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Ovis canadensis nelsoni, desert bighorn sheep, populations in the 
mountains around Death Valley.

H I G H L I G H T S

Genetic assignments indicate bighorn 
occasionally move between Death Valley National Park

and populations to the southeast (see page 79).

Map showing clustering of 

276 bighorn genotypes
from populations in or near

Death Valley National Park, 

for 13 populations genotyped 

at 15 loci (see page 84).
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ABSTRACT

The status of desert bighorn sheep (Ovis canadensis nelsoni) populations in

the mountains around Death Valley was first evaluated in 1938, shortly

after designation of Death Valley National Monument. However, the most

comprehensive evaluation of bighorn sheep in the region was conducted

by Ralph and Florence Welles during 1955-1961. They documented 

patterns of use at water sources and other focal areas around Death Valley

and roughly estimated numbers of bighorn sheep from observational

data. Data collection on bighorn sheep in the area since that time has

lacked a regional approach needed to address metapopulation questions. 

Epps-DesertBighorns ToPrint_Layout 1  5/26/16  3:36 PM  Page 71



Epps et al

Death Valley Natural History Association 72

From 2011-2013, we evaluated bighorn activity at important water sources and other likely
locations around Death Valley using remote cameras and observations of tracks, beds, sign,
and bighorn sheep, and non-invasively collected genetic samples (fecal pellets and bones).
Where possible, we revisited many of the water sources and other locations originally 
investigated by Welles and Welles (1961) and earlier researchers. We extracted DNA from
fecal pellets, carcass tissue samples, and blood samples archived from earlier captures and
genotyped them using highly variable genetic markers (15 microsatellite loci) with sufficient
power to distinguish individuals and characterize gene flow and genetic structure. We also
analyzed DNA samples collected from other bighorn sheep populations extending north
to the White Mountains, west to the Inyo Mountains, south to the Avawatz Mountains, and
southeast to the Clark Mountain Range, Kingston Range, and Spring Mountains of 
Nevada. We estimated genetic structure and recent gene flow among nearly all known 
populations of bighorn sheep in and around Death Valley National Park (DEVA), and
used assignment tests to evaluate individual and population-level genetic structure to infer
connectivity across the region. We found that bighorn sheep are still widely distributed in
mountain ranges throughout DEVA, including many of the areas described by Welles and
Welles (1961), although some use patterns appear to have changed and other areas still 
require resurvey. Gene flow was relatively high through some sections of fairly continuous
habitat, such as the Grapevine and Funeral Mountains along the eastern side of Death 
Valley, but other populations were more isolated. Genetic diversity was relatively high
throughout the park. Although southern Death Valley populations were genetically distinct
from populations to the southeast, population assignment tests and recent gene flow 
estimates suggested that individuals occasionally migrate between those regions, indicating
the potential for the recent outbreak of respiratory disease in the southern Mojave Desert
to spread into the Death Valley system. We recommend careful monitoring of bighorn
sheep using remote cameras to check for signs of respiratory disease in southeastern DEVA
and ground surveys in the still-understudied southwestern part of DEVA.

INTRODUCTION

Desert bighorn sheep (Ovis canadensis nelsoni) have occurred in mountainous areas around
Death Valley, California, since prehistoric times. Little is known about their distribution
before the early 20th century, but they were likely widespread. During the mining era in
Death Valley (circa 1880-1933), poaching of desert bighorn was thought to have been 
common and mining operations would have limited  the ability of bighorn sheep to access
many of the springs in the region (Dixon & Sumner, 1939). With the establishment of the
Death Valley National Monument in 1933, mining operations ceased and poaching by
mine employees was curtailed. The first geographically comprehensive survey for bighorn
sheep in the region was conducted in 1938, surveyed 21 areas and concluded that poaching
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was no longer occurring (Dixon & Sumner, 1939). Using very rough estimation techniques
based on sightings and sign, Sumner estimated a population of roughly 500 desert bighorn
sheep in the Grapevine, Cottonwood, Funeral, Black Mountains, and Panamint Range
(unpublished report, 1939, cited in Welles and Welles 1961).  

Formal study of these large, desert-
adapted herbivores has been relatively
limited within this unique ecosystem.
Geographically, the most extensive study
of bighorn sheep in Death Valley to date
was conducted by Ralph and Florence
Welles during 1955-1961 (Welles &
Welles, 1961). That study was the first to
document the behavior and life history
of desert bighorn sheep anywhere, and
focused largely on bighorn sheep pop-
ulations on the eastern side of Death
Valley in the Grapevine, Funeral, and
Black Mountains (Figure 1). Welles and
Welles (1961) also mapped more than
300 water sources and indicated areas
of bighorn sheep use around Death 
Valley. About a decade later, a survey by
California Department of Fish and
Game involving a relatively systematic
helicopter and water hole survey of
bighorn sheep around Death Valley 
estimated the total populations at 600
bighorn sheep and noted potential
competition with feral burros, particularly
in the Panamint Range (Weaver, 1972).

Subsequent field research has fo-
cused on specific populations of desert
bighorn sheep within Death Valley 
National Park (hereafter DEVA, which
now extends well beyond the boundaries of the original monument). In the northern 
Cottonwood Mountains and Tin Mountain, Dunn and Douglas (1982) investigated 
influences of feral burros on bighorn sheep at springs, and Ginnett and Douglas (1982)
compared food habits of feral burros and bighorn sheep. In the Black Mountains from
1988-1993, researchers used mark-resight techniques (Douglas & Longshore, 1995) to
estimate the size of the bighorn sheep population and evaluated home ranges (Longshore

Figure 1  Hill-shaded map of the desert bighorn populations
sampled within and near Death Valley National Park, 

California, for analysis of population genetic structure. 
Sampling polygons represent the approximate area from

which samples were collected. Samples collected 
by capture in Dodd Spring were not analyzed because 

this area appeared to lack a resident population.
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& Douglas, 1995). Coonan (1995) investigated relationships between precipitation, dietary
protein, and lamb:ewe ratios in the Black and Funeral Mountains.  Another study inves-
tigated influences of a new mining operation on the west side of the Panamint Mountains
on bighorn sheep (Oehler, Bleich, Bowyer, & Nicholson, 2005; Oehler, Bowyer, & Bleich,
2003). Statewide assessments of bighorn sheep populations in California have included
Death Valley, but rarely have these assessments included new data on population size and
status (Epps, Bleich, Wehausen, & Torres, 2003). A statewide analysis of bighorn sheep
population extinction estimated climate-related risk of extinction in the Death Valley 
region to be highest in the relatively low and arid Black Mountains (Epps, McCullough,
Wehausen, Bleich, & Rechel, 2004). There have, however, been no published field-based
studies of bighorn sheep in Death Valley since the mid-1990s.

Extensive research has been conducted in nearby desert bighorn sheep populations 
in the southern Mojave Desert (e.g., Creech, Epps, Monello, & Wehausen, 2014; Epps, 
Palsboll, Wehausen, Roderick, & McCullough, 2006; Epps et al., 2005; Epps, Wehausen,
Bleich, Torres, & Brashares, 2007; Epps, Wehausen, Palsboll, & McCullough, 2010) and
southern Nevada (Jaeger & Wehausen, 2012). Much of that work has demonstrated the
usefulness of genetic and modeling techniques and spatial data that were not available to
Dixon, Welles and Welles, or other groundbreaking early researchers of bighorn sheep.
In particular, high-resolution genetic data, in many cases derived from non-invasive 
sampling (fecal pellets, Wehausen, Ramey II, & Epps, 2004), have provided important
insights about connectivity and interactions among populations and subpopulations. Long
regarded as highly philopatric (Geist, 1971), bighorn sheep in the arid southwest have now
been demonstrated to move significant distances among mountain ranges (Bleich, 
Wehausen, & Holl, 1990; Bleich, Wehausen, Ramey II, & Rechel, 1996; Schwartz, Bleich,
& Holl, 1986), but those movements are influenced by distance, preference for steep
slopes, and physical barriers such as canals and fenced highways (Epps, et al., 2005; Epps,
et al., 2007). Analyses of mitochondrial DNA and microsatellite loci, both of which are
highly variable, also have made it possible to track re-colonization of habitats after local
extinction (Epps, et al., 2010). Connections among populations have proved to be the
most significant determinant of population genetic diversity (Epps, et al., 2006), which
plays an important role in maintaining fitness (Frankham, 1995). Thus, population genetic
studies have proved to be a useful way to map connectivity and its inverse, population 
isolation, for taxa such as desert bighorn sheep that live in very small disjunct populations
prone to rapid loss of genetic diversity in the absence of gene flow. The importance of
understanding population connectivity has also been heightened given a recent outbreak
of respiratory disease in bighorn sheep populations in the southern Mojave Desert that
appears to have spread rapidly among populations via natural movements (California 
Department of Fish and Wildlife [CDFW], unpublished data).

In 2010, renewed interest in the status of bighorn sheep in DEVA resulted in several
research initiatives. The National Park Service (NPS) began using remote cameras to 
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document bighorn sheep use at two water sources in the Funeral Mountains (Figure 1;
Keane Wonder Spring Complex and Navel Spring). Simultaneously, an NPS-funded effort
was initiated to evaluate connectivity and genetic diversity of desert bighorn sheep popu-
lations on NPS lands in California, Nevada, Arizona, and Utah, including DEVA. Prior
to this effort, extensive genetic sampling of bighorn sheep populations from the Black
Mountains to the White and Inyo Mountains had been conducted to compare with native
populations in the Sierra Nevada (USFWS, 2007). Additionally, bighorn sheep popula-
tions southwest of DEVA were sampled genetically as part of a study investigating gene flow
in the Las Vegas region (Jaeger & Wehausen, 2012).

In this paper we add to that genetic sampling in the DEVA region and report the initial
findings of recent field research projects concerning bighorn sheep populations in and
near DEVA. Specifically, we 1) report recent bighorn sheep activity around DEVA based
on field visits to springs and other focal areas identified by Welles and Welles (1961) and
remote camera data in several locations, 2) analyze genetic structure, genetic diversity,
gene flow, and connectivity for most known populations of bighorn sheep in or near
DEVA, and 3) evaluate recent gene flow between populations in southern DEVA and 
populations to the southeast (Kingston, Clark, Spring ranges), in order to infer potential
for spread of suspected respiratory disease recently observed in the Kingston Range 
(R. Abella, CDFW, personal communication).

METHODS

Identifying areas of bighorn sheep activity

We identified areas to evaluate for bighorn sheep activity based on 1) historically important
areas, particularly springs, noted by Dixon and Sumner (1939) and Welles and Welles
(1961), and 2) recommendations by staff at DEVA based on ongoing investigations and
anecdotal reports. Evaluations included remote cameras (Cuddeback, Green Bay, 
Wisconsin; Reconyx, Holmen, Wisconsin) installed at water sources at Navel Spring in the
southern Funeral Mountains (Figure 1) and Keane Wonder Spring Complex in the northern
Funeral Mountains, and field sampling on foot during summer, fall, and winter months
that either focused on known water sources or general areas in the vicinity of known water
sources. In each sampling location, we searched for bighorn sign (live animals, carcasses,
tracks, and fecal pellets).

Genetic Sampling

We collected non-invasive genetic samples (feces and tissue from carcasses) from the south-
ern Black, Black, northern and southern Funeral, Grapevine, Cottonwood, and Avawatz
Mountains in 2011-2013 (Figure 1). We separated sampling of the northern and southern
Black and Funeral Mountains because known water sources in each range were separated
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by more than 25km; Epps et al. (2005) found that most gene flow occurred between pop-
ulations <15km apart. Some samples from the southern Black, Black, and southern Funeral
ranges also were collected during 2005-2007. Fecal DNA samples for populations to the
north and west of Death Valley (Inyo Mountains, Panamint Buttes, Last Chance Range,
Tin Mountain, as well as to the southeast (Kingston Range, Clark Mountain, Spring
Mountains) were collected during 2003-2010, primarily at water sources. We obtained
samples for the Panamint Buttes, southern Panamint Range, and White Mountains from
blood samples from bighorn sheep captured by CDFW during 1995-2004 (Figure 1). 

Genotyping

This study combined data analyzed in two different laboratories (Epps lab, Oregon State
University; Wehausen lab, Bishop, California) and using somewhat different sets of 
microsatellite loci. Thus, we 1) restricted analyses to the loci in common among the data
sets (Table 1), and 2) re-aligned allele sizes to account for the different sizes of primers
and allele-calling strategies employed by the two laboratories. We identified differences
in reported allele sizes for each locus by comparing genetic data generated by both labs
for the Willow Spring population in the Black Mountains, and genotyping five samples in
both laboratories. We translated all allele sizes to those employed by the Epps laboratory
to allow for consistent analysis across the entire data set. We genotyped samples collected
from 2011-2013, as well as some samples from 2005-2007, in the Epps laboratory. Those
samples were genotyped at 6 microsatellite loci, after which we identified and removed
duplicate genotypes originating from the same individuals, and then genotyped samples
at 10 additional microsatellite loci. Samples dating from 1995-2010 from the western and
southeastern portion of the study area were genotyped at up to 20 microsatellite loci in
the Wehausen population genetics laboratory in Bishop California.

Analysis of Genetic Data

We analyzed genetic data using a priori defined populations which we assumed were groups
of individuals that interacted and bred with each other. As bighorn sheep tend to coalesce
around the limited number of water sources in each area, sampling the major water sources
likely provides access to most animals in each population (e.g., Epps, et al., 2005). We
defined populations based on topography and distance; bighorn sheep are largely restricted
to steep topography (>15% slope, Epps, et al., 2007) and most gene flow occurs between 
populations separated by <15km (Epps, et al., 2005). Therefore, we identified populations
as clusters of samples containing at least 10 individuals not separated by >15km. We then
used ArcMap 10.0 (ESRI, Redlands, California) to draw simple convex polygons around
those clusters (Figure 1). 

We used GENEPOP (Rousset, 2008) to evaluate whether Hardy-Weinberg equilibrium
(HWE) was present across loci in each population (i.e., whether populations meet the as-
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sumption of random mating). We also used GENEPOP to test for linkage disequilibrium
(i.e., non-random association of alleles at different loci resulting from close proximity
on the genome). We used ARLEQUIN (Schneider, Roessli, & Excoffier, 2000) to estimate
average expected heterozygosity (He; a standard measure of genetic diversity that is calcu-
lated based on the number and frequency of different alleles) for each population. 

We described genetic structure of desert bighorn sheep populations within DEVA and
surrounding areas using population assignment tests implemented in STRUCTURE
(Pritchard, Stephens, & Donnelly, 2000). We analyzed all 13 populations sampled across
the primary study area using the 15 loci in common (see above). We set the burn-in to
500,000 and the replicates to 1,000,000, with initialization at the sampling location
and admixture assumed. We ran analyses assuming cluster number (k) from 1-10, with 10
replicates at each value of k. We used STRUCTURE HARVESTER (Earl & von Holdt,
2012) to determine the most likely value of k based on the Evanno et al. (2005) Δk method
by maximizing second-order moment of the curve describing the change in average like-
lihood values for the different k values. Given that STRUCTURE may not always provide
a clear result when isolation by distance occurs, we examined individual assignments at

Table 1  Genetic diversity (average expected heterozygosity, He) of desert bighorn sheep
populations in Death Valley National Park (DEVA), California and nearby areas in California
and Nevada, derived from 14-15 putatively neutral microsatellite markers (nuclear DNA). 

DEVA Grapevine Mountains 0.69 23 115
DEVA Northern Funeral Mountains 0.68 30 115
DEVA Southern Funeral Mountains 0.68 23 115
DEVA Black Mountains (Death Valley CA) 0.63 12 115
DEVA Southern Black Mountains 0.59 26 115
South of DEVA Avawatz 0.66 12 115
DEVA Southern Panamint Range 0.62 26 115
DEVA Panamint Buttes 0.57 12 115
DEVA Cottonwood Mountains 0.62 14 115
DEVA Tin Mountain 0.67 22 115
DEVA Last Chance Range 0.68 21 115
West of DEVA Inyo Mountains 0.61 31 115
Northwest of DEVA White Mountain 0.54 25 115
Southeast of DEVA Kingston/Mesquite ranges 0.60 21 214
Southeast of DEVA Clark Mountain Range 0.61 16 214
Southeast of DEVA Spring Mountains (southern, Little Devil) 0.57 20 214
Southeast of DEVA Spring Mountains (northern, Brownstone Basin 0.64 17 214

REGION MOUNTAIN RANGE/POPULATION He SAMPLE NUMBER
SIZE OF LOCI

1 Loci included: AE16, AE129, MAF65, OarFCB11, OarFCB193, OarFCB266, OarFCB304, HH62, OarJMP29, MAF33,
MAF36, MAF48, MAF209, TCRBV62, BL4; references for those loci are provided in Jaeger & Wehausen (2012). 
2 These samples were not genotyped at Locus BL4.
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each value of k for which the Δk statistic was markedly higher than for the neighboring values
of k to describe secondary structure. Once values of k were determined that delineated 
primary and secondary structure, we used CLUMPP (Jakobsson & Rosenberg, 2007) to
determine average assignment values to different clusters across replicate runs for all 
individuals. Finally, to illustrate what proportions of each population were assigned to
each cluster designated by STRUCTURE, we averaged those average individual assignments
to create population-level proportional assignments.

We used ARLEQUIN (Schneider, et al., 2000) to calculate genetic differentiation
among populations (FST) as an index of genetic structure and long-term gene flow (Weir
& Cockerham, 1984). We also estimated recent migration rates (in this case, the propor-
tion of alleles originating in each population) among populations using BIMr (Faubet,
2007); this analytical approach estimates migration rates within the previous generation
and thus can present a more current picture of connectivity than FST-based metrics, which
may require generations to reflect changes in gene flow (Epps et al., 2013; Epps, Wasser,
Keim, Mutayoba, & Brashares, 2013). We used 10 simulations with 100,000 iterations
and a burn-in period of 20,000; we averaged the mode of migration rates to and from
each population pair across simulations for runs that converged on non-zero solutions
and evaluated the overall degree of convergence by qualitative assessment of the similarity
in “D Assignment” values reported for each run. Lack of convergence was indicated by D
assignment values varying widely between runs from 0-50 rather than converging to values
within about 5 units of the mean. We contrasted long-term estimates of gene flow (FST)
with recent estimates (BIMr) to determine which populations were currently linked by
gene flow as opposed to having low genetic structure resulting from historical contact or
colonization-source relationship. We initially conducted this analysis using the full data
set (15 loci, 13 populations); however, because strong genetic structure can cause BIMr to
become “trapped” at a zero-migration solution (Epps, personal observation), we removed
the two most divergent populations (White Mountains and Inyo Mountains) and repeated
the analysis.

Evaluating potential for spread of respiratory disease from the southeast

In January 2014, bighorn sheep showing signs of possible respiratory illness were observed
in the Kingston Range (Figure 2; R. Abella, CDFW, personnel communication) to the
southeast of Death Valley. In 2013, CDFW (unpublished data) established that a single
strain of an important bighorn sheep respiratory pathogen Mycoplasma ovipneumoniae was 
recently observed in the Spring Mountains of Nevada (Figure 2) and the southern Mojave
throughout the Mojave National Preserve, suggesting rapid spread among populations.
These observations raise the possibility that pathogens could be spread among bighorn
sheep populations to the northwest, eventually affecting populations in Death Valley.
Therefore, we conducted a second analysis of gene flow and genetic structure focusing on
potential links among southern Death Valley and nearby populations (Avawatz Mountains,
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Black Mountains, Funeral Mountains, and southern Black Mountains) with the Kingston
Range, Clark Mountain Range, and two widely-separated areas within the Spring Moun-
tains (Figure 2). For the latter four populations, we used genetic samples (n = 21, 17, 17,
20 respectively) obtained from fecal samples collected in 2003-2010 and genotyped at 14
of the 15 loci used in the main analysis (lacking BL4; Table 1). The southern Panamint
Range was not included in this analysis because comparisons between the Panamint and
Avawatz Mountains found more genetic structure (i.e., less gene flow) than those between
the Avawatz and Black Mountains (see results). We estimated genetic structure (FST) among
those populations using ARLEQUIN (Schneider, et al., 2000). We also conducted a
STRUCTURE analysis as described for the primary data set above, but included three sam-
ples from the Nopah Range (Figure 2) collected in 2011 but not included in other analyses
because of the small sample size. We estimated recent gene flow using BIMr among com-
binations of the closest population clusters potentially linking the two regions. We combined
populations based on close proximity and genetic structure analyses (see Results) to boost
sample sizes and focus the analysis on the key interactions;thus, we established four clusters
consisting of 1) Clark Mountains and Kingston Range samples, 2) southern Black and
Black Mountains, 3) northern and southern Funeral Mountains, and 4) Avawatz Mountains.

Figure 2  Bighorn sheep genetic structure across
area of potential connectivity between southern
Death Valley National Park, California, and the

Kingston, Clark, and Spring ranges of California and
Nevada, where respiratory disease was recently 

observed. Colors depict clustering of 178 14-locus
genotypes using population assignment tests imple-
mented in Program STRUCTURE. Populations are
represented by sampling polygons (drawn around

the location of genetic sample collections) in 
southern Death Valley but by larger habitat-based
polygons established by Creech et al. (2014) to the
southeast. Colors represent clusters of individuals

grouped by genetic similarity. Each individual is
given a probability of assignment to each cluster
within the analysis and is represented by a single

bar in each figure showing proportional assignment
to all clusters, delineated by color. The primary 
division occurred at cluster number k = 2. Two 

individuals (black arrow) in the Kingston Range were
assigned with nearly equal probability to the Death
Valley (red) cluster, suggesting they are descended
from recent migrants from southern Death Valley.
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RESULTS

Sampling

We collected samples yielding usable DNA from most known concentrations of bighorn
sheep around the Death Valley region. We did not sample every water source used by
bighorn sheep in each mountain range, and our coverage of some large areas such as the
northern Panamint Range was sparse because of the difficulty in access and few known 
locations where bighorn sheep occur. We did not attempt to sample bighorn sheep reputed
to exist on Tucki Mountain. In addition, recent work in the Owlshead Mountains (Figure 2)
suggests bighorn sheep occasionally use this area following extirpation in the 20th 
century (Epps, et al., 2003), but genetic sampling on two occasions identified only one
individual (not shown) and that individual was not included in this analysis.

Field work in 2011-2013 was directed mainly at the Grapevine, Funeral, Black, and
Cottonwood Mountains. We searched for samples at Klare Spring in the Grapevine Moun-
tains (successful) and the Scotty’s Castle area in the northern Grapevine Mountains 
(no bighorn sheep sign found) in 2011 and 2012. In 2011-2013, we investigated multiple
locations in Funeral Mountains, collected numerous fecal samples, and found evidence
of regular bighorn sheep use at Monarch Spring, Keane Wonder Spring Complex, Nevares
Spring, and Navel Spring. Extensive use of Navel Spring (2011-2012) and Keane Wonder
Spring Complex (2012) by rams, ewes, and lambs was documented by cameras. Indian Pass
and drainages to the west, the Pyramid Peak area where Welles and Welles (1961) observed
a resident ewe band, and the nearby Red Amphitheater area all provided evidence of recent
bighorn sheep activity and yielded recent fecal samples during ground surveys of potential
habitat. In the Black Mountains, we collected numerous fecal samples in the Sheep
drainage below Funeral peak, and noted extensive use and collected fecal samples in the
vicinity of Lemonade Springs. We found extensive bighorn sheep sign in the Scotty’s Spring
drainage and to a lesser degree in the Ashford Mine Fork. We collected samples at Willow
Spring and Willow Creek (heavily used) in 2005 and 2012. We also quickly searched areas
along the eastern margin of the Black Mountains and the central Greenwater Range but
found no sign of bighorn sheep; the Greenwater Range would provide the most direct link
to the Kingston Range (Figure 2).
West of Death Valley, we investigated the Cottonwood Mountains, where we observed

extensive sign and collected numerous samples at low elevations in the main Marble Wash
and at Dead Horse Junction. We found little or no sign of use in visits in June and October
2012 in the upper reaches of the Cottonwood Drainage near the springs in that area, 
although feral horses and deer were observed. We sampled Quartz Spring (Tin Mountain;
Figure 1) in September 2005 and the Last Chance Range (at a guzzler east of the dunes) in
October 2003 and found abundant bighorn sheep sign at both locations. We did not 
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investigate the southern Panamint Range or Panamint Butte areas (excepting a single 
sampling visit in 2002 that yielded only two samples), relying largely on previously 
collected genetic samples from capture operations during 1995-2000. Off the far 
southwestern edge of DEVA, we sampled the Avawatz Mountains in 2011 at Sheep Spring
in the central portion of the range (Figure 1).

Genetic Diversity

We found no significant violations of Hardy Weinberg Equilibrium across loci or popu-
lations after correcting for multiple comparisons (not shown), suggesting that the loci
used did not show evidence of null alleles (alleles that fail to amplify due to mutations in
the primer attachment sites) and that sampling locations treated as populations in the
analysis did not contain cryptic substructure. Therefore, our definition of populations
appeared appropriate for further analyses of genetic structure.

Genetic diversity (He) of populations in or near DEVA was moderate to high in com-
parison with other published estimates of genetic diversity for similar (but not identical)
sets of loci (0.57-0.69 within DEVA, 0.52 in the White Mountains; Table 1). Jaeger and
Wehausen (2012) found that He varied from 0.52-0.66 in bighorn sheep populations in
southern Nevada and western Arizona near Lake Mead, based on 16 microsatellite loci in-
cluding 14 included in this study. Epps et al. (2006) found that He in bighorn sheep pop-
ulations in the southern Mojave Desert varied from 0.49-0.65 using 14 microsatellite
loci, of which 11 were included in this study. In this study, genetic diversity for the samples
collected in the southern end of DEVA (e.g., southern Panamint Mountains, Black Moun-
tains, and South Black Mountains) was lower than populations to the north (e.g., Last
Chance, Grapevine, and Funeral Mountain populations), suggesting that populations in
the south have been smaller on average, more isolated, or both.

Genetic structure and gene flow around Death Valley

Analysis of genetic structure using STRUCTURE (Pritchard et al. 2000) and FST showed
similar patterns. For the primary data set (Table 2, 13 populations, 15 loci), we diagnosed
hierarchical structure based on Δk statistics (Figure 3). The largest Δk value occurred at 
k = 2 (Figure 3a), indicating a major east-west split between desert bighorn populations on
the east (Black, South Black, South Funeral, North Funeral, and Grapevine populations)
and west (White, Inyo, Cottonwood, Last Chance, Panamint, Panamint Butte, and Tin
Mountain populations) sides of DEVA (Figure 4a). Populations at the northern and southern
ends of Death Valley showed intermediate assignment values to the east and west clusters.
The Avawatz Mountains at the southern end of the system was slightly more associated with
eastern DEVA populations and the Last Chance Range was more strongly associated 
with western DEVA populations but showed eastern influence. 
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Table 2  Genetic structure (FST) of desert bighorn populations in northern portions of their
range in California, including Death Valley National Park, based on 15 microsatellite loci
(above diagonal), with sample sizes for this analysis in bold on the diagonal. FST varies from
0 to a theoretical maximum of 1 [actually less in multi-allelic systems, in this case, likely 
0.3-0.4 (Jakobsson, Edge, & Rosenberg, 2013)], where 0 indicates no genetic structure and
larger values indicate less sharing of genetic variants among populations.

GRAPEVINE 23 0.02 0.02 0.07 0.12 0.11 0.12 0.15 0.11 0.09 0.09 0.12 0.22

NORTHERN 30 0.02 0.06 0.10 0.09 0.10 0.17 0.12 0.09 0.10 0.13 0.19
FUNERAL

SOUTHERN 23 0.06 0.09 0.09 0.08 0.14 0.11 0.08 0.09 0.12 0.20
FUNERAL

BLACK 12 0.01 0.07 0.13 0.20 0.15 0.08 0.10 0.15 0.19

SOUTHERN 25 0.07 0.14 0.18 0.17 0.11 0.11 0.16 0.18
BLACK

AVAWATZ 12 0.11 0.13 0.12 0.10 0.10 0.13 0.16

PANAMINT 26 0.14 0.10 0.08 0.11 0.11 0.21

PANAMINT 12 0.13 0.09 0.12 0.11 0.22
BUTTES

COTTONWOOD 14 0.05 0.11 0.12 0.21

TIN 22 0.05 0.08 0.15

LAST 21 0.08 0.16
CHANCE

INYO 31 0.20

WHITE 25

GRAPE- NORTHERN SOUTHERN BLACK SOUTHERN AVAWATZ PANAMINT PANAMINT COTTON- TIN LAST INYO WHITE
VINE FUNERAL FUNERAL BLACK BUTTES WOOD CHANCE
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Figure 3a & 3b  Rate of change in the likelihood function (Evanno et al. 2005;
Δk) for structure analyses of microsatellite data for desert bighorn sheep

populations in the vicinity of Death Valley National Park, for a) 13 populations
at 15 loci (primary data set), and b) 10 populations at 14 loci (southern Death
Valley and populations to the southeast). The highest value of Δk indicates
the primary number of clusters (k) that can be diagnosed; increases in Δk at

higher values of k indicate potential hierarchical structure.
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Figure 4a & 4b  Clustering of 276 bighorn genotypes from populations in or near Death Valley National
Park, California, using population assignment tests implemented in Program STRUCTURE for 13 popula-
tions genotyped at 15 loci. The primary division occurred at a) cluster number k = 2, with evidence of 
hierarchical structure resulting in b) secondary clustering at k = 7. Colors represent clusters of individuals
grouped by genetic similarity. Each individual is given a probability of assignment to each cluster within
the analysis and is represented by a single bar in each figure showing proportional assignment to all clus-
ters, delineated by color. Single colors for individuals or populations indicate very strong assignment to a
specific cluster. Sampling locations are indicated on the x-axis and separated by black lines. AV = Avawatz
Mountains, BL = Black Mountains, CO = Cottonwood Mountains, GR = Grapevine Mountains, IN = Inyo
Mountains, LC = Last Chance Range, NF = Northern Funeral Mountains, PA = Southern Panamint Range,
PB = Panamint Buttes, SB = Southern Black Mountains, SF = Southern Funeral Mountains.
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The primary data set showed evidence of secondary structure as well: Δk increased again
at k =7 compared to other values (Figure 3a). At k = 7, most populations had very large 
assignment values for most individuals, likewise indicating that structure could be 
partitioned to this greater degree (Figure 4b). The White Mountains, Inyo Mountains, and
southern Panamint Range populations each formed distinct clusters, as did the combination
of Grapevine, northern Funeral, and southern Funeral mountains. The Last Chance
Range also had relatively distinct genetic structure. The Cottonwood Mountains and
Panamint Buttes formed a distinctive cluster, although individuals showed a partial 
assignment to the southern Panamint Range, indicating gene flow to the south, and Tin
Mountain individuals were assigned to the Cottonwood/Panamint Butte Cluster and to a
lesser degree the Last Chance Range. Two individuals in the Cottonwood Mountains
showed strong partial assignment to the southern Panamint Range, indicating that they
could be descended from recent migrants from that population or possibly the unsampled
Tucki Mountain. The southern Black Mountains population was relatively distinct, with
the Black Mountain population showing individual ancestry split between the southern
Black and Funeral clusters, indicating gene flow occurs between the Black and Funeral
Mountains. The Avawatz again showed genetic contributions from both east and west, 
including strongest partial assignment to the southern Black Mountains cluster but 
significant partial assignment to the southern Panamint Range (Figure 4b).

Genetic structure estimates using population pairwise FST values supported similar
conclusions (Table 2). In the southern Mojave, desert bighorn sheep populations linked
by strong gene flow and known dispersal events observed by radio telemetry had FST values
≤0.05 (Epps, et al., 2010). We detected FST values ≤0.05 between the Grapevine and
northern and southern Funeral Mountains and between the Black and southern Black
populations, and an only slightly larger FST of 0.06 between the Black and Funeral Moun-
tains. Populations on the west side of Death Valley also showed evidence of stepwise gene
flow, with FST = 0.05 between Cottonwood and Tin Mountain and Tin Mountain and Last
Chance Range; however, there were some anomalously large differences among some west-
side populations. For instance, the Panamint Buttes population showed relatively strong
genetic differentiation from both the southern Panamint Range and the Cottonwood
Mountains.

Recent gene flow estimates in the primary data set based on population assignment
tests (Program BIMr) frequently resulted in estimates of zero across all populations and
largely did not converge, likely resulting from strong genetic structure among most pop-
ulations. Average values across three non-zero runs showed high recent gene flow between
the Grapevine and northern Funeral Mountains (m = 0.02; proportion of alleles derived
from migrants in previous generation), northern Funeral to southern Funeral Mountains
(m = 0.09), more restricted recent gene flow between the Black and Funeral Mountains
(m = 0.001), and negligible recent gene flow among other populations. 
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Evaluating potential for spread of respiratory disease from the southeast

Population pairwise FST values demonstrated moderate to strong genetic structure between
southern Death Valley populations and the Kingston/Clark/Spring ranges region where
respiratory disease has recently been observed, with FST ranging from 0.08-0.18 between
members of the two regions (Table 3). The Clark Mountain Range, Kingston Range, and
northern Spring Mountains were differentiated from the southern Funeral Mountains by
moderate FST values (0.08-0.10), suggesting the possibility of occasional gene flow. That
possibility is confounded somewhat because the Black and southern Black Mountains, per-
haps the most obvious route for gene flow between the regions, were more differentiated
from the Clark/Kingston/Spring complex (FST = 0.10-0.15). Weak genetic structure (FST
< 0.05) was observed between the Kingston, Clark, and Spring ranges where movements
of bighorn sheep between ranges have been well documented (Jaeger, 1994), and within
populations in eastern Death Valley as described in analysis of the primary data set (above).

Population assignment tests using STRUCTURE showed two primary clusters (k = 2;
Figure 3b), corresponding to the southern Death Valley populations and the
Kingston/Clark/Spring ranges region (Figure 2). Three samples from the Nopah Range
clustered with the Kingston/Clark/Spring ranges region. Average assignment values were
very high indicating little gene flow among clusters, but the Kingston Range (closest to
DEVA) showed on average 8% assignment to the Death Valley cluster suggesting that gene
flow has recently occurred or still occasionally occurs. Moreover, two individuals in the
Kingston Range were assigned with nearly equal probability to both clusters (Figure 2),
suggesting that they were very recently descended from migrants from the southern Death
Valley/Awawatz cluster. We also evaluated assignments at k = 3 given that Δk was still 
relatively high at that value (Figure 3b). A third cluster arose comprised of the Avawatz
Mountains and to some degree the Black and southern Black Mountains in southern Death
Valley (not shown); the two mixed-assignment individuals in the Kingston Range showed
partial assignment to all three clusters (Kingston/Clark/Spring, Awawatz/Black Mountains,
and Funeral Mountains in that order).

BIMr analyses of recent gene flow among population clusters suggested by the genetic
structure analyses (Awawatz, Black/southern Black, northern/southern Funeral, and
Clark/Kingston) converged strongly on consistent solutions with very similar results across
10 replicate runs. Recent gene flow was highest between the Funeral and Black Mountain
clusters, as suggested in the full analysis above, but was also relatively high between the
Avawatz Mountains and the Black Mountain cluster (Table 4). Recent gene flow rates 
between the Kingston/Clark cluster and southern Death Valley clusters were low (<0.01),
but suggested occasional movements may still occur between Kingston/Clark and Avawatz
or Kingston/Clark and the Black Mountains cluster.
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AvAwAtz 12 0.057 0.006 0.004
(0.008-0.107) (0.003-0.009) (0.002-0.006)

SOUtHERN 37 0.003 0.072
BlAck/BlAck (0.001-0.004) (0.040-0.104)

kINGStON/clARk 37 <<0.001
(1.06x10-9–7.69x10-9)

FUNERAl 53
(NORtHERN/SOUtHERN)

POPUlAtION AvAwAtz SOUtHERN kINGStON/ FUNERAl 
clUStER BlAck/BlAck clARk (NORtHERN/SOUtHERN)

Table 4  Recent gene flow estimates (m, proportion of alleles derived from migrants in 
previous generation from population assignments using BIMr, mean and 95% confidence 
intervals) among population clusters in southern Death Valley National Park, California, 
the Avawatz Mountains, and the Clark Mountain and Kingston ranges of California and 

Nevada. Closely-linked populations were combined based on genetic structure analyses; 
sample sizes are presented on the diagonal in bold. Recent gene flow estimates were 

averaged in both directions between members of each population pair and 
across 10 replicate runs; approximate confidence intervals were estimated from the 

standard deviation of those 20 estimates for each population pair.

AvAwAtz 12 0.08 0.10 0.08 0.09 0.15 0.13 0.12 0.17

BlAck 12 0.06 0.01 0.05 0.13 0.13 0.10 0.17

NORtHERN 30 0.10 0.02 0.12 0.13 0.09 0.16
FUNERAl

SOUtHERN 25 0.08 0.15 0.14 0.13 0.18
BlAck

SOUtHERN 23 0.08 0.10 0.08 0.12
FUNERAl

clARk 17 0.02 0.03 0.03

kINGStON 21 0.04 0.03

SPRING 17 0.06
(NORtHERN)

SPRING 20
(SOUtHERN)

AvAwAtz BlAck NORtHERN SOUtHERN SOUtHERN clARk kINGStON SPRING SPRING 
FUNERAl BlAck FUNERAl (NORtHERN) (SOUtHERN)

Table 3  Genetic structure (FST) of desert bighorn populations in southern Death Valley 
National Park and populations to the southeast, based on 14 microsatellite loci1 (above 
diagonal). Sample sizes for this analysis are provided in bold on the diagonal. FST varies from
0 to a theoretical maximum of 1 [actually less in multi-allelic systems, in this case, likely 
0.3-0.4 (Jakobsson, et al., 2013)], where 0 indicates no genetic structure and larger values
indicate less sharing of genetic variants among populations.
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DISCUSSION

Although we did not conduct a comprehensive resurvey of all areas indicated by Dixon and
Sumner (1939) and Welles and Welles (1961), our visits to areas noted by those researchers
found that bighorn sheep have continued to use these areas in similar ways, and that many
local subpopulations are thriving. For instance, we recovered large numbers of unique
genotypes in some locations (e.g., 23 individuals detected from a single collection at Klare
Spring in the Grapevine Mountains). Very high genetic diversity estimates in the Funeral,
Grapevine, Last Chance Range, and Tin Mountain populations also suggest that those
populations have remained large, as inferred by Welles and Welles (1961). However, addi-
tional detailed survey efforts are needed in western DEVA, particularly in the southern
Panamint Range and Tucki Mountain, because of our incomplete coverage of that region
and reliance on samples from captures.

No bighorn sheep population in DEVA or the vicinity exhibited extremely low levels
of genetic diversity (e.g., He <0.5) as observed in the most isolated populations in the 
Mojave Desert (see Epps, et al., 2005; 2006). This suggests that none of the groups of
bighorn sheep that we sampled was both very small and completely isolated for multiple
generations. However, strong hierarchical genetic structure that we observed across the
system and the strong separation created by Death Valley itself suggests that distance, 
topography, and possibly population turnover (local extinction and colonization) have
created many distinct populations of bighorn sheep in the region (Figures 2-4). In addition,
several areas in or adjacent to the southwest part of the park (e.g., Owlshead Mountains)
still need to be further investigated to determine if bighorn sheep reside in these locations
and if so, how they interact with other herds in the Death Valley region. This area is of
particular interest because prior work by Creech et al. (2014) identified several high 
priority restoration opportunities in this region (Owlshead Mountains, Ft. Irwin Granite
Mountains) that could have a disproportionate, positive impact on connectivity in the 
region, assuming disease is not present.

We detected strong gene flow and weak genetic structure among populations on the
east side of DEVA, particularly between the Grapevine and Funeral Mountains where 
genetic diversity was highest, with more restricted gene flow between the Funeral and Black
Mountains, where genetic diversity was slightly lower (Tables 3 & 4; Figures 1, 2 & 4). On
the west side of DEVA, southern populations appeared to be less well connected, but 
genetic structure varied from weak in the north (Tin, Last Chance, Cottonwood) to moderate
in the central and southern portions (Cottonwood, Panamint Butte, southern Panamint
Range) (Table 3; Figure 4). This suggests that bighorn sheep historically ranged through the
relatively continuous habitat from the Panamint Range north to the Last Chance range
with little restriction, but are currently somewhat separated by large distances between key
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areas. The southern Panamint Range was surprisingly distinct from populations to the
north, as were the Panamint Buttes. Although the temporal mismatch of sampling in those
areas (samples from the 1990s) may have increased our estimates of genetic structure, 
recently restricted gene flow, very small populations, or extinction-recolonization dynamics
also could explain this pattern. Weaver (1972) noted that domestic goats and domestic
sheep were grazed extensively in the Panamint Range until the 1930s and poaching was
common. Given the strong possibility of transmission of respiratory pathogens to bighorn
sheep (Wehausen, Kelley, & Ramey, 2011), those anthropogenic activities may have resulted
in historical local extirpations and thus increased genetic structure if populations were
slow to recover. Domestic cattle and feral horses are still observed in areas along the north-
western edge of Death Valley, such as upper Cottonwood Mountains and Dodd Spring,
which may reduce use of those areas by bighorn sheep through competition for water or
forage or, in the case of cattle, expose bighorn sheep to respiratory pathogens (Wolfe et
al., 2010). For management reasons, future research should be focused on better under-
standing the ecological factors that could be limiting bighorn sheep from increasing or
recolonizing this region.

The Inyo Mountains to the west of Death Valley (Figure 1) showed a clear historical 
relationship to the northwestern Death Valley populations, especially Tin Mountain and
the Last Chance Range (Table 2), although the Inyo were distinguishable in STRUCTURE
analyses (k = 7; Figure 4b). Not surprisingly, given its apparent isolation, the White 
Mountains (Figure 1) showed no evidence of gene flow with the DEVA system (Table 2, Figure
4b) and had the lowest genetic diversity reported for any population in the northern range
of desert bighorn sheep in California (i.e., north of Interstate 15; Table 1). This population
has seen extensive past grazing by domestic sheep that persisted into the 1960s (Wehausen,
1988), and the low genetic diversity likely reflects repeated episodes of heavy mortality
caused by introduced respiratory disease.

Both FST values and STRUCTURE analyses distinguished populations on the east and
west side of Death Valley (Table 2; Figure. 4a), and recent gene flow estimates between east
side and west side populations were negligible, suggesting that gene flow across the valley
is rare. Welles and Welles (1961) recorded at least one instance of a ram moving across the
valley floor, and cite other anecdotal reports of such movement. However, more gene flow
likely has occurred historically in step-wise fashion around the northern and southern
ends of the valley. For instance, the Avawatz Mountains to the south showed influence of
both the southern Panamint and southern Black populations (Figures 1 & 4). At the north
end of the valley, the Grapevine population showed little evidence of recent interaction
with the Last Chance Range or Tin Mountain based on BIMr analyses, but STRUCTURE
analysis and FST values suggested historically gene flow has occurred (Table 2; Figure 4b).
Before European settlement, bighorn would have had access to water sources in the vicinity
of Scotty’s Castle at the north end of the Grapevine Mountains, which would have increased
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the likelihood of gene flow around the north end. We found no evidence, however, of 
recent use there during field investigations in 2012, and the area was not indicated by
Dixon and Sumner (1939) to have been used by bighorn sheep. Prolonged human activity
in that area, fencing, and historical presence of livestock may have resulted in the 
elimination of use of that water source by bighorn sheep. However, occasional or future
use of water at the site by bighorn sheep is possible, and we may not have located all sources
of water in the immediate area.

Potential for spread of respiratory disease into southern Death Valley

Our analysis of genetic structure and recent gene flow for southern Death Valley, Avawatz,
and Clark/Kingston/Spring ranges populations suggested that movement of bighorn sheep
between areas with suspected (Kingston) or confirmed (Spring) respiratory disease 
and either the Avawatz Mountains or southern Death Valley populations has occurred 
historically (Tables 3 & 4; Figure 2). Our results, however, indicate that such movements
are likely rare. Nevertheless, given the apparently rapid spread of a single strain of 
M. ovipneumoniae through the Mojave National Preserve and other nearby areas (CDFW, 
unpublished data), disease may spread more rapidly than we expect based on genetic 
structure. Brief, casual contact among individuals may suffice, whereas gene flow requires
both movement and subsequent reproduction. Many bighorn sheep may move between
populations for every one that successfully breeds. The most likely route for disease 
transmission from the Kingston Range and Spring Mountains is to bighorn sheep in
southeastern Death Valley (southern Black Mountains, Black Mountains, and southern
Funeral Range). If this occurs, the disease can be expected to spread north to the Grapevine
Mountains, at the very least, given the high gene flow that occurs up the east side of the
valley. The potential for spread of disease from the Kingston Range to the Avawatz 
Mountains, then north through the Owlshead Mountains and into the southern Panamint
Range seems less likely, but this cannot be ruled out given the gap in sampling in the 
Owlshead Mountains. Although domestic sheep or goats are not known to occur in the
immediate vicinity of DEVA, any sightings of feral animals or free-roaming animals on
private lands near bighorn sheep habitat must also be carefully evaluated for risk.

CONCLUSIONS

The bighorn sheep in DEVA appear to be using many of the same areas as noted in earlier
surveys going back to the 1930s. Genetic diversity is relatively high across the system, and
the identification of numerous individuals in some locations by genetic sampling suggests
that some local subpopulations are thriving. However, the southwestern portion of DEVA
still needs to be resurveyed, and potential connections with the Kingston/Clark/Spring
ranges through the Greenwater Range and other possible routes should be more carefully
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evaluated given respiratory diseases documented in the Spring Mountains and suspected
in the Kingston Range. Given that this system lacks large fenced highways or canals, which
are known to limit gene flow (Epps, et al., 2005), the primary means of maintaining 
genetic diversity and gene flow in this system is to maintain the bighorn sheep populations
themselves. This requires ensuring that water sources throughout the system stay accessible
to desert bighorn sheep, and identifying and reducing potential areas of contact between
bighorn sheep and domestic or feral livestock, particularly domestic sheep and goats, which
can appear completely healthy yet still transmit fatal respiratory illness to bighorn sheep
(Wehausen, et al., 2011). Complicating this is the observation that bighorn sheep are 
behaviorally attracted to domestic sheep and goats, and bighorn rams are capable of relatively
large movements that can bring them into contact with domestics prior to returning to
bighorn habitat. As such, if bighorn sheep are found in proximity to domestic sheep and
goats (e.g., ≤ 15 km, Epps, et al., 2005), their movements should be investigated and the
domestic animals or high-risk herds or bands of bighorn sheep should be intensively 
managed to prevent contact and subsequent disease transmission.  Finally, to determine
if respiratory disease enters the Death Valley area over the next several years, we recommend
monitoring of bighorn sheep in southeastern Death Valley (southern Black Mountains,
Black Mountains, and southern Funeral Range) using cameras at water or other low-impact
observational techniques to detect bighorn sheep that are coughing or have runny noses.
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