“wosrey
Bunuodpy
EETCITENS]
e
‘Kaqrep
Auraqmeng
ye I
g
Lizln]
“puourel
e
YT
yen
uArpAs
yein
“13P13
x0g
opeae{o])
IR
YyyoN
aprace)
e
PPN
opeioe)
“ap8eq
oprIo|0)
‘sBupdg
pod
opeI[0)
“HR ANy

Z1 M3 ¥9 03 V3 40 04 19 N2 OF J8 a8 WY O XTI NI O3 NI ¥ 3F 4V IV ST J9 SO WA ¥0 HA I ND D> Z H AV N AV TV S M ¥4 [g 43 D HI 1 3 X O 4

sad{opdey

uonemdog

11 3pep w sadjorde (@)

panunuo) T9eL



POPULATION GENETICS OF THE GREATER SAGE-GROUSE 1299

4 r Ir r r r r r ®t 1 ¥ 1 L r z ¢ ¢ ¢ £ ¥ ¢ © £ ¢ ¢ £ ¢ & ¥ ¥ F P S 9 /L 8 8 6 6 OI 9T ZI €€ ST IP £8 ITD 991 01

4 i o1 9t I

]
—~
]
~y

4]

57

mapeD
-[=io]
uoyuysep
‘sse|@nog
uoyFungsepy
“ewpes,
Y /AN
‘oucyy
Juokt
EnuonED
‘udsse
vpeAsN
‘AAN
TpeaaN
P[RS
epeAdN
Ipequmpy
eprasn
‘oq[g
epeaan
BOYSEAL
epeAlN
“gny 3
wodai)y
‘alng
shiyeag
uwofaiy

armuodesy

IRLOUAITY A
OyEp]
‘A3fleA
ndepy
oyep]
28poy
upapy
oyepp
Aaqren
Mapmzy
oyepL
ApPRd
Ay
ejo%eq
YHoN
URUMOR
HoReq
YHoN

23 M3 ¥3 03 VI dd 0§ 10 42 08 48 gf Wy O X3 N3 D3 NI N7 32 4V 3¥ S3 [ S0 WO ¥D HQ 81 N> D Z HaQ¥ N AY ¥ S M 8 [d d7 D HT L

1

X D

g

sadfodey

uogejndog

@

panuyuc] 1319e1



1300 S. ]. OYLER-MCCANCE, S. E, TAYLOR and T. W. QUINN
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Fig. 2 Proportion of individuals in each state with common
haplotypes (non represents haplotypes that are not common). The
haplotypes EJ, X, C, B, and A were the most common haplotypes
found in the study. Each bar represents the proportion of each of
these common haplotypes for every state.

mtDNA haplotypes were identified (Table 1). Of these 80
haplotypes, 28 are newly described here {(Accession nos
AYS50036-AY850062, and AY846747). Parsimony analysis
distributed all haplotypes into one of two distinct mono-
phyletic clades (31 in clade L, 49 in clade II). Of the 100 trees
of shortest length (124 steps) that were retained, all taintained
monophyly of those two clades. Bootstrap support was
91% for clade I and 88% for clade II. The maximum DNA
sequence difference between the two clades was 18.4% and
the minimum difference between any greater sage-grouse
haplotype and the outgroup sequence was 23.4%. Along
the 146-base pair sequence, 60 sites were variable with 39
transitions, 18 transversions, and 8 insertions/deletions.
Five of those sites were both transitions and transversions.

The average number of haplotypes per population was
6.9 with a high of 13 haplotypes in Magic Valley and a low
of one in Yakima (Table 1). Five haplotypes (A, B, C, X, and

E]) were common and widespread representing 62% of all
individuals sequenced. Haplotype A was found virtually
everywhere with the exception of Washington, North and
South Dakota, and parts of Wyoming and Montana.
(Fig. 2). Haplotype B was present in most populations
except in areas of Montana, South Dakota, Oregon, Califor-
nia, and Washington while haplotype C was widespread
except in Oregon, Nevada, California, and Washington
(Fig- 2). Haplotype X was more localized spanning Idaho,
Oregon, Nevada, California, and Washington as was haplo-
type EJ, which is found primarily in Wyoming, Montana,
North and South Dakota, and Alberta (Fig. 2). The Lyon/
Mono population (Fig. 2) has an extremely low percentage
of individuals with common haplotypes (5%). Of the 54
individuals from the Lyon/Mono population, 50 are char-
acterized by haplotypes unique to that population.

In the NCA, statistical parsimony revealed five separate
networks, three that were composed of only one haplotype
(haplotypes CJ, BX, or DC). The two networks that rep-
resented the remaining 77 haplotypes corresponded to the
two distinct clades described previously (Kahn et al. 1999;
Benedict et al. 2003). The 95% plausible set of both networks
was comprised of many haplotypes and each contained
several ambiguous connections that were resolved using
the frequency and topology criterion. The two networks
were nested resulting in a final network (Fig. 3). Because
the three other networks contained only one haplotype per
network, they were not used in subsequent analyses.

We rejected the null hypothesis of no relationship between
the mitochondrial haplotype genealogy and the geographical
distribution of haplotypes for 29 of the 39 clades in the
analysis (Table 2}. Eighteen of those 29 clades were unin-
formative, categorized variously as inconclusive, insufficient
genetic resolution, or inadequate genetic sampling (Table 2)
using the updated key by Templeton (2004). Eleven clades,

Table 2 Characteristics of each clade described using nested clade analysis

Restricted gene Inadequate
Continuousrange  Allopatric flow with geographic  Insuffident genetic
expansion fragmentation  isolation by distance  sampling resolution Inconclusive  No relationship
23 1-3 1-5 1-9 1-18 1-2
2-4 1-8 1-13 1-22 1-19 1-11
1-20 1-32 1-30 1-14
21 1-31 1-15
2-8 2-6 1-25
3-4 2-7 1-26
3-5 29 1-27
211 22
2-13 2-10
3-1 33
32
4-1
4-2

© 2005 Blackwell Publishing Ltd, Moleculer Ecology, 14, 1293-1310
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Fig. 3 Unrooted estimated 95% parsimony

cladogram of 80 haplotyopes detected in

the greater sage-grouse. Haplotypes are
represented by letters. Lines represent single
mutational events, dots represent inter-
mediate haplotypes not found in our sample

but necessary to link haplotypes that were
found. Numbers represent the level of
nesting in the analysis. Most haplotypes fell

into one of two distinct clades (previously
described by Kahn et al. 1999 and Benedict
et al. 2003). The placement for connection of

these two clades could not be determined
so they are represented separately as clade
I (top} and clade II (bottom). Three haplo-
types could not be connected with confidence
to either clade or each other and thus are

|

EC
. | e B

ra
th

not included here.

however, did provide insight into the biogeographical
history of the greater sage-grouse. Clades 2-3 and 2-4 were
characterized as continuous range expansion and two
clades (1-3 and 1-8) represented patterns associated with
allopatric fragmentation. The pattern of restricted gene
flow with isolation by distance was the most prominent
being characterized by seven clades (1-5, 1-13, 1-20, 2-1,
2-8,3-4, and 3-5).

Microsatellite analysis

The number of microsatellite alleles per locus across all
populations ranged from five (LL5T1) to 31 (5GCA9). The
mean number of alleles per population across all seven loci

© 2005 Blackwell Publishing Ltd, Molecular Ecology, 14, 1293-1310

ranged from 3.1 alleles in Douglass/Grant to 7.1 alleles in
Alberta (Table 3). One population, Strawberry Valley, was
shown to have undergone a recent population bottleneck
(P =0.0078). There were 27 significant departures from
HWE (P < 0.05) among the 315 possible combinations of
population and loci. Because of the large number of com-
binations {multiple tests), it is possible that some departures
were caused by chance. To correct for multiple tests, the
P value was lowered to 0.00016 (Bonferroni method) and
only one population/locus comparison was significant
(P < 0.00016). The significant departure was in the Eagle
population at the SGCA9 locus. The test for LD examined
each pair of loci in each population for a total of 945 possible
comparisons. Using the Bonferroni correction, the P value was
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i CurlewValleylD RosebudMT
2 FarsonWY
3 ElkoNV MedicineLodgelD
4 RawlinsWY
5 KemnerWy HardingSD»
6 NyeNV BeaverheadMT
7 MagicVailey Dy FergusMT Y
§ LassenCA WhitghorseOR EaeleCO
9 WashoeNV DiamondUT
10 RiddleTD Weston WY NPark€O
X BowmanN|
1 ChurchilINV
12 BighomWyY
13 ColdSpringsCQ 5
14 BeattysOR 11 SteensOR
15 BoxElderUT
16 HumbualdiNV
17 OwyheeOR

SheldonNVY

LyonMono WagontircOR

Daouglass/GeantW A

lowered to 0.00005. There was only one significant com-
parison, the 5GCA9 and SGCA11 loci in the Eagle population.

Of the 990 population pairwise (Ry;) genetic distances,
194 were significant (P = 0.00005, Bonferroni corrected). Most
notably, the Lyon/Mono population was significantly dif-
ferent from all other populations except Steens, Wagontire,
Warner, Sheldon, and Box Elder. The Douglass/Grant,
Yakima, and Alberta populations differed significantly
from 27, 32, and 25 other populations, respectively.

The Rg; genetic distance tree also indicated that the
Douglass/Grant and Yakima populations and the Lyon/
Mono population were genetically distant from each other
and from all other populations (Fig. 4). When the popula-
tion groups suggested by the R values (Douglass/Grant
and Yakima, Lyon/Mono, Alberta) were tested against all
other populations and each other {four total groups}, the
Aamova based on the Rg; distances revealed that most of the
variation in the two categories of interest was explained by
the among groups (3.93%) category, rather than the among
populations within groups category (6.71%} (Table 4a).

STRUCTURE assigned each individual a probability of
belonging to each of 10 clusters. Each population was
assigned to the appropriate cluster based on the largest

Fig. 4 Neighbour-join tree constructed using
the genetic distance R for 45 populations
of the greater sage-grouse. Population names
are represented followed by a two-letter
abbreviation of the corresponding state.
Sampies from the Canadian province Alberta
arelabelled Alberta. The Lyon/Mono popu-
lation, which spans the border of Nevada
and California, is labelled LyonMono.

StrawberryValleyUT

BlueMtnUT

YakimaWA

number of individuals with a certain cluster assignment
{Table 3, Fig. 5). The number of populations assigned to
clusters ranged from 1 {Lyon/Mono, cluster 10) to 10 {vari-
ous populations from Nevada, Idaho, Wyoming, Utah,
and Oregon, cluster 8). Rg; genetic distances were recalcu-
lated based on the sTRUCTURE clusters. An AMaova based on
the 10 clusters indicated that, relative to the AMova based
on four groups (Table 4a), the proportion of among-group
variation remained nearly the same (8.91%) while the
among-populations-within-groups variation was reduced
(1.86%) (Table 4b). The Mantel test revealed that there was
a positive correlation between genetic distance and geo-
graphical distance (r = 0.4312, P = 0.00001) (Fig. 6.

Discussion

The 80 mtDNA haplotypes fell into one of two mono-
phyletic clades as described by Kahn etal. (1999} and
Benedict et al. (2003). The two clades are not separated
geographically. In fact, all but four populations contain
individuals with haplotypes from both clades. Kahn ¢t al.
(1999} and Benedict et al. (2003} have previously argued
that these two clades may have resulted from the

© 2005 Blackwell Publishing Ltd, Molecular Ecology, 14, 1293-1310
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Table 4 Analysis of molecular variance using seven microsatellite loci
(a) Forty-five populations, four groups. Group 1, Lyon/Mono; group 2, Alberta; group 3, Douglass/Grant, Yakima; group 4, all other
populations

Som:%of variation d.f. Sum of squares Variance components Percentage of variation
Among groups 3 5712 753 9.93
Among populations within groups 41 1302415 5.06 6.71
Within populations 2317 146534.18 63.24 83.36

(b Forty-five populations, 10 groups. Groups ate the 10 clusters identified in the STRUCTURE analysis (see Table 3)

Source of variation df. Sum of squares Variance components Percentage of variation
Among groups 9 14229.92 6.32 8.91
Among populations within groups 35 4506.23 1.32 1.86
Within populations 2317 146534.18 63.24 89.23

) [¢]
0 080 % O
Wm o~ ALy

ey
<

Fig. 5 Map of sampling sites for the microsatellite analysis colour coded by the cluster each population has been assigned to using
STRUCTURE analysis.

separation of sage-grouse into two allopatric groups In each population the percentage of individuals in each
approximately 850 000 8p, perhaps in association with clade shifted across the range with many populations in
the patchy distribution of sagebrush habitat during the the north (particularly the northeast) containing few or
Pleistocene epoch. ne haplotypes from clade I (Table 1}. This may suggest a

© 2005 Blackwell Publishing Ltd, Molecular Ecology, 14, 1293-1310
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Fig. 6 Relationship between the genetic distance Rg; and
geographical distance for all pairs of populations of the greater
sage-grouse.

range expansion to the north and northeast following the
Pleistocene epoch. Fossil records have documented
sage-grouse during the Pleistocene in the south-central
and southeastern part of their current range (Shufeldt 1913;
Howard & Miller 1933; Howard 1952; Miller 1963, 1965;
McDonald & Anderson 1975; Grayson 1976; Emslie 1985,
2004; Emslie & Heaton 1987) and more recently (6000 Bp}in
western portions of the range (Miller 1963; Grayson 1976),
yet sage-grouse have not been recorded during this period
in the northern part of their current range.

Results from our NCA suggest continuous range expan-
sion in two of our nested clades (2-3 and 2-4). Populations
in clade 2-3 are found throughout most of the range, yet
populations in clade 2-4 occur only in the central and
northeastern part of the range, in Utah, Wyoming, Mon-
tana, and North Dakota. More recent evidence suggests
that the range expansion, particularly in the northeast, has
continued to present day. Schroeder et al. (2004) provided
a pre-European period distribution of the greater sage-
grouse that they developed by examining early written
observations of sage-grouse. Although some ambiguities
exist, they propose that the distribution of sage-grouse was
following a northward and eastward transition into areas
not originally occupied in the early 1800s (Schroeder et al.
2004). Our data are consistent with this observation and
provide support for the idea that shifts in sagebrush habi-
tat distribution may have provided the greater sage-grouse
an opportunity for range expansion, particularly in the
northeastern part of their range.

The distribution of genetic variation shows a gradual
shift across the range in both mitochondrial and nuclear
data sets. An examination of the distribution of the most
cornmon miDNA haplotypes demonstrates this phenomenon
(Fig. 2). Haplotype A is the most widespread occurring
in all but North Dakota, South Dakota, and Washington.
Haplotype X is found primarily in the western part of the

range, while haplotypes B and C are found in the central
and eastern part of the range. Haplotype EJ is found only
in the northeastern part of the range in Alberta, Montana,
North and South Dakota, and Wyoming. This pattern
suggests localized gene flow with isolation by distance
(ie. movement among neighbouring populations yet not
across the range).

Results from the NCA confirm this finding with seven
clades characterized by restricted gene flow with isolation
by distance {1-5, 1-13, 1-20, 2-1, 2-8, 3-4, and 3-5). The lower
order {more localized) clades (1-5, 1-13, 1-20) represented
smaller portions of the range, yet the higher order {regional)
clades (2-1, 2-8, 34, 3-5) represented most of the range. This
suggests that restricted gene flow with isolation by distance
is a range-wide phenomenon.

Analysis of our microsateliite data showed a similar
pattern. The Mantel test showed a positive correlation
between genetic distance and geographical distance sug-
gesting an isolation-by-distance phenomenon (Fig. 6). In
addition, the STRUCTURE analysis best grouped our data
into 10 clusters (Fig. 5). All clusters were made up of popu-
lations geographically adjacent suggesting again patterns
of localized gene flow and isolation by distance. The
smaller, more fragmented populations on the periphery of
the range (North Park, Middle Park, and Eagle in Colo-
rado, Strawberry Valley and Wayne in Utah, Lyon/Mono
in Nevada/Califernia, and Douglass/Grant and Yakima
in Washington) made up their own clusters suggesting
lower amounts of gene flow in these areas.

Direct knowledge of the dispersal distances of the
greater sage-grouse is limited. In one Colorado study, the
respective median natal dispersal distances for 12 males
and 12 females was 7.4 km and 8.8 km, respectively (Dunn
& Braun 1985), distances more apt to be between neigh-
bouring leks than between non-neighbouring populations.
Some greater sage-grouse have been documented to move
seasonally between summer and winter ranges. One study
in Idzho estimated The average distarice of these move-
ments to be 13.1 km (Connelly ef al. 1988). Our data are
consistent with these studies suggesting that gene flow is
likely limited to the movement of individuals between
neighbouring populations and not likely the result of long-
distance movements of individuals {across large portions
of the range). This information is important because
conservation efforts often consider translocations and
augmentation of existing populations using animals from
outside populations. Our data suggest linkages among
neighbouring populations and differences among distant
populations, raising the possibility that local adaptations
may exist and that translocations should involve neigh-
bouring populations rather than geographically distant
populations.

Levels of genetic variation differed among populations
{Tables 1 and 3). The highest level was found in Magic

© 2005 Blackwell Publishing Ltd, Molecular Ecology, 14, 1293-1310
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Valley in the mtDNA data set with 13 haplotypes per popula-
tion and in Alberta in the microsatellite data set with an
average of 7.14 alleles. In both mtDNA and micrsosatellite
data sets, the least amount of genetic diversity (Tables 1
and 3) was in the two Washington populations, Yakima
and Douglass/Grant, with one and three mtDNA haplo-
types per population and an average of 3.29 and 3.14 mic-
rosatellite alleles per population, respectively.

Pairwise population R tests also showed that Doug-
lass/Grant and Yakima were significantly different from
most populations (27, 32). Qur NJ tree constructed using
Rgr genetic distances (Fig. 4) showed that the two Wash-
ington populations were arnong the populations with the
longest branches. The significant results of Rg; genetic dis-
tance comparisons are largely a reflection of the small
number of alleles found in both populations.

Interestingly, the two Washington populations did not
show signs of a recent population bottleneck as was found
in Strawberry Valley, which had been documented to have
had a severe population decline because of predation roblems
within the last 10 years (Utah Division of Wildlife, unpub—
lished). The test for population bottlenecks, however,
only detects recent bottlenecks on the order of 0.2-4.0
generations (Luikart & Cornuet 1998). Population declines
in Washington have been estimated to be at least 77%
between 1960 and 1999 (Schroeder et al. 2000) suggesting
that declines have been ongoing and significant for 40 years.
The lack of genetic diversity in the Washington populations
is not surprising given their small population size and
isolation (Fig. 1) and the fact that they currently occupy
only 8% of their historic range (Schroeder et al. 2000).

While the importance of maintaining substantial levels
of genetic variation in a population has been the topic of
considerable debate, most agree that genetlc vanatlon 1s
relevant to the health and vxaEﬂ'ity of populaﬁons and that
ifhust be addressed and monitored ifi tnanagement plans
(O'Brien & Evermann 1988; Quattro & Vrijenhoek 1989).
Bouzat ¢f al. (1998} and Westemeier et al. (1998) showed that
fertility and hatching success of greater prairie chickens
(Tympanuchus cupido) were reduced because of a bottle-
neck caused by | Eﬂa‘l‘)lh‘?t 1055 The Washington populahons
of the g1 greater sage-grouse, a close relative of the greater
prairie chicken (both are members of Tetracninae), have
experienced similar isolation and reduction in population
size resulting from loss o‘fphabltat and hkely have the same
potential for inbreeding ¢ effects Further, genetlcally dep-
aup&SEE popu]atlons face enhanced susceptibility to para-
sitic agents or infectious disease such as West Nile virus,
which has been shown to be a significant threat in the
greater sage-grouse (Naugle efal. 2004). Management
strategies for these populations have included the con-
sideration of translocations from other populations since
natural gene flow appears unlikely given the geographical
isolation of these populations. Our genetic data suggest

© 2005 Blackwell Publishing Ltd, Molecular Ecology, 14, 1293-1310
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that any translocations or augmentations of the Washington
populations should involve populations that are geographi-
Lally close

Using mtDNA sequence data, Benedict et al. (2003) pre-
viously noted that the Lyon/Mono population was genet-
ically unique compared to other populations in California,
Nevada, Oregon, and Washington. Our study substantiates
their findings. While an additional 24 populatiorts were,,
added by our data set, the observation remains that I:XQ_I}_/
Mono contaims. rnostly novel haplotypes not found else-
where across the range (Table 1). In fact, 93% of individuals
from Lyon/Mono had novel haplotypes, while the average
percentage of novel haplotypes among all other popula-
tions was 8.37. The genetic diversity present in Lyon/
Mono is comparable to (if not higher than) most other
populations (11 haplotypes) suggesting that the differences
are not caused by a genetic bottleneck or founder event,

This pattern was found as well in the nuclear data set.
Pairwise population R tests revealed that altough there
were many population pairs {194 of 990) that were signi-
ficantly different, Lyon/Mono were significantly different
from almost all other populations, reinforcing its genetic
dlshnchveness Further, in the sTRUCTURE analysis, “the
Lyon/ Mono populatmn was the only population forming
its own cluster, which again supports the idea that this
population is genetically diskinct. =

Benedict ef al. (2003} suggested that the Lyon/Mono popu-
lation has been isolated from other greater sage-grouse
populations for thousands or perhaps tens of thousands of
years, noting that most members of the population carry
mitochondrial haplotypes that are not found elsewhere across
the species range. In total, there are seven novel haplotypes
of 10 found in the population, and 48 of the 54 individuals
from Lyon/Mono carry one of those seven. The results of
our NCA support the theory of Benedict et al. (2003) as one
of our clades (1-3) representing the Lyon/Mono separation
was characterized by allopatric fragmentation.

The concept of evolutiona thicant units (ESUs) is

increasingly used to set management goals for populations
or groups of populations below the species level (e.g.

Parker et al. 1999). Although the most appropriate definition
 of an ESU is mrre;tly—behf—g@mtedmf
is thata population that has diverged a significant amount
genetically is evolutionarily independent from other popu-

lations. The debate involves the question of how much
genetic differentiation is significant and the strictest defiration

incorporates the phylogenetic species concept. According

to Moritz (1994}, an ESU should ‘be reciprocally mono-

hyletic for mtDNA alleles and show significant divergence

£ Ud/ééﬁwry S%ﬂi%cma" unit - ESU

of allele frequencies at nuclear loci’, whereas a management
unit (MU) would require “significant divergence of alleles

af nuclear or mitochondrial loct’,
We have demonstrated that Lyon/Mono has significant

divergent allele frequencies of nuclear microsatellite loci, |
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ﬂ
Our study documented the distribution of genetic vari-

but the mtDNA control region haplotypes are not recipro-

~cally monophyletic despite most being newly arisen within

this_population. Although the Lyon/Mono population
would be considered an MU as defined by Monitz (1992110

would not be consideted an EsUWebetteve—towever—

that Moritz’s {1994) restricfive definition of St shonid o

be applied without careful consideration of several aspects
of the breeding biology of the species under consideration.
In some cases, reciprocal monophyly may appear long
after complete and irreversible isolating mechanisms are in
place. Further, the time it takes to reach reciprocal mono-
phyly in mitochondria is dependent upon such factors as
effective population size of females, and population
dynamics related to expanding vs. contracting popula-
tions. In a lek-breeding species such as the greater sage-
grouse where a few males do most of the mating, sexual
selection can act to influence morphological and beha-
vioural traits at a rate much faster than can be tracked genet-
ically. Also, as a consequence of that breeding biology, the
nuclear genome may undergo more of a bottleneck relative
to the maternally inherited mitochondrial genome than it
would in most species. In essence, this would delay the
time that it takes the mitochondrial genome to reach recip-
rocal monophyly relative to the amount of differentiation
that is simultaneously occurring in the nuclear genome.
Surprisingly, the Lyon/Mono population is at least as
divergent from other populations of the greater sage-
grouse as Gunnison sage-grouse are from the greater sage-
grouse by virtue of the large number of new haplotypes
unique to that population. Gunnison sage-grouse were
recognized as a new species of sage-grouse based on
morphological, behavioural, and genetic data (Young ef al.

2000). Preliminary comparisons of gross morphology and
E:haviour between _E_E}néMono ang surmun§mg greater
sage-grouse populations, however, have revealed little or

no differences (5. E. Taylor, unpub].ished).j'ﬁﬁs suggests that

while Lyon/Mono may have been isolated for an amount
of time similar to the isolation of Gunnison sage-grouse,
they have not experienced a significant divergence in
morphology or behavioural characteristics as has been
documented in Gunnison sage-grouse (Young et al. 2000),
which ultimately led to their reproductive isolation.
Because Lyon/Mono is so genetically different, how-
ever, they deserve special attention. They certainly quality
asa Q&Ect Egﬂ_}gﬂgﬂﬁsggﬂeﬁtﬂ{f?m a genetic 5tandpo¥nt
and may even warrant consideration as a new subspecies
based on our genetic data. However, more comprehensive
morphological and beRavioural comparisons should be
performed before a change in taxonomic status should be
considered. Regardless of the label placed on this popu-
lation, it should be managed separately and protected
because of its genetic distinctiveness ‘as it may contain
genetic variation that may be important to the survival of
the species over large timescales. ..
DL .- oot

e st

4

ation across the entire range of the greater sage-grouse,
determining that the Lyon/Mono population has a unique
history of isolation distinct from all other populations and
that two populations in Washington have low levels of
genetic diversity. Further, we found that isolation by dis-
tance has left in imprint on greater sage-grouse gene pools,
and that local adaptation is a realistic possibility for the
species and should be considered in decisions involving
translocations. This genetic data used in conjunction with
large-scale demographic and habitat data will provide an
integrated approach to conservation efforts for the greater

ie_lge-grouse.
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