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I. Introduction 
 
 The Supplemental Staff Assessment for the Calico Solar Project (SSA) recognizes 
the potential for the project to eliminate habitat for bighorn sheep.1  The footprint of the 
Project has been reduced by approximately 25%, and has been moved southward toward 
Interstate Highway 40, with the result that a smaller proportion of the south-facing slopes 
of the Cady Mountains will be impacted.2  The SSA also indicates that the Applicant will 
provide access to concerned parties for the purposes of servicing an existing artificial 
water development that is currently heavily used by bighorn sheep in the southwestern 
portion of the Cady Mountains.3  Regardless, nearly 1,100 acres of habitat currently 
available to bighorn sheep for foraging will be permanently lost, and an additional 400 
acres of spring foraging habitat will incur secondary impacts associated with noise 
impacts along the northern boundary of the Project.4  These losses, when coupled with 
other sources of disturbance (SunCatcher noise, avoidance of manmade structures and 
activity and surrounding habitat; increased disturbance from public traffic on a new 
northern boundary road; and the introduction or spread of non-native, invasive plants)5 to 
which sheep may be sensitive, are significant, and have the potential to negatively impact 
the population of bighorn sheep inhabiting the Cady Mountains. 
  
 Recognition of the potential for the Project to impact bighorn sheep habitat, and 
the resultant decrease in the size of the footprint of the Project are positive departures 
from the Staff Assessment, which largely failed to consider impacts to bighorn sheep.  
However, the conclusion that the Project "[i]s not expected to result in a significant loss 
of habitat" is wholly inappropriate.6  The SSA also recognizes that the Project has the 
potential to "[a]ct as a barrier to movement for sheep using the south side of the Cady 
Mountains or their foothills to traverse to [what are described in the SSA as] winter 
ranges in the Bristol Mountains"7 but Staff unfortunately has indicated that "[t]he 
proposed project is not expected to pose serious restrictions to movements for bighorn 
sheep."8  This is perplexing, because the Project site is located in an area identified as an 
essential biological connectivity area between the Bristol and Ord Mountains (Spencer et 
al. 2010).9 10   
 

                                                 
1 Calico Solar Plant Supplemental Staff Assessment (SSA) page C.2-5. 
2 SSA page C.2-100. 
3 SSA page C.2-232. 
4 SSA page C.2-5. 
5 SSA page C.2-5. 
6 SSA page C.2-93. 
7 SSA page C.2-5. 
8 SSA page C.2-93. 
9 Spencer, W. D., P. Beier, K. Penrod, K. Winters, C. Paulman, H. Rustigian-Romsos, J. Strittholt, M. 
Parisi, and A. Pettler. 2010. California Essential Habitat Connectivity Project: A Strategy for Conserving a 
Connected California. Prepared for California Department of Transportation, California Department of Fish 
and Game, and Federal Highways Administration. 
10 SSA page C.2-16. 
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 The Cady Mountains, which are inhabited by a population of at least 300 bighorn 
sheep,11 represents the westernmost subpopulation of bighorn sheep in the Central 
Mojave Metapopulation and, because of its size, has a greater potential to produce 
emigrants than most other subpopulations that comprise the Central Mojave 
Metapopulation, and is the closest large population to the Newberry Mountains and Ord 
Mountains, which lie southwest of the Project site, albeit on the south side of Interstate 
Highway 40 (and which should not be considered a total barrier to movement, based on 
observations elsewhere).12 13  Moreover, the SSA fails to note the potential for the Project 
to impact the probability of animals immigrating into the Cady Mountains from the 
Newberry or Ord Mountains.  Emigration, immigration, and gene flow are necessary 
components of metapopulation function, and likely occur at low rates within 
metapopulations of bighorn sheep;14 thus, Staff has erred (in the absence of information 
to the contrary) in concluding that the Project will not have a significant impact on 
bighorn sheep and that the Project does not pose serious restrictions to movement by 
bighorn sheep.15   This conclusion is especially onerous given that the Project is proposed 
within an area identified as an essential biological connectivity area between the Bristol 
and Ord Mountains.16 
 
 My testimony addresses three issues germane to this Project.  First, I address the 
failure of the SSA to mitigation for the combined direct and indirect loss of nearly 3 
square miles of bighorn sheep habitat.  Secondly, I address the failure of the SSA to 
require mitigation for impacts of the Project to connectivity among bighorn sheep 
subpopulations comprising the Central Mojave Metapopulation.  My third concern 
addresses the inappropriateness of what Staff has proposed as mitigation to offset impacts 
of project construction on bighorn sheep. 
 
II. The SSA fails to mitigate for the loss of 1,500 acres of bighorn sheep habitat 
 
 Bighorn sheep are large, vagile mammals that occur largely in disjunct 
subpopulations that are distributed across the landscape and that comprise 
metapopulations.17 18 19 20  The majority of the area occupied by bighorn sheep is not 

                                                 
11 SSA page C.2-93 
12 Torres, S., G. Mulcahy, B. Gonzales, A. Pauli, and N. Andrew.  2000.  Human induced migration and 
homing behavior of a desert bighorn ram in the Whipple mountains, California: or, Herman, the trailer park 
ram.  Desert Bighorn Council Transactions 44:13. 
13 Telephone Conversation with Mr. Randy Botta, California Department of Fish and Game, regarding 
bighorn sheep use of habitat adjacent to Interstate Highway 8, 24 March 2010. 
14 Schwartz, O. A., V. C. Bleich, and S. A. Holl.  1986.  Genetics and the conservation of mountain sheep 
Ovis canadensis nelsoni.  Biological Conservation 37:179-190. 
15 SSA, page C-2.94. 
16 Spencer, W. D., P. Beier, K. Penrod, K. Winters, C. Paulman, H. Rustigian-Romsos, J. Strittholt, M. 
Parisi, and A. Pettler. 2010. California Essential Habitat Connectivity Project: A Strategy for Conserving a 
Connected California. Prepared for California Department of Transportation, California Department of Fish 
and Game, and Federal Highways Administration. 
17 Schwartz, O. A., V. C. Bleich, and S. A. Holl.  1986.  Genetics and the conservation of mountain sheep 
Ovis canadensis nelsoni.  Biological Conservation 37:179-190. 
18 Bleich, V. C., J. D. Wehausen, and S. A. Holl.  1990.  Desert-dwelling mountain sheep: conservation 
implications of a naturally fragmented distribution.  Conservation Biology 4:383-390. 
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utilized on a permanent basis; instead, use of specific areas varies with environmental 
conditions, season, temperature, and other factors that affect resource availability and, 
ultimately, population performance.21  Although bighorn sheep occur over large areas, all 
areas utilized by bighorn sheep are necessary for their continued existence.22  The 
presence of bighorn sheep sign and remains adjacent to the Project site23 provide 
compelling evidence that the site has been utilized by bighorn sheep in the past and that 
use would occur in the future in the absence of Project implementation.  The SSA 
acknowledges that, "[i]t is likely that bighorn sheep use portions of the site for foraging 
and possibly inter-mountain movement to some degree."24  Thus, the conclusion that the 
destruction of nearly 1,100 acres, and associated indirect impacts to another 400 acres, of 
bighorn sheep habitat (which total nearly 3 square miles in area) "[i]s not expected to 
result in a significant loss of habitat"25 is not defensible. 
 
 It is inconceivable that the applicant is not being required to mitigate for the loss 
of nearly 3 square miles of habitat that clearly is of importance to bighorn sheep for 
foraging, at least on a seasonal basis.  Such mitigation would best take one of two, or a 
combination of two, options, but first would require a detailed investigation of bighorn 
sheep in the Cady Mountains using radiotelemetry, which would provide data necessary 
to develop a habitat selection model that would be used to determine the most efficacious 
form of mitigation. 
 
III. The SSA fails to mitigate for impacts to potential movements by bighorn sheep  
 
 As a result of the telemetry investigation, the Applicant would be able to make an 
informed decision regarding the type of mitigation to be implemented.  Overall, the long-
term objective should be one of enhancing the likelihood of persistence of bighorn sheep 
in the Cady Mountains, and maximizing the probability of maintaining connectivity 
between the Cady Mountains, and other ranges that comprise the Central Mojave 
Metapopulation.  Epps et al. (2010) emphasized the importance of "[m]aintaining 
connectivity and the potential for recolonization by avoiding disruption of natural 
dispersal routes..." and further recommended bridging anthropogenic barriers to help 
ensure connectivity among subpopulations of bighorn sheep.26  Consistent with this 
recommendation, the bridging of anthropogenic barriers was suggested by the Western 

                                                                                                                                                 
19 Bleich, V. C., J. D. Wehausen, R. R. Ramey II, and J. L. Rechel.  1996.  Metapopulation theory and 
mountain sheep: implications for conservation.  Pages 353-373 in D. R. McCullough (editor).  
Metapopulations and wildlife conservation.  Island Press, Covelo, California. 
20 Epps, C. W., J. D. Wehausen, V. C. Bleich, S. G. Torres, and J. S. Brashares.  2007.  Optimizing 
dispersal and corridor models using landscape genetics.  Journal of Applied Ecology 44:714-724. 
21 Wehausen, J. D.  2005.  Nutrient predictability, birthing seasons, and lamb recruitment for desert bighorn 
sheep.  Pages 37-50 in J. Goerrissen and J. M. Andre, editors.  Sweeney Granite Mountains Desert 
Research Center 1978-2003.  A Quarter Century of Research and Teaching.  University of California 
Natural Reserve System, Riverside, California, USA. 
22 Wilson, L. O.  xx 
23 SSA, page C.2-93. 
24 SSA, page C.2-94. 
25 SSA, page C.2-94. 
26 Epps, C. W., J. D. Wehausen, P. J. Palsboll, and D. R. McCullough.  2010.  Using genetic tools to track 
desert bighorn sheep colonizations.  Journal of Wildlife Management 74:522-531. 
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Watersheds Project as one form of mitigation, but was summarily rejected.  
Unfortunately, and without evidence to the contrary, Staff clearly concluded "[t]hat land 
bridges are not necessary to mitigate the project’s impacts to biological connectivity, 
including impacts to bighorn sheep connectivity."27  Nevertheless, Staff has repeatedly 
acknowledged the potential for the Project to impact connectivity.28 
 
IV. Some proposed mitigation may be more harmful than helpful to bighorn sheep 
 
 Mitigation stipulated in BIO-23 is intended to offset the potential for disturbance 
of bighorn sheep during the construction phase of Project implementation.29   As 
stipulated in BIO-23, construction activities are expected to cease whenever bighorn 
sheep are observed within 500 feet of any construction activity, and construction would 
be halted until bighorn sheep no longer are within 500 feet of that activity.  Although this 
is a well-intentioned stipulation, it is my professional opinion that the uncertainty 
associated with the cessation and resumption of construction activities would, in reality, 
be of greater concern to bighorn sheep than would continuation of those activities.  
Bighorn sheep are highly adaptable creatures, and co-exist with predictable sources of 
disturbance in numerous situations that include ongoing mining activity,30 31 32 33 
recreational pursuits,34 interstate freeways,35 36 and urbanized areas.37 
 
 A requirement that bighorn sheep repeatedly be exposed to the cessation and 
commencement of construction activities, as a function of the distance to those 
construction activities, is irresponsible considering the level of uncertainty associated 
with decisions to cease or begin construction.  Bighorn sheep can habituate to disturbance 
if the disturbance is predictable in that it occurs in the same locations, is consistent, and is 
not perceived as threatening.38 39 40 41  Indeed, it is the lack of predictability of some 

                                                 
27 SSA, page C.2-161. 
28 SSA, pages C.2.98, C.2-99, C.2-130.  
29 SSA, page C.2-331 – C.2-332 
30 Bleich, V. C., J. H. Davis, J. P. Marshal, S. G. Torres, and B. G. Gonzales.  2009.  Mining activity and 
habitat use by mountain sheep (Ovis canadensis).   European Journal of Wildlife Research 55:183-191. 
31 Divine, D. D., and C. L. Douglas.  1996.  Bighorn sheep monitoring program for the Eagle Mountain 
landfill project: phase one report.  Cooperative National Park Studies Unit, National Biological Service, 
University of Nevada, Las Vegas, USA. 
32 Jansen, B. D., P. R. Krausman, J. R. Heffelfinger, and J. C. deVos.  2006.  Bighorn sheep selection of 
landscape features in an active copper mine.  Wildlife Society Bulletin 34:1121-1126. 
33 Oehler M. W., Sr., V. C. Bleich, R. T. Bowyer, and M. C. Nicholson.  2005.  Mountain sheep and 
mining: implications for conservation and management. California Fish and Game 91:149–178. 
34 Papouchis, C. M., F. J. Singer, and W. B. Sloan.  2001.  Responses of desert bighorn sheep to increased 
human recreation.  Journal of Wildlife Management 65:573–582. 
35 Telephone Conversation with Mr. Randy Botta, California Department of Fish and Game, regarding 
bighorn sheep use of habitat adjacent to Interstate Highway 8, 24 March 2010. 
36 Annual observations of Dr. Vernon Bleich with respect to bighorn sheep use of habitat adjacent to 
Interstate Highway 40 in the Marble Mountains, San Bernardino County, 1978 – 2006. 
37Rubin, E. S., W. M. Boyce, C. J. Stermer, and S. G. Torres.  2002.  Bighorn sheep habitat use and 
selection near an urban environment.  Biological Conservation 104:251-263.  
38 Geist, V.  1975.  On the management of mountain sheep: theoretical considerations.  Pages 77-105 in J. 
B. Trefethen (editor).  The wild sheep in modern North America.  The Winchester Press, New York. 



2309-077a 5 

disturbance factor (which can be described as unexpected disturbance) that would be 
most detrimental to bighorn sheep.42  Repeated cessation and resumption of construction 
activities as a response to bighorn sheep approaching a construction site is a prime 
example of unexpected disturbance, and likely would be manifested in altered behavioral 
patterns, including the repeated disruption of foraging activities.43 
 
 It is my professional opinion that bighorn sheep in the Cady Mountains will incur 
fewer intrusions upon their behavior if construction activities proceed in a predictable 
manner (i.e., they are ongoing constantly) that bighorn sheep can expect to occur, rather 
than in a manner that makes it impossible for a sheep to decide to approach or stay away 
from an ongoing activity.  Thus, BIO-23 offers nothing in terms of mitigation for the loss 
of nearly 3 square miles of habitat and the potential disruption of connectivity but, 
instead, exacerbates that already unfortunate situation. 
  
 
 

                                                                                                                                                 
39 Graham, H.  1980.  The impact of modern man.  Pages 288-309 in G. Monson and L. Sumner (editors).  
The desert bighorn: its life history, ecology, and management.  University of Arizona Press, Tucson. 
40 Wehausen, J. D., L. L. Hicks, D. P. Garber, and J. Elder.  1977.   Bighorn sheep management in the 
Sierra Nevada. Transactions of the Desert Bighorn Council 21:30-32. 
41 Papouchis, C. M., F. J. Singer, and W. B. Sloan.  2001.  Responses of desert bighorn sheep to increased 
human recreation.  Journal of Wildlife Management 65:573–582. 
42 Geist, V.  1975.  On the management of mountain sheep: theoretical considerations.  Pages 77-105 in J. 
B. Trefethen (editor).  The wild sheep in modern North America.  The Winchester Press, New York. 
43 Oehler M. W., Sr., V. C. Bleich, R. T. Bowyer, and M. C. Nicholson.  2005.  Mountain sheep and 
mining: implications for conservation and management. California Fish and Game 91:149–178. 
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nutritional causes and behavioral consequences. University of Arizona, Tucson.
Graduated January 2004. Current position: Doctoral Student and Research Associate,
University of Montana, Missoula.

Jennifer L. Rechel (Ph.D. [Geography]), Influence of neighborhood effects and friction
surfaces on the spatial distribution and movement strategies of desert-dwelling mountain
sheep (Ovis canadensis). University of California, Riverside. Graduated August 2003.
Current position: Wildlife Biologist, U.S. Forest Service, Pacific Southwest Forest and
Range Experiment Station, Riverside, California.

Holly B. Ernest (Ph.D.), Ecological genetics of mountain lions (Puma concolor) in
California. University of California, Davis. Graduated December 2001. Current
position: Research Geneticist, School of Veterinary Medicine, University of California,
Davis.

Esther S. Rubin (Ph.D.), The ecology of bighorn Sheep (Ovis canadensis) in the
peninsular ranges of California. University of California, Davis. Graduated December
2000. Current position: Conservation Biologist, The Conservation Biology Institute,
Borrego Springs, California.



Nancy G. Andrew (M. S.), Demography and habitat use of desert-dwelling mountain
sheep in the East Chocolate Mountains, Imperial County, California. University of
Rhode Island, Kingston. Graduated May 1999. Current position: Staff Environmental
Scientist, California Department of Fish and Game.

Awards and Honors:

Honorary Lifetime Membership, 2010 (in recognition of long and continuing service to
the Society for the Conservation of Bighorn Sheep)

Wild Sheep Biologist Wall of Fame Award, 2009 (in recognition of significant
contributions to the conservation of wild sheep in North America) (Wild Sheep
Foundation)

Lifetime Achievement Award, 2008 (In recognition of contributions toward the
conservation of mountain sheep in California) (California Chapter of the Foundation for
North American Wild Sheep)

Honor Plaque 2007 (Group Award, in recognition of outstanding contributions toward the
recovery of mountain sheep in the Sierra Nevada) (Desert Bighorn Council)

State Statesman Award, 2006 (In recognition of outstanding contributions to the wild
sheep of California) (Foundation for North American Wild Sheep)

Trail Blazer Award, 2004 (In recognition of efforts on behalf of mountain sheep
conservation in California) (California Chapter of the Foundation for North American
Wild Sheep)

Director's Achievement Award, 2004 (In recognition of editorial services for California
Fish and Game (California Department of Fish and Game)

Annual Achievement Award, 2004 (In recognition of conservation of mule deer and their
habitats) (Southern California Chapter, California Deer Association)

Alumni Achievement Award for Professional Excellence, 2002 (University of Alaska
Alumni Association)

Outstanding Alumnus Award, 2002 (College of Science, Engineering, and Mathematics,
University of Alaska Fairbanks)

Sustained Superior Accomplishment Award, 2002 (California Department of Fish and
Game)

The Desert Ram Award, 2001 (Desert Bighorn Council)

Outstanding Publication Award for a Monograph, 1998 (The Wildlife Society)



Award of Appreciation, 1998 (San Fernando Valley Chapter of Safari Club International,
CA)

Professional Membership, Boone and Crockett Club, 1998 (Boone and Crockett Club)

Certificate of Appreciation, 1997 (Society for the Conservation of Bighorn Sheep)

"01' Irongut" Award, 1996 (California Department of Fish and Game, Division of Air
Services)

Resources Agency/University of California Fellowship, 1996 (Sponsored jointly by the
California Resources Agency and the University of California, Davis)

Director's Achievement Award, 1992 (California Department of Fish and Game)

Outstanding Biology Department Alumnus, 1988 (California State University, Long
Beach)

Professional of the Year, 1985 (Western Section of The Wildlife Society)

California Wildlife Officer of the Year, 1984 (Shilcar-Safari Foundation)

Award of Honor, 1984 (Society for the Conservation of Bighorn Sheep)

Honorary Lifetime Membership, 1984 (Banning [California] Sportsman's Club)

Professional and Fraternal Memberships:

American Society of Mammalogists (Life Member)
The Boone and Crockett Club (Professional Member)
The Wildlife Society
Society for Conservation Biology
Southwestern Association of Naturalists
Wild Sheep Foundation
National Rifle Association
California Chapter, Foundation for North American Wild Sheep
Society for the Conservation of Bighorn Sheep
Minnesota-Wisconsin Chapter, Foundation for North American
Wild Sheep

Licenses and Certifications:

California Community College Credential (# 45476, Lifetime)
State of California Blaster's License (# 2087)
Certified in Wildlife Capture Techniques (California Department of Fish and Game)
Certified Wildlife Biologist (1981 - The Wildlife Society)
California Hunter Safety Instructor (# 1984)



Other Professional Activities:

Editorial Activities:

Editor-in-Chief, California Fish and Game (2009 — present)

Associate Editor, California Fish and Game (1995 - 2009)

Editor, Transactions of the Western Section of The Wildlife Society (1988)

Associate Editor, Transactions of the Western Section of The Wildlife Society (1986-87)

Reviewer for Journals:

Conservation Biology, Journal of Wildlife Management, Wildlife Society Bulletin,
Journal of Mammalogy, The Condor, California Fish and Game, Transactions of the
Western Section of the Wildlife Society, Western North American Naturalist, Desert
Bighorn Council Transactions, Southwestern Naturalist, Proceedings of the Northern
Wild Sheep and Goat Council, Journal of Wildlife Diseases, Great Basin Naturalist,
Bulletin of the Southern California Academy of Sciences, Journal of Zoology (London),
Vida Silvestre Neotropical, Wildlife Biology, Wildlife Monographs, European Journal of
Wildlife Research, Biological Conservation, Journal of Arid Environments (An average
of about 12 reviews per year).

Other Activities:

2008 - Present: Member, Big Game Records Committee, Boone and Crockett Club

2007 - Present Advisory Board Member, Texas Bighom Society

2007 - Present: Science Advisor, Society for the Conservation of Bighom Sheep

2006 - Present: Member, Ad Hoc Committee on Professional Membership, Boone and
Crockett Club.

1998 -2002: Coach and member of Board of Trustees, Sierra Roller Hockey League.

1995-96: Vice Chairman, The Desert Bighom Council.

1994-98: Member, Board of Directors, The Wildlife Forensic DNA Foundation.

1993 - Present: Member, Wildlife Management Professional Advisory Committee,
Foundation for North American Wild Sheep.

1991: Member, Committee on Support of Symposia and Conferences, The Wildlife
Society.



1989-1993: Member, Board of Trustees, Friends of the Eastern California Museum;
Vice-chairman, 1991-1992; Chairman, 1993.

1987-1988: Chairman, The Desert Bighorn Council.

1988: Co-chairman, Wildlife Water Development Symposium, Western Section of The
Wildlife Society.
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males. Ethology 113:1048-1060.

Epps, C. W., J. D. Wehausen, V. C. Bleich, S. G. Torres, and J. S. Brashares. 2007. Optimizing
dispersal and corridor models using landscape genetics. Journal of Applied Ecology
44:714-724.

Bleich, V. C., T. R. Stephenson, B. M. Pierce, and M. J. Warner. 2007. Body condition of mule
deer while injured and following recovery. Southwestern Naturalist 52:164-167.

Johnson, H. E., V. C. Bleich, and P. R. Krausman. 2007. Mineral deficiencies in tile elk,
Owens Valley, California. Journal of Wildlife Diseases 43:61-74.

Johnson, H. E., V. C. Bleich, P. R. ICrausman, and J. L. Koprowski. 2007. Effects of antler
breakage on mating behavior in male tule elk (Cervus elaphus nannodes). European
Journal of Wildlife Research 53:9-15.

Bleich, V. C. 2006. Mountain sheep in California: perspectives on the past, and prospects for
the future. Biennial Symposium of the Northern Wild Sheep and Goat Council 15:1-13.

Marshal, J. P., V. C. Bleich, P. R. ICrausman, M. L. Reed, and N. G. Andrew. 2006. [Invited
paper] Factors affecting habitat use and distribution of mule deer in an arid environment.
Wildlife Society Bulletin 34:609-619.

Bleich, V. C., N. G. Andrew, M. J. Martin, G. P. Mulcahy, A. M. Pauli, and S. S. Rosenstock.
2006. [Invited paper] Quality of water available to wildlife: comparisons among artificial
and natural sources. Wildlife Society Bulletin 34:627-632.

BIeich, V. C., S. Nelson, P. J. Wood, H. R. Wood, and R. A. Noles. 2006. [Invited paper]
Retrofitting gallinaceous guzzlers: enhancing water availability and safety for wildlife.
Wildlife Society Bulletin 34:633-636.

Marshal, J. P., P. R. ICrausman, V. C. Bleich, S. S. Rosenstock, and W. B. Ballard. 2006.
[Invited paper] Gradients of forage biomass and ungulate use near wildlife water
developments. Wildlife Society Bulletin 34:620-626.

Rominger, E M., V. C. Bleich, and E. J. Goldstein. 2006. [Letter] Bighorn sheep, mountain
lions, and the ethics of conservation. Conservation Biology 20:1041.

Marshal, J. P., L. M. Lesicka, V. C. Bleich, P. R. Krausman, G. P. Mulcahy, and N. G. Andrew.
2006. Demography of desert mule deer in southeastern California. California Fish and
Game 92:55-66.



Bleich, V. C., B. M. Pierce, J. Jones, and R T Bowyer. 2006. Variance in survival rates among
young mule deer in the Sierra Nevada, California. California Fish and Game 92:24-38.

Johnson, H. E., V. C. Bleich, and P. R. Krausman. 2005. Antler breakage in tile elk, Owens
Valley, California. Journal of Wildlife Management 69:1747-1752.

•Rosenstock, S. S., V. C. Bleich, M. J. Rabe, and C. Reggiardo. 2005. Water quality at wildlife
water sources in the Sonoran Desert, United States. Rangeland Ecology and
Management 58:623-627.

Marshal, J. P., P. R. Krausman, and V. C. Bleich. 2005. Rainfall, temperature, and forage
dynamics affect nutritional quality of desert mule deer forage. Rangeland Ecology and
Management 58:360-365.

Bleich, V. C., J. T. Villepique, T. R. Stephenson, B. M. Pierce, and G. M. Kutliyev. 2005.
Efficacy of aerial telemetry as an aid to capture specific individuals: a comparison of two
techniques. Wildlife Society Bulletin 33:332-336.

Bleich, V. C. 2005. [Invited paper] In my opinion: politics, promises, and illogical legislation
confound wildlife conservation. Wildlife Society Bulletin 33:66-73.

Wehausen, J. D., V. C. Bleich, and R. R. Ramey II. 2005. Correct nomenclature for Sierra
Nevada bighorn sheep. California Fish and Game 91:216-218.

Oehler, M. W., V. C. Bleich, R. T. Bowyer, and M. C. Nicholson. 2005. Mountain sheep and
mining: implications for conservation and management. California Fish and Game
91:149-178.

Marshal, J. P., P. R. ICrausman, and V. C. Bleich. 2005. Dynamics of mule deer forage in the
Sonoran Desert. Journal of Arid Environments 60:593-609.

Bleich, V. C., and S. G. Torres. 2004. [Guest Editorial] International involvement in wildlife
conservation. Wildlife Society Bulletin 32:1013-1014.

ICrausman, P. R., V. C. Bleich, J. W. Cain III, T. R. Stephenson, D. W. DeYoung, P. W.
McGrath, P. K. Swift, B. M. Pierce, and B. D. Jansen. 2004. Neck lesions in ungulates
from collars incorporating satellite technology. Wildlife Society Bulletin 32:987-991.

Marshal, J. P., V. C. Bleich, N. G. Andrew, and P. R. Krausman. 2004. Seasonal forage use by
desert mule deer in southeastern California. Southwestern Naturalist 49:501-505.

Holl, S. A., V. C. Bleich, and S. G. Torres. 2004. Population dynamics of bighorn sheep in the
San Gabriel Mountains, California, 1967-2002. Wildlife Society Bulletin 32:412-426.

Pierce, B. M., R. T. Bowyer, and V. C. Bleich. 2004. Habitat selection by mule deer: forage
benefits or risk of predation? Journal of Wildlife Management 68:533-541.



Bleich, V. C., E. F. Cassirer, L. E. Oldenburg, V. L. Coggins, and D. L. Hunter. 2004.
Predation by a golden eagle, Aquila cloysaetos, on a juvenile mountain sheep, Ovis
canadensis. California Fish and Game 90:91-93.

Epps, C. W., D. R. McCullough, J. D. Wehausen, V. C. Bleich, and J. L. Rechel. 2004. Effects
of climate change on population persistence of desert-dwelling mountain sheep in
California. Conservation Biology 18:102-113.

Long, E. S., D. M. Fecske, R. A. Sweitzer, J. A. Jenks, B. M. Pierce, and V. C. Bleich. 2003.
Efficacy of photographic scent stations to detect mountain lions. Western North
American Naturalist 63:529-532.

Bleich, V. C. 2003. The potential for botulism in desert-dwelling mountain sheep. Desert
Bighorn Council Transactions 47:2-8.

Epps, C. W., V. C. Bleich, J. D. Wehausen, and S. G. Torres. 2003: Status of bighorn sheep in
California. Desert Bighorn Council Transactions 47:20-35.

Oehler, M. W., Sr., R. T. Bowyer, and V. C. Bleich. 2003. Home ranges of mountain sheep:
effects of precipitation in a desert ecosystem. Manunalia 67:385-402.

Weckerly, F. W., V. C. Bleich, C.-L. B. Cheticiewicz, and Mark A. Ricca. 2003. Body weight
and rumen-reticulum capacity in tale elk and mule deer. Journal of Mammalogy 84:659-
664.

Ernest, H. B., W. M. Boyce, V. C. Bleich, B. M. May, S. J. Stiver, and S. G. Tones. 2003.
Genetic structure of mountain lion (Puma concolor) populations in California.
Conservation Genetics 4:353-366.

Bleich, V. C., T. R. Stephenson, N. J. Holste, I. C. Snyder, J. P. Marshal, P. W. McGrath, and B.
M. Pierce. 2003. Effects of tooth extraction on selected biological parameters of female
mule deer. Wildlife Society Bulletin 31:233-236.

Marshal, J., P. R. Krausman, V. C. Bleich, W. B. Ballard, and J. S. McKeever. 2002. Rainfall,
el Nino, and dynamics of mule deer in the Sonoran Desert, California. Journal of
Wildlife Management 66:1283-1289.

Stephenson, T. R., V. C. Bleich, B. M. Pierce, and G P Mulcahy. 2002. Validation of mule
deer body composition using in vivo and post-mortem indices of nutritional condition.
Wildlife Society Bulletin 30:557-564.

Swift, P. K., V. C. Bleich, T. R. Stephenson, A. E. Adams, B. J. Gonzales, B. M. Pierce, and J.
P. Marshal. 2002. Tooth extraction from mule deer in the absence of chemical
immobilization. Wildlife Society Bulletin 30:253-255.

Bleich, V. C., C. S. Y. Chun, R. W. Anthes, T. E. Evans, and J. K. Fischer. 2001. [Invited



Paper] Visibility bias and development of a sightability model for tule elk. Alces 37:315-
327.

Drew, M. L., V. C. Bleich, S. G. Torres, and R. G. Sasser. 2001. Early pregnancy detection in
mountain sheep using a pregnancy-specific protein B assay. Wildlife Society Bulletin
29:1182-1185.

Rosenstock, S. S., J. J. Hervert, V. C. Bleich, and P. R. Krausman. 2001. Muddying the water
with poor science: a reply to Broyles and Cutler. Wildlife Society Bulletin 29:734-738
[peer edited].

Bleich, V. C. 2001. On wildlife management in national monuments. The Wildlifer 306:59
[letter].

Andrew, N. G., V. C. Bleich, A. D. Morrison, L. M. Lesicka, and P. Cooley. 2001. Wildlife
mortalities associated with artificial water sources in the Sonoran Desert. Wildlife
Society Bulletin 29:275-280.

Thompson, J. R., V. C. Bleich, S. G. Torres, and G. P. Mulcahy. 2001. Translocation
techniques for mountain sheep: does the method matter? Southwestern Naturalist 46:87-
93.

Bleich, V. C., and B. M. Pierce. 2001. Accidental mass mortality of migrating mule deer.
' Western North American Naturalist 61:124-125.

Chao-chin, C., B. B. Chomel, R. W. Kasten, R. Heller, K. M. Kocan, H. Lien°, K. Yamamoto, V.
C. Bleich, B. M. Pierce, B. J. Gonzales, P. K. Swift, W. M. Boyce, S. S. Jang, H.-J.
Boulouis, and Y. Piemont. 2000. Bartonella spp. isolated from domestic and wild
ruminants in North America. Emerging Infectious Diseases 6:306-311.

Singer, F. J., V. C. Bleich, and M. A. Gudorf. 2000. [Invited Paper] Restoration of bighorn
sheep metapopulations in and near western national parks. Restoration Ecology
8(4S):14-24.

Bleich, V. C., and M. W. Oehler. 2000. [Invited paper] Wildlife education in the United States:
thoughts from agency biologists. Wildlife Society Bulletin 28:542-545.

Rubin, E. S., W. M. Boyce, and V. C. Bleich. 2000. Reproductive strategies of desert bighorn
sheep. Journal of Mammalogy 81:769-786.

Schaefer, R. J., S. G. Torres, and V. C. Bleich. 2000. Survivorship and cause-specific mortality
in sympatric populations of mountain sheep and mule deer. California Fish and Game
86:127-135.

Pierce, B. M., V. C. Bleich, and R T Bowyer. 2000. Prey selection by mountain lions and
coyotes: effects of hunting style, body size, and reproductive status. Journal of
Manunalogy 81:462-472.



Swift, P. K., J. D. Wehausen, H. B. Ernest, R. S. Singer, A. M. Pauli, H. Kinde, T. E. Rocke, and
V. C. Bleich. 2000. Desert bighorn sheep mortality due to presumptive type C botulism
in California. Journal of Wildlife Diseases 36:184-189.

Pierce, B. M., V. C. Bleich, and R. T. Bowyer. 2000. Social organization of mountain lions:
does a land-tenure system regulate population size? Ecology 81:1533-1543.

Bleich, V. C. 1999. Wildlife conservation and wilderness management: uncommon objectives
and conflicting philosophies. North American Wild Sheep Conference Proceedings
2:195-205.

Bleich, V. C., and A M Pauli. 1999. Distribution and intensity of hunting and trapping activity
in the East Mojave National Scenic Area, California. California Fish and Game 85:148-
160.

Pierce, B. M., V. C. Bleich, J. D. Wehausen, and R. T. Bowyer. 1999. Migratory patterns of
mountain lions: implications for social regulation and conservation Journal of
Mammalogy 80:986-992.

Bleich, V. C. 1999. Mountain sheep and coyotes: patterns of predator evasion in a mountain
ungulate. Journal of Mammalogy 80:283-289.

Bleich, V. C., and B. M. Pierce. 1999. Expandable and economical radio collars for juvenile
mule deer. California Fish and Game 85:56-62.

Hill, S. D., and V. C. Bleich. 1999. Monitoring wildlife water sources using low Earth orbiting
satellites (LEOS). Wildlife Society Bulletin 27:25-27.

Andrew, N. G., V. C. Bleich, and P. V. August. 1999. Habitat selection by mountain sheep in
the Sonoran Desert: implications for conservation in the United States and Mexico.
California Wildlife Conservation Bulletin 12:1-30.

Grigione, M. M., P. Bumian, V. C. Bleich, and B. M. Pierce. 1999. Identifying individual
mountain lions (Felis concolor) by their tracks: refmement of an innovative technique.
Biological Conservation 88:25-32.

Bleich, V. C. 1998 Importance of observer experience in determining age and sex of mountain
sheep. Wildlife Society Bulletin 26:877-880.

de Ropp, J. S., J. H. Theis, J. I. Mead, and V. C. Bleich. 1998. Limitations of nuclear magnetic
resonance (NMR) analysis of fecal bile for taxonomic identification of contemporary and
extinct mammals. California Fish and Game 84:112-118.

Bleich, V. C., and T. J. Taylor. 1998. Survivorship and cause-specific mortality in five
populations of mule deer. Great Basin Naturalist 58:265-272.



Pierce, B. M., V. C. Bleich, C. L.-B. Chetkiewicz, and J. D. Wehausen. 1998 Timing of
feeding bouts of mountain lions. Journal of Mammalogy 79:222-226.

Bleich, V. C., R. T. Bowyer, and J. D. Wehausen. 1997. Sexual segregation in mountain sheep:
resources or predation? Wildlife Monographs 134:1-50.

Andrew, N. G., V. C. Bleich, P. V. August, and S. G. Torres. 1997. Demography of mountain
sheep in the East Chocolate Mountains, California. California Fish and Game 83:68-77.

Andrew, N. G., L. M. Lesicka, and V. C. Bleich. 1997. An improved fence design to protect
water sources for native ungulates. Wildlife Society Bulletin 25:823-825.

Bleich, V. C., S. G. Torres, J. D. Wehausen, and T. A. Swank 1996. [Invited paper] History of
transplanting mountain sheep - California. Proceedings of the Biennial Symposium of
the Northern Wild Sheep and Goat Council 10:164-166.

Tones, S. G., V. C. Bleich, and J. D. Wehausen. 1996. Status of bighorn sheep in California,
1995. Desert Bighorn Council Transactions 40:27-34.

Oehler, M. W., V. C. Bleich, and R T Bowyer. 1996. Error associated with LORAN-C: effects
of aircraft altitude and geographic location. Desert Bighorn Council Transactions 40:19-
21.

Bleich, V. C. 1996. Interactions between coyotes (Canis latrans) and mountain sheep (Ovis
canadensis). Southwestern Naturalist 41:81-82.

Davis, J. L., C. L.-B. Chetkiewicz, V. C. Bleich, G. Raygorodetsky, B. M. Pierce, J. W.
Ostergard, and J. D. Wehausen. 1996. A device to safely remove immobilized mountain
lions from trees and cliffs. Wildlife Society Bulletin 24:537-539.

Bleich, V. C., B. M. Pierce, J. L. Davis, and V L. Davis. 1996. Thermal characteristics of
mountain lion dens. Great Basin Naturalist 56:276-278.

Main, M. B., F. W. Weckerly, and V. C. Bleich. 1996. [Invited Paper] Sexual segregation in
ungulates: new directions for research. Journal of Mammalogy 77:449-461.

Cronin, M. A., and V. C. Bleich. 1995. Mitochondrial DNA variation among populations and
subspecies of mule deer in California. California Fish and Game 81:45-54.

Bleich, V. C., and M. V. Price. 1995. Aggressive behavior of Dipodomys stephensi, an
endangered species, and Dipodomys agilis, a sympatric congener. Journal of
Mammalogy 76:646-651.

Tones, S. G., V. C. Bleich, and J. D. Wehausen. 1994. Status of bighorn sheep in California,
1993. Desert Bighorn Council Transactions 38:17-28.

Bleich, V. C., and S. G. Tones. 1994. [Invited Paper] California's mountain sheep management



program. Proceedings of the Biennial Symposium of the Northern Wild Sheep and Goat
Council 9:186-195.

Bleich, V. C., R. T. Bowyer, A. M. Pauli, M. C. Nicholson, and R. W. Anthes. 1994. [Lead
Article] Responses of mountain sheep Ovis canadensis to helicopter surveys:
ramifications for the conservation of large mammals. Biological Conservation 45:1-7.

Jaeger, J. R., J. D. Wehausen, V. C. Bleich, and C. L. Douglas. 1993. Limits in the resolution of
LORAN-C for aerial telemetry studies. Desert Bighorn Council Transactions 37:20-23.

Torres, S. G., V. C. Welch, and A M Pauli. 1993. Status of bighorn sheep in California, 1992.
Desert Bighorn Council Transactions 37:47-52.

Torres, S. G., V. C. Bleich, and A M Pauli. 1993. An analysis of hunter harvest of mountain
sheep in California, 1987-1992. Desert Bighorn Council Transactions 37:37-40.

Jessup, D. A., W. L. Goff, D. Stiller, M. N. Oliver, V. C. Bleich, and W M. Boyce. 1993. A
retrospective serologic survey for Anaplasma spp. infection in three bighorn sheep (Ovis
canadensis) populations in California. Journal of Wildlife Diseases 29:547-554.

Thompson, J. R., and V. C. Bleich. 1993. A comparison of mule deer survey techniques in the
Sonoran Desert of California. California Fish and Game 79:70-75.

Bleich, V. C. 1993. Comments on research, publications, and California's longest continuously
published journal. California Fish and Game 79:42-43.

Bleich, V. C., M. C. Nicholson, A. T. Lombard, and P. V. August. 1992. Preliminary tests of
mountain sheep habitat models using a geographic information system. Proceedings of
the Biennial Symposium of the Northern Wild Sheep and Goat Council 8:256-263.

Bleich, V. C., R. T. Bowyer, D. J. Clark, and T. 0. Clark. 1992. Quality of forages eaten by
mountain sheep in the eastern Mojave Desert, California. Desert Bighorn Council
Transactions 36:41-47.

Bleich, V. C., S. G. Torres, D. A. Jessup, and G. P. Mulcahy. 1992. Status of mountain sheep in
California, 1991. Desert Bighorn Council Transactions 36:76-77.

Krausman, P. R., V. C. Bleich, J. A. Bailey, D. Annentrout, and R. R. Ramey II. 1992. What is
a minimum viable population? Desert Bighorn Council Transactions 36:68-75.

Jaeger, J. R., J. D. Wehausen, and V. C. Bleich. 1991. Evaluation of time-lapse photography to
estimate population parameters. Desert Bighorn Council Transactions 35:5-8.

Welch, V. C., and D. A. Jessup. 1991. Status of bighorn sheep in California, 1990. Desert
Bighorn Council Transactions 35:11-12.

BIeich, V. C., and D Racine. 1991. Mountain beaver (Aplodontia rufa) from Inyo County,



California. California Fish and Game 77:153-155.

Bleich, V. C., J. G. Stabmann, R. T. Bowyer, and J. E. Blake. 1990. Osteoporosis,
osteomalacia, and cranial asynunetry in a mountain sheep (Ovis canadensis). Journal of
Wildlife Diseases 26:372-376.

Bleich, V. C. 1990. On Calcium deficiency and brittle antlers. Journal of Wildlife Diseases
26:588.

Bleich, V. C., J. D. Wehausen, and S. A. Roll. 1990. Desert-dwelling mountain sheep:
conservation implications of a naturally fragmented distribution. Conservation Biology
4:383-390.

Bleich, V. C., R. T. Bowyer, A. M. Pauli, R. L. Vemoy, and R. W. Anthes. 1990. Responses of
mountain sheep to aerial sampling using helicopters. California Fish and Game 76:197-
204.

Bleich, V. C., J. D. Wehausen, J. A. Keay, J. G. Stahmann, and M. W. Berbach. 1990.
Radiotelemetry collars and mountain sheep: a cautionary note. Desert Bighorn Council
Transactions 34:6-8.

Bleith, V. C., J. D. Wehausen, K. R. Jones, and R. A. Weaver. 1990. Status of bighorn sheep in
California, 1989 and translocations from 1971 through 1989. Desert Bighorn Council
Transactions 34:24-26.

Pauli, A. M., and V. C. Bleich. 1988. Additional records of the spotted bat (Euderma
maculatum) from California. Great Basin Naturalist 48:563.

Wehausen, J. D., V. C. Bleich, B. Blong, and T. L. Russi. 1987. Recruitment dynamics in a
southern California mountain sheep population. Journal of Wildlife Management 51:86-
98.

Roll, S. A., and V. C. Bleich. 1987. Mineral lick use by mountain sheep in the San Gabriel
Mountains, California. Journal of Wildlife Management 51:381-383.

Wehausen, J. D., V. C. Bleich, and R. A. Weaver. 1987. Mountain sheep in California: a
historical perspective on 108 years of full protection. Western Section of The Wildlife
Society Transactions 23:65-74.

Schwartz, 0. A., V. C. Bleich, and S. A. Holl. 1986. Genetics and the conservation of mountain
sheep Ovis canadensis nelsoni. Biological Conservation 37:179-190.

Bleich, V. C. 1986. Early breeding in free-ranging mountain sheep. Southwestern Naturalist
31:530-531.

Schwartz, 0. A., and V. C. Bleich. 1985. Optimal foraging in Barn Owls? Rodent frequencies
in diet and fauna. Bulletin of the Southern California Academy of Science 84:41-45.



Bowyer, R. T., and V. C. Bleich. 1984. Distribution and taxonomic affinities of mule deer,
Odocoileus hemionus, from Anza-Borrego Desert State Park, California. California Fish
and Game 70:53-57.

Bowyer, R. T., and V. C. Bleich. 1984. Effects of cattle grazing on selected habitats of southern
mule deer. California Fish and Game 70:240-247.

Bleich, V. C., and R A Weaver. 1983. "Improved" sand dams for wildlife habitat
management. Journal of Range Management 36:130.

Bleich, V. C. 1983. Comments on helicopter use by wildlife agencies. Wildlife Society
Bulletin 11:304-306.

Bleich, V. C. 1982. Additional notes on species richness of mammals at Bodie, California.
Southwestern Naturalist 27:121-122.

Bleich, V. C., L. J. Coombes, and J H Davis. 1982. Horizontal wells as a wildlife habitat
improvement technique. Wildlife Society Bulletin 10:324-329.

Bleich, V. C. 1982. An illustrated guide to aging the lambs of mountain sheep. Desert Bighorn
Council Transactions 26:59-62.

Bleich, V. C., L. J. Coombes, and G. W. Sudmeier. 1982. Volunteers and wildlife habitat
management: twelve years together. CAL-NEVA Wildlife Transactions 1982:64-68.

Bleich, V. C. 1982. Horizontal wells for mountain sheep: desert bighorn "Get the shaft".
Desert Bighorn Council Transactions 26:63-64.

Bleich, V. C., L. J. Coombes, and G. W. Sudmeier. 1982. Volunteer participation in California
wildlife habitat management projects. Desert Bighom Council Transactions 26:56-58.

Paysen, T. E., J. A. Derby, H. Black, V. C. Bleich, and J. W. Mincks. 1980. A vegetation
classification system applied to southern California. USDA Forest Service General
Technical Report PSW-45:1-33.

Bleich, V. C. 1979. Micro tus californicus scirpensis not extinct. Journal of Mammalogy
60:851-852.

Bleich, V. C., and B. Blong. 1978. A magnificent frigatebird in San Bernardino County,
California. Western Birds 9:129.

Bleich, V. C. 1978. Breeding bird census: annual grassland. American Birds 32:121.

Bleich, V. C. 1977. Dipodomys stephensi. Mammalian Species 73:1-3.

Schwartz, 0. A., and V C Bleich. 1976. The development of thermoregulation in two species



of woodrats, Neotoma lepida and Neotoma albigula. Comparative Biochemistry and
Physiology 54A:211-213.

Bleich, V. C. 1975. Roadrunner predation on ground squirrels in California. Auk 92:147-149.

Bleich, V. C., and 0. A. Schwartz. 1975 Water balance and fluid consumption in the southern
grasshopper mouse, Onychomys torridus. Great Basin Naturalist 35:62-64.

Bleich, V. C., and 0. A. Schwartz. 1975. Observations on the home range of the desert
woodrat, Neotoma lepida intermedia. Journal of Manunalogy 56:518-519.

B1eich, V. C. 1975. Diving times and distances in the Pied-billed Grebe. Wilson Bulletin
87:278-280.

Bleich, V. C., and 0. A. Schwartz. 1975. Parturition in the white-throated woodrat.
Southwestern Naturalist 20:271-272.

Schwartz, 0. A., and V. C. Bleich. 1975. Comparative growth in two species of woodrats,
Neotoma lepida intermedia and Neotoma albigula venusta. Journal of Mammalogy
56:653-656.

Bleich, V. C. 1974. Muskrats (Ondatra zibethicus) in Amargosa Canyon, Inyo and San
Bernardino counties, California. Murrelet 55:7-8.

Bleich, V. C. 1974. Abnormal dentition in a grizzly bear. Murrelet 55:11.

Bleich, V. C., and 0. A Schwartz. 1974. Interspecifte and intergeneric maternal care in
woodrats (Neotoma). Mammalia 38:381-387.

Bleich, V. C., and 0 A Schwartz. 1974. Western range extension of Stephens' Kangaroo rat
(Dipodomys stephensi), a threatened species. California Fish and Game 60:208-210.

Book Chapters and Proceedings of Symposia:

Bleich, V. C., and B. M. Pierce. 2005. [Invited contribution] Management of mountain lions in
California. Pages 63-69 in E. L. Buckner and J. Reneau, editors. Records of North
American big game. 12th edition. Boone and Crockett Club, Missoula, Montana, USA.

Rubin, E. S., and V. C. Bleich. 2005. [Invited contribution] Sexual segregation: a necessary
consideration in wildlife conservation. Pages 379-391 in K. E. Ruckstuhl and P.
Neuhaus, editors. Sexual segregation in vertebrates: ecology of the two sexes.
Cambridge University Press, Cambridge, United Kingdom.

Bleich, V. C., J. G. ICie, E. R. Loft, T. R. Stephenson, M. W. Oehler, Sr., and A. L. Medina.
2005. [Invited contribution] Managing rangelands for wildlife. Pages 873-897 in C. E.
Braun, editor. Techniques for wildlife investigations and management. Sixth edition.
The Wildlife Society, Bethesda, Maryland, USA.



Pierce, B. M., and V. C. Bleich. 2003. [Invited Contribution] Mountain lion. Pages 744-757 in
G. A. Feldhamer, B. C. Thompson, and J. A. Chapman, editors. Wild Mammals of North
America. Second Edition. The Johns Hopkins University Press, Baltimore, Maryland.

Torres, S. G., and V. C. Bleich. 1999: [Invited Contribution] Desert bighorn sheep: California.
Pages 170-173 in D. E. Toweill and V Geist, editors. Return of royalty: a celebration of
success. Boone and Crockett Club, Missoula, Montana.

B1eich, V. C., and S. G. Torres. 1999. [Invited Contribution] California bighorn sheep:
California. Pages 130-133 in D. E. Toweill and V Geist, editors. Return of royalty: a
celebration of success. Boone and Crockett Club, Missoula, Montana.

Bleich, V. C. 1998. [Invited Contribution] Microtus californicus (Peale 1848). Pages 90-92 in
D. J. Haffner, E. Yensen, and G. L. Kirkland, Jr., editors. North American rodents: status
survey and conservation action plan. International Union for the Conservation of Nature,
Gland, Switzerland.

Kie, J. G., V. C. Bleich, A. L. Medina, J. D. Yoakum, and J. W. Thomas. 1996. [Invited
Contribution] Managing rangelands for wildlife. Pages 663-688 in T. A. Boolchout,
editor. Research and management techniques for wildlife and habitats. Fifth edition.
The Wildlife Society, Bethesda, Maryland.

Bleich, V. C., J. D. Wehausen, R. R. Ramey II, and J L Rechel. 1996. [Invited Contribution]
Metapopulation theory and mountain sheep: implications for conservation. Pages 353-
373 in D. R. McCullough, editor. Metapopulations and wildlife conservation Island
Press, Covelo, California.

Bleich, V. C., J. D. Wehausen, and S. A. Boll. 1995. Desert-dwelling mountain sheep:
conservation implications of a naturally fragmented distribution. Pages 102-109 in D.
Ehrenfeld, editor. Readings from Conservation Biology: wildlife and forests. The
Sheridan Press, Hanover, Pennsylvania. [Reprinted from Conservation Biology 4:383-
390].

Bleich, V. C., J. D. Wehausen, and S. A. Holl. 1995. Desert-dwelling mountain sheep:
conservation implications of a naturally fragmented distribution. Pages 71-78 in D.
Ehrenfeld, editor. Readings from Conservation Biology: the landscape perspective. The
Sheridan Press, Hanover, Pennsylvania. [Reprinted from Conservation Biology 4:383-
390].

Bleich, V. C. 1992. History of wildlife water developments, Inyo County, California. Pp. 100-
106 in C. A. Hall, V. Doyle-Jones, and B. Widawski, editors. The history of water:
eastern Sierra Nevada, Owens Valley, White-Inyo Mountains. University of California
White Mountain Research Station, Bishop

Bleich, V. C., and D B Koch. 1992. [Abstract] Tule elk on private lands: species preservation,
habitat protection, or wildlife commercialization? Page 78 in R. D. Brown, editor. The



biology of deer. Springer-Verlag, New York, New York.

Bleich, V. C., C. D. Hargis, J. A. Keay, and J. D. Wehausen. 1991. Interagency coordination
and the restoration of wildlife populations. Pages 277-284 in J. Edelbrock and S.
Carpenter, editors. Natural areas and Yosemite. prospects for the future. U.S. National
Park Service, Denver Service Center, Denver, Colorado.

Bleich, V. C. 1990. [Invited Paper] Horizontal wells for wildlife water development. Pages 51-
58 in G. K. Tsulcamoto and S. J. Stiver, editors. Wildlife water development. Nevada
Department of Wildlife, Reno.

Bleich, V. C., and A M. Pauli. 1990. Mechanical evaluation of artificial watering devices built
for mountain sheep in California. Pages 65-72 in G. K. Tsukamoto and S J Stiver,
editors. Wildlife water development. Nevada Department of Wildlife, Reno.

Bleich, V. C. 1990. Affiliations of volunteers participating in California wildlife water
development projects. Pages 187-192 in G. K. Tsukamoto and S J Stiver, editors.
Wildlife water development. Nevada Department of Wildlife, Reno.

Bleich, V. C. 1990. Costs of translocating mountain sheep. Pages 67-75 in P. R. ICrausman and
N. S. Smith, editors. Managing wildlife in the southwest. Arizona Chapter of The
Wildlife Society, Phoenix.

Bleich, V. C., and S. A. Holl. 1982. [Invited Paper] Management of chaparral habitat for mule
deer and mountain sheep in southern California. Pages 247-254 in C. E. Conrad and W
C. Oechel, Technical Coordinators. Proceedings of the symposium on the dynamics and
management of Mediterranean-type ecosystems. USDA Forest Service, General
Technical Report PSW-58.

Bleich, V. C. 1982. [Invited Paper] Review comments. Pages 567-568 in C. E. Conrad and W.
C. Oechel, Technical Coordinators. Proceedings of the symposium on the dynamics and
management of Mediterranean-type ecosystems. USDA Forest Service, General
Technical Report PSW-58.

Bowyer, R. T., and V. C. Bleich. 1980. Ecological relationships between southern mule deer
and California black oak. Pages 292-296 in T. R. Plumb, Technical Coordinator.
Proceedings of the Symposium on the ecology, management, and utilization of California
oaks. USDA Forest Service, General Technical Report PSW-44.

Agency Reports:

Hurley, K. et al. 2007. Recommendations for domestic sheep and goat management in wild
sheep habitat. Western Association of Fish and Wildlife Agencies, Cheyenne, Wyoming.
Available at http://www.mwverc.orgibighorn/wafwawildsheepreport.pdf

Sierra Nevada Bighorn Sheep Recovery Program [V. C. Bleich, H. E. Johnson, B. M. Pierce, C.



R. Schroeder, T. R. Stephenson, and J. T. Villepique]. 2006. Sierra Nevada bighorn
sheep in 2006. Outdoor California 67(2):10-17.

Bleich, V. C. 2005. Sierra Nevada bighorn sheep. Pages 226-227 in California Department of
Fish and Game (compiler). The status of rare, threatened, and endangered plants and
animals of California 2002-2004. California Department of Fish and Game, Sacramento,
California, USA.

Bleich, V. C. 2005. Peninsular bighorn sheep. Pages 228-230 in California Department of Fish
and Game (compiler). The status of rare, threatened, and endangered plants and animals
of California 2002-2004. California Department of Fish and Game, Sacramento,
California, USA.

Sierra Nevada Bighorn Sheep Recovery Program [V. C. Bleich, B. M. Pierce, T. R. Stephenson,
J. T. Villepique, and J. D. Wehausen]. 2004. Sierra Nevada Bighorn Sheep Progress
Report 2003. Outdoor California 65(1):4-17.

U.S. Fish and Wildlife Service [C. Benz, V. Bleich, W. Boyce, D. Craig, D. Graber, H. Quigley,
P. Stine, S. Tones, and J. Wehausen]. 2003. Draft recovery plan for the Sierra Nevada
bighorn sheep. U.S. Fish and Wildlife Service, Portland, Oregon.

U.S. Fish and Wildlife Service [D. Armentrout, V. Bleich, W. Boyce, T. Davis, J. DeForge, D.
Freeman, M. Jorgensen, S. Ostermann, E. Rubin, 0. Ryder, P. Sorensen, S. Tones, and J.
Wehausen]. 2000. Recovery plan for bighorn sheep in the peninsular ranges, California.
U.S. Fish and Wildlife Service, Portland, Oregon.

Singer, F., W. Adrian, F. Allendorf, J. Bailey, J. Berger, V. Bleich, M. Bogan, P. Brussard, S.
Buskirk, N. T. Hobbs, T. Smith, D. Stevens, C. Van Riper III, E. Vyse, and G. White.
1996. Bighorn sheep in the Rocky Mountain region. National Biological Service, Ft.
Collins, Colorado. 55 pp.

Gudorf, M., P. Y. Sweanor, F. J. Singer, A. Blankenship, V. Bleich, T. Easterly, J. Emmerich, C.
Eustace, L. Irby, D. Jaynes, B. Jellison, R. ICissell, J. Lindsay, J. Parks, T. Peters, K.
Reid, S. Stewart, and T. Voss. 1996. Bighorn sheep habitat assessment of the greater
Bighorn Canyon National Recreation Area. National Park Service and National
Biological Service Cooperative Report, Bighorn Canyon National Recreation Area,
Lovell, Wyoming. 43 pp.

Gudorf, M., P. Sweanor, F. Singer, V. Welch, J. Cordova, C. Hake, L. Lee, T. Lytle, P. Perrotti,
S. Petersburg, and B. Sloan. 1995. Bighorn sheep habitat assessment of the greater
Colorado National Monument area. National Park Service and National Biological
Service Cooperative Report, Colorado National Monument, Fruita, Colorado. 52 pp.

Holl, S. A., and V. C. Bleich. 1983. San Gabriel mountain sheep: biological and management
considerations. USDA Forest Service, San Bernardino National Forest, San Bernardino,
California. 136 pp.



Bleich, V. C. 1980. Amargosa vole study. California Department of Fish and Game, Nongame
Wildlife Investigations Job Final Report W-54-R-10. 8 pp.

Gould, G. I., Jr., and V. C. Bleich. 1977. Amargosa vole study: progress report. Nongame
Wildlife Investigations Job Progress Report W-54-R-10 California Department of Fish
and Game, Sacramento. 4pp.

Bleich, V. C. 1975. Wildlife section including habitat and vegetation types in the Lake
Mathews study area. Pages 84-130 in A study of the fish and wildlife resources of the
Metropolitan Water District property at Lake Mathews with habitat improvement
recommendations. California Department of Fish and Game, Long Beach.

Bleich, V. C. 1972. An annotated checklist of the mammals occurring in the Tecopa-Dumont
Sand Dunes Study Area. Pages 75-77, appendix in M. A. Romero, editor. Amargosa
Canyon-Dumont Dunes Proposed Natural Area. House of Impressions, Sun Valley,
California.

Bleich, V. C. 1972. Checklist of the terrestrial vertebrates of the Seal Beach Naval Weapons
Station, Fallbrook Annex, San Diego County, California. U.S. Navy,
WPNSTAFBAINST 11015.2:7-13.

Book Reviews and Obituaries:

Weaver, R. A., and V. C. Bleich. In press. Bonnar Blong. Desert Bighorn Council
Transactions.

Bleich, V. C. 1994. Marvin Wood, 1909-1994. Wild Sheep 17(4):8.

Bleich, V. C. 1992. [Review of] Midnight wilderness: journeys in Alaska's Arctic National
Wildlife Refuge, by D. S. Miller. California Fish and Game 78:85-86.

Bleich, V. C. 1992. [Review of] Natural history of the White-Inyo Range, eastern California,
edited by C. A. Hall, Jr. California Fish and Game 78:84-85.

Bleich, V. C. 1987. James C. Bicket, 1947-1986. Wildlife Society Bulletin 15:477-478.

Bleich, V. C. 1987. J. D. "Don" Landells, 1926-1986. Western Section of The Wildlife Society
Transactions 22:iv.

Bleich, V. C. 1987. James C. Bicket, 1947-1986. Western Section of The Wildlife Society
Transactions 22:v.

Bleich, V. C. 1979. [Review of] Wild geese, by M. A. Ogilvie. California Fish and Game
66:282-283.

Bleich, V. C. 1977. [Review of] Mammals of the world, by E. P. Walker. California Fish and
Game 63:73.



Bleich, V. C. 1975. [Review of] The carnivores, by R. F. Ewer. California Fish and Game
61:255-256.

Popular Articles:

Bleich, V. C. 2009. A brief history of the CDFG bighorn sheep habitat enhancement program.
California Wild Sheep, Winter 2009:8-10.

Bleich, V. C. 2009. Some thoughts on "Water dispensaries keep mountain bighorn sheep alive.
California Wild Sheep, Fall 2009:28-30.

Bleich, V. C. 2009. Parting shots [letter]. Bighorn (The Official Magazine of the Texas
Bighorn Society), Spring 2009:30.

Bleich, V. C. 2009. Implications of fire history for conserving bighorn sheep. Boone and
Crockett Club Trophy Points 3 (July 2009). Available at:
http://www.boone-crockettorginews/featured_story.asp?area=news&ID-52

Darby, N., J. Dungan, K. Stewart, V. Bleich, and D. Hughson. 2009. Responses of mule deer to
experimental manipulation of water sources: preliminary results from the first year.
Mojave National Preserve Science Newsletter 1:1-3.

Bleich, V. C., H. E. Johnson, S. A. Holl, L. Konde, S. G. Torres, and P R Krausman. 2009.
Implications of fire history for conserving bighorn sheep. California Wild Sheep,
Summer 2009:29.

Bleich, V. C. 2009. Some thoughts on water development in wilderness. California Wild
Sheep, Spring 2009:8-9.

Bleich, V. C. 2008. Mountain sheep in California: some perspectives on the past, and prospects
for the future (Part IV). California Wild Sheep, Fall 2008:14-15.

Bleich, V. C. 2008. Mountain sheep in California: some perspectives on the past, and prospects
for the future (Part III). California Wild Sheep, Summer 2008:10-11.

Bleich, V. C. 2008. Mountain sheep in California: some perspectives on the past, and prospects
for the future (Part II). California Wild Sheep, Spring 2008:12-13.

Bleich, V. C. 2007. Mountain sheep in California: some perspectives on the past and some
prospects for the future (Part I). California Wild Sheep, Winter 2007:12-13.

Bleich, V. C. 2007. The Sierra Nevada bighorn sheep recovery program. Conservation
Connection 16:11.

Bleich, V. C. 2007. The Sierra Nevada bighorn sheep recovery program. California Wild
Sheep, Fall 2007:16-17.



Bleich, V. C., and B. M. Pierce. 2007. Management of mountain lions in California: history,
basic biology, and citizen initiatives [part 	 Conservation Connection 15:12. Reprinted
with permission from Records of North American Big Game, 12th Edition)

Monteith, K. L., and V. C. Bleich. 2007. Mule deer fawn survival in central Sierra Nevada.
Outdoor California 6(3):26-29.

Bleich, V. C., and B. M. Pierce. 2007. Management of mountain lions in California: history,
basic biology, and citizen initiatives [part II]. California Wild Sheep, Summer 2007:8-9.
Reprinted with permission from Records of North American Big Game, 12th Edition)

Bleich, V. C., and B. M. Pierce. 2007. Management of mountain lions in California: history,
basic biology, and citizen initiatives [part I]. Conservation Connection 14:18-19.
Reprinted with permission from Records of North American Big Game, 12th Edition)

Welch, V. C., and B. M. Pierce. 2007. Management of mountain lions in California: history,
basic biology, and citizen initiatives [part I]. California Wild Sheep, Spring 2007:18-19.
Reprinted with permission from Records of North American Big Game, 12th Edition)

Monteith, K. L., and V. C. Bleich. Mule deer fawn survival in the central Sierra Nevada.
California Deer, Winter 2007:6-8.

Bleich, V. C. 2006. The potential for death at the waterhole. Conservation Connection 12:13.
[Reprinted from California Wild Sheep, Fall 2006:8-9].

Monteith, K. L., and V. C. Bleich. 2006. Fawn survival: central Sierra Nevada. Mule Deer
Foundation Magazine 9:16-18.

Bleich, V. C., and N. G. Andrew. 2006. Bighom sheep in California: how many are there, and
how are they doing? Foundation for North American Wild Sheep Conservation
Connection 11:5-6. [Reprinted from California Wild Sheep, Summer 2006:4-5].

Bleich, V. C. 2006. The potential for death at the waterhole. California Wild Sheep, Fall
2006:8-9.

Bleich, V. C., and N. G. Andrew. 2006. Bighorn sheep in California: how many are there, and
how are they doing? California Wild Sheep, Summer 2006:4-5.

Welch, V. C. 2002. Restoring bighorn sheep to the Sierra Nevada: a project of interest to the
Boone and Crockett Club. Fair Chase 17(1):22-26.

Bleich, V. C. 2001. Restoring bighorn sheep to the Sierra Nevada: a new challenge for wildlife
biologists. Wild Sheep 24(4):47-50,52.

Welch, V. C. 2001. Summer ranges, winter ranges, and migratory mule deer: putting the parts
of a puzzle in place. Outdoor California 62(4):20-23.



Anderson, L. A., and V. C. Bleich. 2000. Desert bighorns in California: a success story for
wildlife biologists and sheep hunters. Fair Chase 15(4):13-15.

Bleich, V. C., B. M. Pierce, S. G. Torres, and T. Lupo. 2000. Using space age technology to
study mountain lion ecology. Outdoor California 61(3):24-25.

Torres, S. G., and V. C. Bleich. 2000. Mountain lions - California's elusive predator. Outdoor
California 61(3):4-6.

Bleich, V. C., and N. G. Andrew. 2000. Mountain sheep, mule deer, and burros in the brush.
flourishing wild burros impact habitats and native big game. Tracks 17:10-12.

Pauli, A. M., and V. C. Bleich. 1999. Gambel's quail hunting opportunities abundant within
Mojave National Preserve. Pages 8-9,14 in A. J. Kenward, editor. Upland Game
California. California Department of Fish and Game, Sacramento.

Bleich, V. C. 1999. Desert deer investigation launched. Outdoor California 60(5):13-15.

Bleich, V. C. 1999. [Letter] America's wilderness. National Geographic Magazine 195(3):xv.

Bleich, V. C. 1997. Securing large carnivores. Wildlife Control Technology 4(2):39.

Bleich, V. C. 1996. Assisting researchers can augment your income. Wildlife Control
Technology 3(6):4.

Pierce, B. M., and V. C. Bleich. 1996. Round Valley deer study. Mule Deer 2(4):10-13.

Bleich, V. C. 1995. California's newest sheep hunting opportunity: the East Chocolate
Mountains. Wild Sheep 18(4):19-22.

Pierce, B. M., and V. C. Bleich. 1995. California deer management: the Round Valley
investigation. California Hunter Magazine 4(4):32-33.

Bleich, V. C., and S. G. Tones. 1995. The "book" rams are still out there. Tracks 12:9.

Bleich, V. C., and S. G. Tones. 1993. History and current status of mountain sheep in
California. Wild Sheep 16(4):15-19.

Bleich, V. C. 1993. Sexual segregation in desert-dwelling mountain sheep. Wild Sheep
16(4):13-14.

Bleich, V. C. 1993. Mountain sheep habitat: using a geographic information system. Boone
and Crockett Club News Journal 8(4):39-40.

Bleich, V. C. 1992. Round Valley deer facing long comeback trail. Tracks 9:9,15.



Bleich, V. C. 1990. Status of bighorn sheep in California: a brief synopsis. Wild Sheep
13(2):55.

Bleich, V. C. 1988. Distribution and early history of mountain sheep in California. Pages 1-3
in B. W. Wilson, editor. California desert bighorn sheep: a guidebook for the hunter.
Society for the Conservation of Bighorn sheep, Los Angeles, California.

Bleich, V. C. 1988. Modern management of mountain sheep in California. Pages 4-6 in B. W.
Wilson, editor. California desert bighorn sheep: a guidebook for the hunter. Society for
the Conservation of Bighorn sheep, Los Angeles, California.

Bleich, V. C. 1983. Big game guzzlers and mountain sheep. Outdoor California 44(6):10.

Davis, J H , and V. C. Bleich. 1980. Time-lapse photography: a new focus on wildlife.
Outdoor California 41(4):7-9.

Coombes, L. J., and V. C. Bleich. 1979. Horizontal wells: the DFG's new slant on water for
wildlife. Outdoor California 40(3):10-12.

Presentations at Professional Meetings

From 1972 to the present, I have been an author or coauthor of more than 100
presentations at professional meetings. I was selected to present a keynote address,
"Ecology of mountain sheep: Ramifications for disease transmission and population
persistence" at the April 2007 Workshop on Respiratory Disease in Mountain Sheep:
Knowledge Gaps and Future Research which was held at the University of California,
Davis. Details pertaining to these presentations are available upon request.

Grants and Fellowships

During 1973 through 2007, I competed successfully for and received project-specific
finding in the amount of $1,636,247 from internal and external sources. Details of grants
and other funding received are available upon request.





 
 
 
 
 
 
 
 
 

EXHIBIT 415 













































 
 
 
 
 
 
 
 
 

EXHIBIT 416 



 

Journal of Applied 
Ecology

 

 2007 

 

44

 

, 714–724

 

© 2007 The Authors. 
Journal compilation 
© 2007 British 
Ecological Society

 

Blackwell Publishing Ltd

 

Optimizing dispersal and corridor models using landscape 
genetics

 

CLINTON W. EPPS*, JOHN D. WEHAUSEN†, VERNON C. BLEICH‡, 
STEVEN G. TORRES§ and JUSTIN S. BRASHARES*

 

*

 

Department of Environmental Science, Policy and Management, University of California Berkeley, 137 Mulford 
Hall, Berkeley, California 94720–3114, USA; 

 

†

 

White Mountain Research Station, University of California, 3000 E. 
Line Street, Bishop, California 93514, USA; 

 

‡

 

California Department of Fish and Game, Sierra Nevada Bighorn Sheep 
Recovery Program, 407 West Line Street, Bishop, California 93514, USA; and 

 

§

 

California Department of Fish and Game, 
Wildlife Investigations Laboratory, 1701 Nimbus Road, Suite D, Room # 170, Rancho Cordova, California 95670, USA

 

Summary

1.

 

Better tools are needed to predict population connectivity in complex landscapes.
‘Least-cost modelling’ is one commonly employed approach in which dispersal costs
are assigned to distinct habitat types and the least-costly dispersal paths among habitat
patches are calculated using a geographical information system (GIS). Because adequate
data on dispersal are usually lacking, dispersal costs are often assigned solely from
expert opinion. Spatially explicit, high-resolution genetic data may be used to infer
variation in animal movements. We employ such an approach to estimate habitat-
specific migration rates and to develop least-cost connectivity models for desert bighorn
sheep 

 

Ovis canadensis nelsoni

 

.

 

2.

 

Bighorn sheep dispersal is thought to be affected by distance and topography. We
incorporated both factors into least-cost GIS models with different parameter values
and estimated effective geographical distances among 26 populations. We assessed
which model was correlated most strongly with gene flow estimates among those
populations, while controlling for the effect of anthropogenic barriers. We used the best-
fitting model to (i) determine whether migration rates are higher over sloped terrain
than flat terrain; (ii) predict probable movement corridors; (iii) predict which populations
are connected by migration; and (iv) investigate how anthropogenic barriers and
translocated populations have affected landscape connectivity.

 

3.

 

Migration models were correlated most strongly with migration when areas of at
least 10% slope had 1/10th the cost of areas of lower slope; thus, gene flow occurred over
longer distances when ‘escape terrain’ was available. Optimal parameter values were consistent
across two measures of gene flow and three methods for defining population polygons.

 

4.

 

Anthropogenic barriers disrupted numerous corridors predicted to be high-use
dispersal routes, indicating priority areas for mitigation. However, population
translocations have restored high-use dispersal routes in several other areas. Known
intermountain movements of bighorn sheep were largely consistent with predicted corridors.

 

5.

 

Synthesis and applications.

 

 Population genetic data provided sufficient resolution to
infer how landscape features influenced the behaviour of dispersing desert bighorn
sheep. Anthropogenic barriers that block high-use dispersal corridors should be miti-
gated, but population translocations may help maintain connectivity. We conclude that
developing least-cost models from similar empirical data could significantly improve
the utility of these tools.
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Introduction

 

Defining and maintaining connectivity of  natural
populations has become a conservation priority
(Moilanen 

 

et al

 

. 2005). As natural populations become
increasingly fragmented by habitat destruction and the
creation of dispersal barriers such as roads, extinction
probabilities for some populations will increase due to
demographic and genetic factors associated with re-
duced dispersal (Hanski 1999; Hedrick 2005). Greater
recognition that isolation of protected areas will lead
to faunal relaxation (the gradual loss of  species,
e.g. Soule, Wilcox & Holtby 1979) has resulted in
world-wide efforts to link protected areas using
corridors, buffer zones and mixed-use areas. Models
that incorporate land use, habitat quality, human
activities and other factors are often employed to aid
the mapping of landscape connectivity and prioritize
land acquisitions (e.g. Hunter, Fisher & Crooks 2003;
Nikolakaki 2004). However, identifying the optimal
locations of wildlife corridors has proved to be difficult
and controversial, in part because the details of how
different species disperse across landscapes are often
inadequately understood.

The advent of geographical information systems
(GIS) analysis as a tool for identifying corridors
and defining population connectivity has led to the
widespread application of techniques such as ‘least-cost’
modelling (Adriaensen 

 

et al

 

. 2003) and ‘friction’
analyses (Ray, Lehmann & Joly 2002; Joly, Morand &
Cohas 2003; Sutcliffe 

 

et al

 

. 2003; Nikolakaki 2004).
Models created through these approaches are based
typically on raster maps that divide landscapes into
many cells with unique values that depict different
habitat or vegetation types, elevation, slope or other
landscape features. Cells are given weights or ‘resistance
values’ reflecting the presumed influence of  each
variable on movement of the species in question. Least-
cost routines (see Adriaensen 

 

et al

 

. 2003), then, are
employed to: (i) calculate the relative cost of all possible
routes among populations or islands of core habitat;
(ii) determine the least costly route for animal movement
between pairs of populations or core areas of habitat;
and (iii) plot these most probable routes on maps for
use in conservation planning. ‘Cost’ is related to
probability of transit and may not be defined explicitly;
energetic costs, increased risk of predation or costs
associated with reduced forage availability are among
the reasons why an animal might avoid or be less able to
traverse a landscape feature.

Although the least-cost approach has been employed
widely (e.g. Adriaensen 

 

et al

 

. 2003; Beazley 

 

et al

 

. 2005;
Rouget 

 

et al

 

. 2006), this approach has two major
drawbacks. First, the underlying models of dispersal
(i.e. what resistance values are assigned to different
landscape categories) are based rarely on anything
more than informed opinions from experts. Where
empirical data are available, dispersal costs are typically
inferred from presence/absence or abundance data in

different habitats, but such data may reflect habitat
use rather than dispersal cost. Second, although these
techniques define the most probable route according to
the cost weighting system, the actual cost of a route
over which dispersal can occur is unknown. Therefore,
despite the increasing need and frequent application of
such tools, these largely untested models are of uncertain
value for conservation planning and management.

Population genetics approaches offer additional
tools that can be applied to questions of dispersal and
connectivity. Selectively neutral genetic markers can
provide indices of gene flow derived from differences in
allele frequencies between individuals or populations
(Waser & Strobeck 1998). The emerging field of ‘landscape
genetics’ uses high-resolution genetic data to determine
the influence of landscape features such as fields (Vos

 

et al

 

. 2001) or highways (Keller & Largiader 2003;
Epps 

 

et al

 

. 2005) on gene flow and dispersal (Manel

 

et al

 

. 2003). However, developing dispersal models
from genetic data entails large data sets and certain
assumptions.

In particular, migration (in the sense of gene flow)
operates at a different time scale than dispersal. Genetic
data may reflect long-term dispersal patterns, but the
time-period represented is variable and depends partly
on the effective size (

 

N

 

e

 

) of the populations. Time to
equilibrium between migration and drift is proportional
to 

 

N

 

e

 

 (Slatkin 1993). Therefore, among populations
with small 

 

N

 

e

 

, estimates of genetic distance or gene flow
should reflect more recent dispersal patterns than
estimates among populations with large 

 

N

 

e

 

. Simulated
data can be used to describe more clearly the time scale
for a given data set (e.g. Epps 

 

et al

 

. 2005), but in general
the time scale represented is unknown. Furthermore,
migration reflects effective dispersal, i.e. dispersal
followed by reproduction. Individuals that disperse
and do not reproduce will not be represented unless
they are sampled directly. This could be advantageous
if  effective dispersal is the process of  interest, but
might not be as useful when considering, for instance,
the role of dispersing individuals in spreading disease.
Finally, sex-biased dispersal must be considered;
gene flow estimates derived from nuclear DNA may
largely represent movements of the least philopatric sex.
Despite these possible limitations, genetic analyses may
provide comprehensive pictures of dispersal that are
otherwise unavailable (Koenig, VanVuren & Hooge
1996).

Efforts to develop more sophisticated models of
migration from genetic data that consider species’
dispersal behaviour are increasingly common. One such
approach is to examine the correlation of gene flow
with measures of  ‘effective geographical distance’
(EGD) among populations, in addition to measures of
geographical distance or the presence or absence of
specific elements such as roads (Michels 

 

et al

 

. 2001).
EGD is a composite measure of dispersal distance
between populations that incorporates both geographical
distance and landscape features hypothesized to affect
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dispersal. Recent examples of EGD include distances
along riparian areas (Vignieri 2005), elevation change
(Spear 

 

et al

 

. 2005) and least-cost models that use a cost
weighting surface based on assumed habitat value
(Coulon 

 

et al

 

. 2004; Spear 

 

et al

 

. 2005; Vignieri 2005).
EGD often explains more variation in gene flow
between individuals or populations than geographical
distance alone. This suggests that gene flow and dispersal
patterns may not always fit a simple nearest-neighbour
model, and it is important to test alternate hypotheses.
However, genetic-based studies of dispersal rarely have
examined more than a few alternate models of dispersal,
and efforts to combine least-cost models with genetic
data have been limited by a priori assumptions used to
build the models. For instance, Vignieri (2005) used
knowledge of preferred habitat for the Pacific jumping
mouse 

 

Zapus trinotatus

 

 Rhoads to assign a lower
dispersal cost to riparian and low-elevation habitat;
however, that dispersal cost appeared arbitrary with
respect to magnitude.

We propose that the effectiveness of  combining
least-cost and genetics-based approaches can be tested
by comparing the ability of multiple least-cost models
based on different landscape characteristics and a
range of parameter values to explain observed variation
in gene flow. Past analyses appear only to have tested
hypotheses about which landscape factors affect dispersal.
To translate least-cost models into effective conservation
tools that identify active movement corridors and rank
them according to predicted levels of gene flow, we also
propose to estimate empirically how gene flow varies
with EGD and determine the maximum EGD over
which gene flow will occur.

In this paper we present methods to (1) test assumptions
underlying least-cost connectivity models using
genetic data; (2) predict landscape connectivity; and
(3) test alternative management scenarios. We use
estimates of gene flow among populations of desert
bighorn sheep 

 

Ovis canadensis nelsoni

 

 Merriam to test
the effectiveness of different least-cost GIS models and
to optimize parameter values. We employ the following:
(1) two methods for estimating gene flow among
populations; (2) estimates of  EGD derived from
least-cost GIS models based on slope and distance
with a wide range of parameter values; (3) three meth-
ods of defining population polygons used as the basis
of our spatial analyses; (4) partial Mantel tests to
assess correlation between gene flow estimates and
EGD from alternate least-cost models; (5) regression
of  gene flow estimates on EGD to determine the
maximum EGD over which gene flow is detectable;
(6) identification and ranking of dispersal corridors
using the best-fitting model of EGD; and (7) use of that
model to identify probable movement corridors
among populations of desert bighorn sheep while
considering alternate management scenarios. Finally,
we discuss the application of  these techniques to
conservation and management of species occupying
fragmented habitats.

 

desert bighorn sheep and previous 
dispersal models

 

Desert bighorn sheep are desert-adapted ungulates
native to the south-western United States. Preferred
habitat is generally steep, rocky, arid terrain. In
California, desert bighorn sheep populations are
typically small, often < 50 individuals (Epps 

 

et al

 

. 2003)
and located in small mountain ranges isolated
by varying expanses of low-lying desert habitat. The
metapopulation-like distribution of desert bighorn
sheep results in frequent extinction and recolonization
of populations (Schwartz, Bleich & Holl 1986; Bleich,
Wehausen & Holl 1990), and it is recognized that
appropriate management requires consideration of
population connectivity (e.g. determining when
translocation of bighorn sheep may be needed to re-
establish recently extirpated populations; Bleich 

 

et al

 

.
1996). Bleich 

 

et al

 

. (1996) proposed a model of population
connectivity that considered populations < 15 km
apart as likely to be connected by dispersal and
hypothesized that interstate highways were barriers
to dispersal. That model was used to determine
management units above the level of  individual
populations. Low-resolution genetic markers [mito-
chondrial DNA (mtDNA) control region restriction
fragment length polymorphism (RFLP) data] were
used to verify that detectable genetic differences existed
between management units.

Population genetics data from 26 populations
of desert bighorn sheep in the Mojave and Sonoran
Desert regions of California were used to investigate
the spatial scale of gene flow and the role of anthropogenic
(human-made) barriers such as interstate highways,
urban areas and canals (Epps 

 

et al

 

. 2005). Epps 

 

et al

 

.
(2005) tested whether estimates of gene flow and genetic
distance (

 

Nm

 

 and 

 

F

 

ST

 

) were correlated with simple linear
distance between populations and the presence of
anthropogenic barriers. Those analyses confirmed that
little or no gene flow had occurred across those barriers
and that gene flow occurred primarily among popula-
tions < 15 km apart. However, habitat features expected
to favour bighorn dispersal (e.g. areas with topo-
graphic relief  sufficient to provide escape terrain for
predator evasion) were not considered. Owing to con-
siderable variation in the amount of escape terrain in
low-lying areas among populations, we hypothesized
that a least-cost model of migration based on topogra-
phy could significantly improve our ability to predict
the degree to which populations are linked by dispersal.

 

Materials and methods

 

overall approach: using genetic 
data to optimize parameter values 
for a least-cost model

 

We used a matrix-based regression approach to test
whether gene flow among populations of desert bighorn
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sheep varied as a function of distance and topography
or distance alone, and to identify which model of dis-
tance and topography best approximated the effect of
these variables on gene flow. First, we calculated a
series of  matrices (

 

X

 

1

 

–

 

X

 

i

 

) of  effective geographical
distances (EGD) among populations. Each matrix
represented estimates of EGD between all population
pairs among 26 populations of desert bighorn sheep in
California, USA (Fig. 1), resulting from a unique set
of  parameter values (

 

i

 

 unique combinations). Next,
a matrix (

 

Y

 

) depicting the presence or absence of
anthropogenic barriers (fenced highways, canals and
urban areas) among those 26 populations was generated
to control for the effect of those barriers on gene flow.
Finally, a matrix (

 

Z

 

) of gene flow estimates between all
population pairs was developed. We used partial
Mantel tests to assess the correlation of 

 

Z

 

 (gene flow)
with each matrix 

 

X

 

i

 

 (EGD), while controlling for the
effect of 

 

Y

 

 (anthropogenic barriers). In that manner
parameter values for the EGD model resulting in the
strongest correlation between 

 

X

 

 and 

 

Z

 

 were identified.
That exercise was repeated using three different methods
to define the geographical extent of each population, as
well as a second method of estimating gene flow, to
examine how sensitive model fitting was to those
variables. The optimized model of EGD was then used
in later analyses of corridor length and location. Our
methods are detailed in the following sections.

 

developing least-cost gis models to 
calculate egd

 

We used slope as the variable for identifying the relative
resistance or migration value of  habitat between
population polygons. We compiled 30 m Digital
Elevation Model (DEM) data [US Geological Survey
(USGS) 2003 series] for our study area and estimated
slope for each 30 m cell using ArcGIS 9·0 (ESRI,
Redlands, CA, USA). To simplify the models of
bighorn migration as a function of  topography and
distance, we defined a ‘slope cut-off’ value for each
model. Grid cells with slope greater than the cut-off
value (‘slope’ cells) were considered more suitable
(lower resistance) for bighorn dispersal than grid cells
with slope lower than the cut-off  (‘flat’ cells). We tested
three slope cut-off  values (5%, 10% and 15%), based on
our assessment of radio telemetry data that suggested
bighorn sheep are found mainly in habitat of at least
10% slope (3386 locations across the study area;
unpublished data; California Department of Fish and
Game). For each cut-off  value tested, we generated six
grids representing a wide range of different resistance
values (weights) for slope cells. Thus, relative to the
fixed cost of ‘1·0’ for a flat cell, slope cells were given
weights of 0·7, 0·5, 0·3, 0·1, 0·05 or 0·01 for each respec-
tive cost grid, yielding 18 different least-cost models
and thus 18 matrices of different estimates of EGD
(

 

X

 

i

 

). For example, the model of EGD with 15% slope
cut-off  and slope cell weight of 0·1 considered cells with
slope < 15% as 10 times more costly to cross than cells
with slope > 15%. Slope grids were resampled at 90 m
resolution to reduce calculation time.

 

estimating genetic distance and gene 
flow among populations

 

We used genetic data from 26 populations of  desert
bighorn sheep in California to develop the matrix of
population pairwise gene flow estimates (

 

Z

 

). We identified
392 different individuals from data for 14 microsatellite
loci using DNA extracted from faeces, tissue or blood,
using two to six replicate polymerase chain reactions
(PCRs) (see Epps 

 

et al

 

. 2005). We used 

 

arlequin

 

(Schneider, Roessli & Excofier 2000) to estimate
population pairwise 

 

F

 

ST

 

 values and transformed these
to 

 

Nm

 

 values via the standard Wright–Fisher model

 

F

 

ST

 

 = 1/(1 + 4 

 

Nm

 

) as our primary index of relative gene
flow. Due to the restrictive assumptions of this model,

 

Nm

 

 is unlikely to represent the actual number of migrants
per generation (Whitlock & McCauley 1999) but can
indicate relative levels of gene flow, particularly when
migration rates exceed mutation rates (Slatkin 1993).

As a second measure of gene flow, we estimated
migration rates (

 

M

 

) using 

 

migrate

 

 (Beerli & Felsenstein
2001). Because computation time for the full data set
of  26 populations was estimated at about 2 years,
we restricted analyses to a subset of nine populations.

 

migrate

 

 estimates migration rates among populations

Fig. 1. Topography (hill-shade) and distribution of desert bighorn sheep in south-
eastern California, United States. Coloured polygons represent genetically sampled
populations used to develop the dispersal model. GS polygons are minimum convex
polygons around genetic sample locations. EO polygons were hand-drawn based on
topography and expert opinion on bighorn sheep distribution. HM polygons were
developed either from a GIS habitat model (described in Appendix S2) or from 95%
density kernels based on radio-telemetry locations. Population polygons not used for
model development (outlined in white) are based on the HM or EO models. Anthropogenic
barriers indicated include fenced interstate highways, canals and urban areas.
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using maximum-likelihood Markov chain Monte
Carlo (MCMC) methods, and is an effort to improve
migration rate estimates beyond the usual 

 

F

 

ST

 

-based
statistics (see Appendix S1 in Supplementary material
for details).

 

using gene flow estimates to test 
alternative parameter values

 

We used 

 

pathmatrix

 

 (Ray 2005) to calculate the least-
cost paths among the 26 genetically sampled populations.
This extension for ArcView version 3·2 (ESRI) uses a
cost grid (here, derived from a given model of  EGD)
to (1) calculate least-cost paths among all pairs of
population polygons; (2) generate the matrix 

 

X

 

i

 

 of
EGD; and 

 

(

 

3) map each least-cost path. Each estimate
of EGD between a population pair is calculated as:

EGD = 

 

∑

 

 

 

x

 

j

 

w

 

j

 

eqn 1

where 

 

x

 

j

 

 is the linear distance across each grid cell 

 

j

 

and 

 

w

 

j

 

 is the weight for that cell (determined here by
whether the slope value is above or below the slope
cut-off), summed over all the cells in a given path. All
possible paths are evaluated, but only the EGD of the
least-costly path is reported in matrix 

 

X

 

i

 

. Finally, we
log

 

10

 

-transformed values in each matrix 

 

X

 

i

 

 to linearize
the relationship of distance with 

 

Nm

 

 (Epps 

 

et al

 

. 2005).
The presence of anthropogenic barriers (fenced

highways, canals and urban areas) was found previously
to affect gene flow strongly among these populations
(Epps 

 

et al

 

. 2005). We chose to correct for this effect by
including barrier presence/absence as a second predictor
matrix 

 

Y 

 

when assessing correlation between EGD and
gene flow. Otherwise, if  barriers were incorporated into
each least-cost grid during the model-fitting process
(by assigning large cost values to any grid cell where
a barrier was present), appropriate cost values
would vary for each least-cost grid. Inappropriate cost
values would disrupt the otherwise linear relationship
between gene flow (

 

Nm

 

) and (log

 

10

 

)EGD. Moreover,
those barriers have been present for only 40–60 years
and have presumably affected gene flow at a different
time scale than topography. Finally, barriers could be
mitigated and therefore should be considered separately.
We incorporated barriers formally into the underlying
cost grid only when using the final best-fitting model to
define active corridors (as described below). Barriers
were recorded as present for any population pair with a
barrier interposed; the map of barriers was compiled as
described by Epps 

 

et al

 

. (2005).
We used partial Mantel tests (Smouse, Long & Sokal

1986; Manly 1991) to estimate the partial correlation of
matrix 

 

Z

 

 (

 

Nm

 

 or 

 

migrate

 

 

 

M

 

) with each matrix 

 

X

 

i

 

, while
controlling for the presence of anthropogenic barriers
by including matrix 

 

Y

 

 as a second predictor matrix.
Tests were conducted using 

 

xlstat

 

 (Addinsoft, New
York, USA). Partial Mantel tests determine the
correlation of a response matrix 

 

Z

 

 to a predictor matrix

 

X

 

, while removing a spurious correlation resulting
from a second predictor matrix 

 

Y

 

 that may be correlated
with both 

 

Z

 

 and 

 

X

 

. We used the value of  the partial
correlation coefficient 

 

r

 

 resulting for each Xi to
compare graphically the relative fit of each model of
EGD. We also estimated r for the null model (X0) matrix
of straight-line distances (log10-transformed) between
population polygons.

While partial Mantel tests are controversial due to
potential underestimation of type I error (Raufaste &
Rousset 2001; Rousset 2002), Castellano & Balletto
(2002) argued that this concern has been overstated.
Moreover, because we compared the partial correlation
coefficient of distance matrices while using the same
second predictor matrix Y in all tests, and did not
compare P-values, such underestimation is unlikely to
affect our conclusions.

defining population polygons

Most metrics of gene flow use populations as the basic
unit of comparison, defined theoretically as groups of
freely interbreeding individuals. In practice, defining
the spatial extent of populations may be difficult. To
calculate accurate distances among populations,
population map polygons must depict habitat used
regularly by interacting individuals. To test how sensitive
parameter optimization for the least-cost models was
to population polygon definition, we repeated EGD
calculations using three different methods to define
population polygons.

Our first polygon model [‘Genetic sampling’ (GS);
Fig. 1] used minimum convex polygons drawn around
the locations in each mountain range where DNA
samples were actually collected. If  samples were col-
lected at only one location such as a waterhole, we used
a circle with diameter of 1 km centred on the sampling
point. This approach would be useful for species where
the extent of each population sampled is not defined
clearly by the habitat patch and is likely to provide a
conservatively small habitat area. The second polygon
model [‘expert opinion’ (EO); Fig. 1] used the population
polygons defined by Epps et al. (2005). These polygons
were drawn on the basis of both the topographic extent
of each mountain range and expert opinion regarding
the distribution of bighorn sheep in each location,
derived from field observations and helicopter surveys.
Bleich et al. (1996) used a similar approach to define
population polygons for management purposes. Expert
opinion may often be the only available means to define
populations for many species.

The final polygon model tested [‘habitat model’
(HO); Fig. 1] was a GIS model based on slope and
distance to perennial water sources. It was designed to
provide repeatable polygons depicting desert bighorn
sheep distribution and to predict the probable distribution
of new populations in vacant habitat. The model was
developed using radio telemetry locations of  desert
bighorn sheep in five populations (California Department.
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of  Fish and Game, unpublished data) and expert
opinion to inform model fit (see Appendix S2).

identifying and ranking dispersal 
corridors using the best-fitting 
dispersal model

After examining graphically correlation coefficients
from Mantel tests for all Xi matrices, repeated for three
sets of population polygons and Z matrices based on
two different estimates of  gene flow, we chose the
best-fitting model of  EGD by selecting the values
of slope cut-off  and slope weight that resulted in the
strongest correlation coefficients. We then used that best-
fitting model to identify probable movement corridors
between bighorn sheep populations, after selecting a
population polygon model based both on performance
and practical considerations.

To identify probable movement corridors, we used
two regression-based procedures. We first estimated
the maximum effective dispersal distance (the greatest
effective geographical distance separating population
polygons over which gene flow can be detected; hereafter,
EGDMAX) for desert bighorn sheep. This was performed
via regression of population pairwise estimates of Nm
on estimates of EGD from the best-fitting model for
population pairs without intervening barriers. Gene
flow, as measured by Nm between populations, is
expected to decline with increasing distance until an
asymptote at a ‘background’ non-zero level of Nm is
reached. At distances greater than this point, current
gene flow is unlikely but some degree of  genetic
similarity exists because of descent from common
ancestors or recurrent mutations (Slatkin 1993). Be-
cause we could not identify a regression model that
adequately described the rapid decline of  Nm to a
non-zero asymptote, we used xlstat version 2006.2
(Addinsoft) to perform nonparametric regression (Har-
dle 1992) of Nm on EGD from the best-fitting dispersal
model. Nonparametric regression is essentially a smooth-
ing method for predictive purposes. We used the lowess

method with the tri-weight kernel and bandwidth
equal to the standard deviation, based on the underly-
ing model of a second-degree polynomial. We defined
our estimate of  EGDMAX as the point at which the
predicted values from the nonparametric regression
first stopped decreasing (excluding initial fluctuations
at high Nm).

We defined active dispersal corridors as those least-cost
paths with total cost < EGDMAX. However, because
nonparametric regression does not generate a general
predictive equation for gene flow as a function of EGD,
we modelled this relationship with a negative exponen-
tial regression function for EGD < EGDMAX (where an
adequate fit could be achieved) and used the resulting
equation to predict relative gene flow over active
dispersal corridors.

To identify probable dispersal corridors on the
current landscape, we added barriers to the cost grid of

the best-fitting migration model. Because Epps et al.
(2005) determined that those barriers had eliminated
recent gene flow, we assigned barrier cells a cost
equivalent to EGDMAX to make them impermeable.
After adding polygons for un-sampled populations to
the population map, we used pathmatrix to calculate
and map all least-cost paths between populations
with a total cost less than EGDMAX. This was repeated
without human-made barriers in the cost-grid to
examine how mitigation of those barriers might affect
landscape connectivity. To investigate the role that
translocations have played in maintaining population
connectivity in south-eastern California, we repeated
the first analysis but removed five populations re-
established by the California Department. of Fish and
Game through translocations. The relative strength of
each corridor was assessed using the exponential decay
model to estimate Nm as a function of EGD.

model validation

Current radio-telemetry data were insufficient to
validate the presence of dispersing bighorn sheep in the
predicted least-cost corridor routes. Radio-telemetry
locations were typically collected monthly; intermountain
movements are relatively rare and time spent moving
between mountain ranges may be of short duration.
However, radio-collared or marked individuals have
been detected after moving between mountain ranges.
We compiled a list of all such movements as well as
those inferred from anecdotal reports. We then evaluated
whether least-cost paths from the best-fitting model
linked each pair of ranges for which intermountain
movements were detected.

Results

Effective geographical distance (EGD) based on
topography was more strongly negatively correlated
with gene flow (both Nm, as calculated from population
pairwise FST values, and M, as estimated by migrate)
than straight-line distance in almost all cases, with an
absolute increase of the correlation coefficient r of  up
to 23% (Fig. 2). EGD models based on 5% slope
cut-off  performed more poorly than models based on
10% or 15% slope in all cases. The 15% slope cut-off
performed slightly better than the 10% cut-off  over
most (but not all) tests (Fig. 2). For all slope cut-off
values, all population polygon models and both
measures of gene flow, best-fitting models resulted
when sloped terrain had 1/20th to 1/10th the cost of
movement across flat terrain (Fig. 2), with the slope
weight of 0·10 most often favoured. Therefore, the
EGD model employing the 15% slope cut-off  and slope
weight of 0·10 (hereafter referred to as the 15/0·10
model) was used for further corridor modelling.
Stronger correlation coefficients (r) were observed
when using EO model population polygons (Fig. 2).
However, the differences in r were not large, and
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optimal slope cut-off  values and weights were similar,
indicating low sensitivity to the choice of population
polygon model. We chose HM polygons to calculate
EGDMAX and model different corridor scenarios be-
cause this model can be used easily where bighorn sheep
are currently absent or their distribution is poorly
understood.

From nonparametric regression of  population
pairwise Nm values on estimates of EGD from the 15/
0·10 model, we estimated the maximum effective
dispersal distance (EGDMAX) as 16·4 km-cost-units
(corresponding to 16·4 km of flat terrain or 164 km of
sloped terrain; Fig. 3). From regression of Nm values
on EGD (km scale) for all values < EGDMAX (Fig. 3),
we derived the following negative exponential model:

Nm = 9·141 * e–0·112 * EGD – 0·219 eqn 2

We used equation 2 to estimate the relative strength
of gene flow across active dispersal corridors with
EGD < EGDMAX (Fig. 4).

The connectivity of the current landscape suggested
that nearly all populations are currently linked to
another population by at least one possible dispersal
corridor (black lines, Fig. 4a). However, in some cases
these corridors had costs nearing EGDMAX, making
significant gene flow unlikely (narrow-width corridor
lines, Fig. 4a). Comparison with corridors mapped
in the absence of human-made barriers (yellow lines,
Fig. 4a) indicated that those barriers have disrupted
several regions of formerly high connectivity and
resulted in complete isolation for at least one population.
Mapping of corridors with and without populations
re-established successfully by translocation (Fig. 4b)
demonstrated that those translocations have helped
maintain corridors for gene flow across a large region
in the centre of the study area and several other areas,
thereby greatly reducing the isolation of several native
populations.

We identified 31 pairs of mountain ranges in the
study area between which intermountain move-
ments of bighorn sheep have been detected or inferred
(Appendix S3). Of 22 pairs between which movements
were detected via radio-telemetry or observation of

Fig. 2. Coefficients (r) for partial correlation of gene flow
(Nm) with effective geographical distance from least-cost
models, while correcting for anthropogenic barriers. Models
use slope cut-off  values of 5%, 10% and 15% and relative
weights for slope cells of 0·01–1·0, for (a) GS polygons; (b) EO
polygons; (c) HM polygons; and (d) a subset of nine popu-
lations using estimates of gene flow (M) from migrate with
HM polygons. The slope weight of 1·0 represents the shortest
straight-line distance between population pairs.

Fig. 3. Population pairwise estimates of gene flow (Nm) (for
population pairs without intervening anthropogenic barriers)
plotted against effective geographical distance (EGD) from
the best-fitting model. Maximum effective dispersal distance
(EGDMAX, indicated with dashed arrow) was defined as the
smallest EGD (after initial fluctuations) at which the slope of
the line of predicted values generated by the nonparametric
regression (grey line) stopped decreasing. Non-linear regression
(black line) was conducted on all points below EGDMAX to
generate a predictive model for gene flow as a function of
EGD. Above EGDMAX, dispersal was assumed to be negligible.



721
Optimizing 
connectivity models

© 2007 The Authors. 
Journal compilation 
© 2007 British 
Ecological Society, 
Journal of Applied 
Ecology, 44, 
714–724

marked animals, 21 pairs were linked by a predicted
dispersal corridor. Of nine pairs between which move-
ments were suggested on the basis of anecdotal reports,
all were linked by predicted dispersal corridors.

Discussion

Migration models that incorporated topography
explained substantially more variation in gene flow
than models that considered only geographical distance.
While the models presented here reflect a small portion
of possible models, we found that the best-fitting cost
weights and slope cut-off  values were consistent across
different population polygon models and different
measures of gene flow (Fig. 2). While time-consuming,
we suggest that testing more than one type of gene flow
estimate or population polygon model is important as
a sensitivity analysis. Greater confidence in our results
was derived from the concordance among models tested.

Inferring active dispersal corridors via the best-
fitting migration model for desert bighorn sheep in
California resulted in several conclusions. Most impor-
tantly, anthropogenic barriers currently fragment
several regions that previously exhibited high connectivity
(Fig. 4a), suggesting priority locations for the mitigation
of  these barriers. Additionally, mapping dispersal
corridors including populations re-established by
translocation (Fig. 4b) demonstrated that our models
can be used to improve connectivity: if  population
establishment in an empty habitat patch could link
existing populations by active dispersal corridors, a
population translocation to that patch might receive
higher priority. Potential future barriers can also be
evaluated explicitly in this manner and avoided or
mitigated at the time of  construction. Finally, the
successful restoration of  several major dispersal
corridors connecting otherwise isolated populations
suggests that translocation could be used to restore
critical nodes of population connectivity for other species.

These applications of the best-fitting migration model
demonstrate the value of this tool for conservation and
management. Because we parameterized this model
from real data, we can have higher confidence that it
models correctly the behaviour of bighorn sheep. We
suggest reporting the effective geographical distance
(EGD) values or predicted relative gene flow to rank
corridors. Here, we scaled corridor widths by Nm to
portray relative predicted corridor effectiveness (Fig. 4).

Comparison of  the population polygon models
suggested that, in this case at least, the definition of
population extent did not affect greatly the parameter-
ization of the migration model. Even the most restrictive
polygon model (GS polygons, based on the location of
the genetic samples collected) exhibited model-fitted
curves of the same shape as those generated by the EO
and HM polygons. This suggests that fitting least-cost
dispersal models may be possible even in situations
where the geographical extent of populations is difficult
to define. If  there is no clear basis at all for defining
populations, it should also be possible to develop
models in this fashion based on individual pairwise
genetic comparisons (e.g. Vignieri 2005). Because this
model-testing exercise was designed to examine migration,
we caution against over-interpreting differences in

Fig. 4. Dispersal corridors predicted by the best-fitting dispersal model (15/0·10) and
the HM population model, depicted with hill-shade topography. Black lines indicate
least-costly corridor routes for corridors with cost < EGDMAX, yellow lines indicate
least-costly corridor routes that (a) were severed by anthropogenic barriers; or (b) were
re-established by translocated populations. Corridors are presented based on (a) all
extant populations within the study area, with and without current anthropogenic
barriers considered; and (b) extant populations with and without those successfully re-
established by translocation, with current anthropogenic barriers considered.
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absolute model fit between the population polygon
models.

The number of populations in the genetic data set
(26) was large, and such a sample might be considered
prohibitive to applying this technique for other species.
However, results obtained from testing dispersal models
using migrate M estimates for the nine-population
subset were entirely consistent with those from the full
data set (Fig. 3d). Thus, even relatively few populations
may suffice to fit such dispersal models.

The connectivity network derived from the genetic
analyses confirmed that knowledge of bighorn sheep
behaviour (i.e. preference for steep terrain) could be
incorporated into a connectivity design, even to the
extent of identifying where additional population
nodes could be reintroduced to improve the overall
connectivity of the bighorn sheep metapopulations.
This, in turn, suggests that core and corridor analyses
for other species, based on behaviour and proper weighting
of landscape variables, could provide important tools
for management and conservation. Many aspects of
this approach bear further investigation. For instance,
rather than use the cumbersome ‘trial and error’ testing
of model parameters, it may be possible to determine
the best-fitting model mathematically. However, no
mathematical solution will be possible once the number
of parameter estimates exceeds the number of popula-
tion pairs with genetic data. Setting up a few biologically
plausible alternative models for testing and exploring
restricted subsets of parameter space may be the most
practical strategy.

Another aspect worthy of investigation is how best
to determine when one model represents a ‘significant’
improvement over another. Model-selection techniques
such as Akaike’s information criterion (AIC) may be of
little value when the identity of the predictor variables
does not change among models. For this reason, we
selected the best models using a graphical assessment
of model fit. In the end, once the appropriate range of
model parameters is identified, slight variations in model
fit resulting from small differences in cost weights are
likely to be unimportant. In our case, fitting corridors
based on slope supported the behavioural inference
that bighorn sheep prefer to travel over sloped terrain
offering security from predators, regardless of minor
differences between 10% and 15% slope cut-offs. Small
changes in model parameters may become more
important when considering whether an individual
corridor is likely to be used or not. For this reason, we
reiterate that the relative likelihood of corridor use
should be considered, rather than merely a ‘corridor or
not-corridor’ assessment.

model validation

Known intermountain movements by bighorn sheep
correlated well with our corridor model, with the
exception of one marked individual that apparently
crossed an interstate highway. This observation

highlights the difference between individual dispersal
events and the broad patterns of movement over time
inferred by our analyses of  gene flow. Occasional
movements may far exceed those predicted by our
migration model. Whether bighorn sheep follow routes
consistent with the least costly paths among ranges is
also unclear. Acquiring enough data points to verify
the complete movement paths of dispersing bighorn
sheep will probably require the use of GPS collars set to
collect multiple locations per day. Until then, path
locations predicted by our model should be considered
as hypotheses for further testing.

limitations of the approach

While the field of landscape genetics is making rapid
strides in developing analyses of gene flow that consider
complicated landscape features, our approach still has
a number of limitations. For instance, such a modelling
exercise is better suited to dealing with common
landscape characteristics that affect large numbers of
populations, given the low statistical power of matrix
correlation tests. In this analysis, the south-westernmost
populations inhabit mountain ranges with thick
forests and chaparral. Those habitat elements probably
strongly limit movement by bighorn sheep because of
increased predation risk. We did not consider those
elements in model development because of the small
number of populations affected; thus, connectivity in
that region may have been overstated.

A second limitation to our model is that it reflects
more effectively the potential for gene flow rather than
colonization of empty habitat patches. Desert bighorn
sheep have sex-biased dispersal: males are much more
likely to travel long distances between populations,
while females are probably the limiting factor in
colonization events. Because the model described here
is fitted using nuclear genetic markers, it represents
both male- and female-mediated gene flow. A correction
for the reduced movement of  females possibly could
be generated from radio-telemetry data or mtDNA,
although the variability in estimates of gene flow from
mtDNA (resulting from its behaviour as one linked
locus) makes its use inherently imprecise. This limitation
may be important to consider when using these models
for management decisions; for example, determining
when translocation may be necessary for population
re-establishment.

Determining how to model landscape features such
as anthropogenic barriers proved to be a complex issue.
We dealt with those barriers in a separate analytical
framework during model fitting and brought them
back into the final model. This approach seemed
appropriate because roads have been present on the
landscape for only a short period of time. Moreover,
road impacts can be mitigated and therefore corridor
design should be assessed as a function of the mitigated
landscape. A further technical limitation is that the
width of interstate highway corridors and other barriers
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varies; ideally, the estimated cost of the barrier should
be applied to any path crossing the barrier but not on
a per-pixel basis (where that cost is accumulated for
each pixel encountered). Other, more integrative
approaches may be of value in other systems.

Finally, an important caveat is that we used migration,
a long-term process, to make inferences about current
patterns of bighorn sheep dispersal. Variation in allele
frequencies used to estimate migration may be affected
by other factors such as population bottlenecks
(Whitlock & McCauley 1999). Moreover, if  past
conditions are reflected more strongly than current
dispersal patterns, management decisions using these
models might be flawed. However, the small size of
these populations and the detectable effect of barriers
present for only six to seven generations (Epps et al.
2005) suggest that in this case we can still make useful
inferences about movement of bighorn sheep on the
recent landscape as well as identify factors likely to
affect connectivity on the current landscape. Because
dispersal is a complex process and the reasons that an
individual animal does or does not disperse are unclear,
and may not be reduced to simple models, fitting
least-cost models using genetic data is probably most
effective at identifying broad-scale patterns of gene
flow resulting from landscape features that have been
present for at least a few generations.

improving corridor models and plans 
to maintain or re-establish 
connectivity

Our study suggests that developing least-cost models
from genetic data can improve significantly the quality
of and confidence in models of dispersal, migration
and connectivity. Other types of data on movement
could be used in a similar approach (e.g. Sutcliffe et al.
2003). Least-cost models have been employed world-
wide to plan landscape-scale conservation strategies, to
design reserves and to assess the effects of  habitat
fragmentation on many species. In some cases those
models may have been applied uncritically with respect
to their underlying assumptions. While developing
genetic data or other data on movement may be a
difficult task for many species, it may at least be
possible to inform such models using data from species
with similar biological characteristics.
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Introduction  

 

Desert bighorn 
sheep (Ovis canadensis) 
were once widespread 
throughout the desert 
mountain ranges of the 
southwestern United States 
and northern Mexico, and 
persist in many of those 
ranges (Buechner 1960).  
As herbivores living in arid 
environments, their ability 
to procure nutrients is 
substantially limited by the 
phenological patterns of the 
vegetation they feed on.  
Nutrient content of diets 
varies with the amount of 
green, growing plant tissue 
available to be eaten.  The 
youngest, most rapidly 
growing, plant tissue 

typically provides the highest digestibility (Van Soest 1982).  Sheep maximize their nutrient 
intake through very selective feeding, eating the most nutritious species and plant parts available.  
Patterns of nutrient intake determine when the nutrient-expensive process of gestation and 
lactation will be most successful and how successful it will be relative to lamb survival. 
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Deserts are characterized by scant precipitation, such that potential evapotranspiration 
greatly exceeds precipitation overall and soil moisture conditions are not conducive to plant 
growth for much of the year (Major 1977).  Climatic patterns vary across North American 
deserts in overall temperature (low elevation hot to high elevation cold alpine deserts) and 
seasons of rainfall (MacMahon 1979).  In addition, precipitation is typically quite variable 
between years (Wagner 1981).  Because plant phenology is closely tied to rainfall, nutrient 
availability for bighorn sheep inhabiting deserts also is quite limited annually.  An important 
question relative to life history and demographic patterns of desert bighorn sheep is the 
predictability of nutrient availability. 

The birthing season for wild sheep in North American varies with latitude.  Syntheses of 
available data have suggested two basic patterns: (1) a short (about 1-2 month) birthing season in 
late spring and early summer in northern climates that shifts slightly earlier with declining 
latitude; and (2) a long season (numerous months) in desert ecosystems of southwestern United 
States and adjacent Mexico (Bunnell 1982, Thompson and Turner 1982).  In some desert areas 
births have been documented throughout the year (Krausman et al. 1999).  Bunnell (1982) 
presented the shift between the two birthing patterns as an abrupt change at a latitude of about 38 
degrees. 

A related question is what underlies this purported sudden change in birthing patterns.  
Based on limited data from one bighorn sheep population in New Mexico, Lenarz (1979) 
hypothesized that the protracted lambing seasons of desert bighorn sheep represented an evolved 
gambling strategy to an environment that is unpredictable in nutrient availability.  That 
explanation has been widely accepted (Bailey 1980, Bunnell 1982, Thompson and Turner 1982, 
Krausman et al. 1999), but simulations by Lenarz and Conley (1982) cast some doubt on this 
characterization of the reproductive strategy of desert bighorn sheep. 

Drawing on the work of Beatley (1974) on phenological triggers in Mojave Desert 
ecosystems, Lenarz (1979) calculated the probability of obtaining 2.5 cm (1 inch) of rain in each 
month for his study area in New Mexico.  From those results Lenarz (1979:671) concluded the 
following: “in 3 of 10 years plant productivity will not begin until August or will fail altogether.  
The relationship between precipitation and plant productivity makes forage availability in deserts 
relatively unpredictable.”  

Here I examine the question of nutrient predictability using long-term data on diet quality 
patterns of bighorn sheep from three populations in the Eastern Mojave Desert of California.  I 
analyze patterns of nutrient availability relative to timing of birthing and the survivorship of 
lambs. 

 
Study Populations 
The populations investigated were (SE to NW) the Turtle Mountains, Old Woman 

Mountains, Marble Mountains, and Old Dad Mountain.  They form a transect about 150 km in 
length that passes through the Granite Mountains.  Only 3 years of data are available from the 
Turtle Mountains, which are used in just one analysis.  Of the four mountain ranges studied, the 
Turtle Mountains is the only one that is decidedly Sonoran Desert, supporting species like 
Ocotillo (Fouquieria splendens) and Ironwood (Olneya tesota).  The three Mojave Desert ranges 
form a transect about 100 km long.  The Old Woman Mountains are the highest, topping out at 
about 1600 m and contain sparse pinyon-juniper woodland at the highest elevations.  Volcanic 
and limestone substrates are essentially lacking.  The Marble Mountains is the lowest range, 
peaking out at about 1,150 m.  It is primarily a volcanic range with some limestone at the 
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southern end of the habitat used by sheep.  Old Dad Mountain peaks out at about 1300 m and is a 
combination of a large limestone massive and outlying volcanic ridges, some of which have 
considerable deposits of blow sand (Bleich et al 1997). 

The Mojave Desert is something 
of a hybrid between cold Great Basin 
and hot Sonoran Desert ecosystems 
that bound it.  Temperatures are 
intermediate.   Precipitation patterns 
also are intermediate (Figure 1), 
showing the bimodal pattern of the 
Sonoran Desert, but with a 
predominance of winter rainfall that 
characterizes the Great Basin Desert.  
For 44 years of data from Mitchell 
Caverns in the south Providence 
Mountains, 64 percent of the annual 
rainfall occurred during the winter-
spring season (November-May) and 
36% during the hot season (June-
October).  There is considerable inter-
annual variation in rainfall.  By the 
criteria of Lenarz (1979), the eastern 
Mojave Desert is less predicable than 
the Chihuahuan Desert ecosystem that 
he investigated.  His peak probabilities 
of receiving 2.5 cm of rainfall were 
0.70 and 0.74 for the months of July 
and August, respectively, whereas for 
the eastern Mojave Desert no month 
even reaches 0.5 (Figure 2).  
Consequently, unpredictable patterns 
of diet quality for bighorn sheep in the 
eastern Mojave Desert would be 
expected if Lenarz’s (1979) criteria are 
meaningful, while a regular periodicity 
in diet quality would not be consistent 
with this expectation.   
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Figure 1.  Mean monthly rainfall for Mitchell Caverns in the 
south Providence Mountains, 1959-2002. 
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Figure 2.  Probability of receiving 2.5 cm of precipitation by 
month at Mitchell Caverns in the south Providence 

 
Methods 

Diet quality of sheep was tracked via % nitrogen in feces (FN).  FN tracks apparent 
digestibility of the diet in a curvilinear relationship (Wehausen 1995).  The natural log of FN was 
used to linearize that relationship, and this measure was expressed on an organic matter (ash-
free) basis (lnFOMN) because this increases its resolution as an index of diet quality (Wehausen 
1995).  For the bighorn sheep populations in this study, this index varied from 0.3 to 1.2.  For 
domestic sheep, those values would correspond to a range of about 50-75% apparent digestibility 
(Wehausen 1995), which also may apply to bighorn sheep; both sheep species have similar 
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digestive systems, including a very large rumen and reticulum relative to body size (Hanley 
1982, Krausman et al. 1993). 

Fecal samples mostly were collected 
fresh from female groups of sheep seen.  
Where sheep could not be found, very 
recent tracks were found and followed to 
find fecal droppings.  Those samples were 
backdated by the estimated age of the 
tracks.  Sampling of feces was 
approximately monthly.  During seasons 
of rapid phenological change in the 
vegetation, this interval was somewhat 
shortened in some years, while during 
periods of phenological stasis the 
sampling interval was increased to 2 
months in some years.  For most 
samplings, equal amounts of each sample 
were composited for analysis by 
commercial labs to produce a single data 
point.  Where separate analyses were 
made for each sample, the mean was used. 

Figure 3.  Diet quality (% fecal organic matter nitrogen) 
for bighorn sheep in the Old Woman Mountains, 1984-
1999. 

Diet quality over multiple months, rather than single months, is most meaningful relative to 
many questions, such as lamb recruitment.  Consequently, I have measured the area under diet 
quality curves for the periods of interest (e.g. February through June) using a linear relationship 
between adjacent points.  Because sampling was not on the same day of the month each year, I 
standardized integrated values by dividing by the number of days between the first and last 
sampling points. 
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The three long-term data sets 
analyzed consisted of continuous diet 
quality curves for 15-18 years depending 
on the population.  To investigate the 
question of temporal predictability of diet 
quality, I calculated for each month the 
proportion of the years in which the diet 
quality index reached 0.6 and 0.7.  Those 
values represent modest increases in diet 
quality relative to the minimum of 0.3.  
For domestic sheep, these respective 
values correspond to increases in apparent 
digestibility of about 8 and 10.5%. 

Figure 4.  Probability by month that the natural log of fecal 
organic matter nitrogen equals or exceeds 0.6 for bighorn 
sheep at Old Dad Mountain and the Marble and Old 
Woman Mountains, California. 

As a test of Lenarz’s (1979) 
approach to using precipitation data, I 
investigated actual influences of 
precipitation in individual months on diet 
quality for the longest data set (Marble 
Mountains) via simple and multiple linear 
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regression, and the use of logged variables to investigate curvilinear relationships. 
I investigated the influence of February-June diet quality on recruitment of lambs to the 

beginning of summer via regression analysis.  Lamb recruitment was measured as the ratio of 
lambs per 100 ewes from direct samplings in late spring and analysis of automated cameras 
placed at water sources at the beginning of the hot season.  
 
Results and Discussion 
Diet Quality Patterns and Predictability 

Contrary to predictions from Lenarz’s (1979) hypothesis and analytic methods, diet quality 
curves from the study area show a clear periodicity (Figure 3) and temporal predictability (Figure 
4).  What is unpredictable is not when peak diet quality will occur, but the amplitude of that 
peak.  Figure 4 depicts the probabilities of only a modest increase in diet quality (lnFOMN = 
0.6).  Increasing that threshold level of diet quality narrows the time period in which it is likely 
to be reached and lowers the peak probability of actually reaching that level. The lowest 
threshold tested was reached in every year sampled for each population (Figure 4).  Increasing 
that threshold to 0.7 already lowered the probability of reaching it to less than 1 (Figure 5).  
Further increases in that threshold will further lower that peak probability, while also narrowing 

the time period. 
The pattern that emerges in 

Figure 4 is the important result, rather 
than the threshold chosen.  That 
pattern demonstrates that there is a 
predictable timing of the winter-spring 
growing season that determines diet 
quality for the sheep. In contrast, 
forage growth from summer rainfall 
yields minimal nutritional gains for 
these sheep (Figs. 4 & 5).  The winter-
spring rising pattern in Figure 4 is 
remarkably coincident among the 3 
study populations, suggesting that this 
growing season is regional in nature.  
This also is indicated by the pattern of 
diet quality for the February-June 
period for 1985 - 2002; the patterns for 
the 4 populations sampled correlate 
closely (Figure 6A).  The variance 
among years represents the 

unpredictable aspect of nutrient availability to these sheep in the primary growing season.  This 
variance can be termed amplitude predictability, to be distinguished from the high temporal 
predictability for the populations sampled.  Lenarz (1979) failed to distinguish these two separate 
aspects of resource predictability. 
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Figure 5.  Probability by month that the natural log of fecal 
organic matter nitrogen equal or exceeds 0.6 and 0.7 for bighorn
sheep in the Old Woman Mountains, California 
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Variables Driving Diet Quality Patterns 
The interannual variance in winter-spring diet quality (Figure 6A) is driven by rainfall 

patterns.  The single month with the greatest rainfall effect on spring diet quality in the Marble 
Mountains is February, followed by October.  When those two months are combined in a 
multiple linear regression, together they explain 64% of the variation. In that multiple regression, 
the slope associated with October rainfall is 67% greater than February (Table 1); thus a unit of 
rainfall in October generates considerably more nutrition for sheep than an equivalent amount in 
February.  Rainfall in October and February has different effects on vegetation growth.  Fall 
rainfall is important for initiating the growth of cold-tolerant species: annuals, herbaceous 
perennials, and perennial grasses (Beatley 1974, Turner and Randall 1989).  February rainfall is 
important for continuance of growth of those cold-tolerant species that might have been initiated 
earlier, but also is important for growth of cold-intolerant perennial species during spring 
(Beatley 1974).  When October rainfall is expressed as logged values along with February 
rainfall, the model improves slightly, suggesting some curvilinearity in the effect of October 
rainfall (Table 1). 

The forage species initiated by fall 
rains provide the first new green growth 
eaten by sheep.  Those species determine 
diet quality for sheep in winter and 
account for the initial rise in the growing 
season curve in Figure 4.  As the growing 
season progresses with warming 
temperatures, numerous cold-intolerant 
perennial species initiate growth and 
flowering.  The peak in digestibility of 
sheep diets (Figure 4) coincides with the 
peak in growth and flowering of perennial 
species.  However, the greater influence of 
early precipitation on February-June diet 
quality speaks to the critical importance of 
the earliest rise in diet quality in winter.  
Because the dependent variable analyzed 
begins with the February sampling, early 
precipitation determines the diet quality level at that first sampling, from which the curve rises to 
the spring peak.  Also, in the years of high peak diet qualities, species whose growth was 
initiated by the early rains are still available and eaten at the time of that peak.  
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Figure 6.  February-June (A) and July-October (B) diet 
quality by year for bighorn sheep at Old Dad Mountain, 
and the Marble, Old Woman, and Turtle Mountains, 
California. 

When rainfall is combined for adjacent pairs of months, the best 2 independent variables 
are October + November, and January + February, which together explain 75% of the variation 
in February - June diet quality.  For those longer time periods, the distinction between the role of 
precipitation in initiating early plant growth and contributing to later growth begins to blur; the 
slope of the earlier rainfall variable is only 17% larger than the later one (Table 1).  A single 
independent variable of total rainfall for October through April explains yet 6% more of the 
variation in winter-spring diet quality in a curvilinear relationship (Figure 7, Table 1).  
Eliminating December and March rainfall from that cumulative rainfall explains yet another 4% 
of the variation.  However, there is no clear biological explanation why December and March  
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Table 1.  Results (independent variables, slopes, coefficients of determination, and total model probabilities) 
of regression analyses of February-June diet quality of bighorn sheep in the Marble Mountains on 
precipitation in different time periods. 
 
 
X1  X2  B1  B2  R2  P 
 
Feb    0.020    0.401  0.006 
Feb  Oct  0.021  0.035  0.636  0.001 
Feb  lnOct  0.020  0.043  0.674  <0.001 
Jan-Feb   0.017    0.554  0.001 
Jan-Feb Oct-Nov 0.018  0.021  0.752  <0.001 
lnOct-Apr   0.198    0.808  <0.001 
 
 
 
 rainfall would not contribute to sheep diet quality.  Consequently, that finding is treated here as 
a statistical artifact. 

While the left side of the rising curve in Figure 4 is essentially identical for the 3 
populations sampled, the declining pattern in late spring and summer is notably different among 
them.  That variation reflects important habitat differences between the mountain ranges 
sampled.  Temperature exhibits a classic inverse relationship with elevation (Major 1977), and 
strongly affects plant growth (Hoefs and Cowan 1979, Wehausen 1980).  In high mountain 
ranges, sheep and other large herbivores typically use altitudinal migration to increase their 
nutrient intake by following the growing season as it progresses up mountain slopes (Hebert 
1973; Hoefs 1979; Wehausen 1980, 1983).  Sheep in desert mountain ranges also can do this to a 
limited extent.  The extended peak in the Old Woman Mountains (Figure 4) is an example that 
reflects the higher elevation there. 

The diet quality curve for Old Dad Mountain declines more rapidly than the other two 
populations and remains lower through the hot season (Figure 4).  This reflects differences in the 
availability of 1 forage species, catclaw acacia (Acacia greggii), which is readily available to the 
sheep in the Old Woman and Marble Mountains, but is lacking for the Old Dad sheep.  Catclaw 
acacia is a very deep-rooted deciduous member of the pea family that leafs out about mid April 
and carries green leaves throughout the hot season until November or later.  It elevates the diet 
quality of sheep throughout the hot season where available (Figure 6B). 

The curves for all 3 mountain ranges in Figure 4 show a changing pattern beginning in 
August that represents the diet quality response to summer rains.  Summer rains clearly produce 
much less nutrient availability for sheep than cold season rains.  Indeed, summer diet quality in 
the best years barely overlaps diet quality in the worst years for the winter-spring period (Figure 
6A, B).  There are a number of reasons for this, of which temperature is fundamental.  Cold 
season precipitation mostly occurs as soaking rains that persist for long periods as soil moisture 
because of subsequent cool temperatures.  In contrast, much of summer rainfall runs out of the 
mountain ranges as flash floods to habitats not used by sheep.  What moisture makes it into the 
soil in sheep habitat evaporates rapidly due to hot temperatures.  Just as rainfall in different 
periods of the cool season cannot be equated in terms of effects on nutrient availability, cool 
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season rain is very different from that in the hot season relative to effects on diet quality of 
sheep. 

Lenarz’s (1979) simplistic analysis of rainfall data relative to nutrient predictability for 
bighorn sheep failed to predict diet quality patterns in part because it failed to account for the 
important influence of temperature and season on vegetation response to rainfall.  Among those 
influences are important cumulative effects of rainfall in the cool season (Figure 7) that cannot 
be accounted for by analyses that treat months independently.  

There are also differences in 
plant species responses to cool and hot 
season rains that influence diet quality 
differences between those two periods.  
Relatively few species respond to hot 
season rains compared with cool 
season rains.  Also, tropical grasses 
have different biochemical pathways 
(C4) and structural chemistry that 
typically make their peak 
digestibilities  for ungulates lower than 
temperate (C3) grasses (Van Soest 
1982).  The same probably holds for 
hot season versus cold season grasses 
in the Mojave Desert. 
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Figure 7.  The relationship between February-June diet 
quality for bighorn sheep in the Marble Mountains and 
October-April rainfall at Mitchell Caverns in the south 
Providence Mountains, California. 

In contrast to winter-spring 
diet quality patterns, there is little 
correlation in summer diet quality 
patterns among the populations 
sampled (Figure 6B).  One reason for 
this is that summer rains are very 

patchy in distribution compared with winter rains.  The other is that mountain ranges closer to 
the Colorado River and Sonoran Desert are more likely to receive summer rainfall.  This 
influence can be seen in Figure 4 in the differences among populations in the amount of rise in 
the predictability of August and September diet quality. 

 
Birthing Seasons of Desert Bighorn 

The high temporal predictability of diet quality found here leads to the expectation that 
the birthing season should occur in the late winter and spring.  Contrary to suggestions by Lenarz 
(1979) and others, the birthing seasons of desert bighorn sheep typically show a clear winter-
spring peak that is aligned well with diet quality patterns.  Two studies have produced excellent 
data on birthing dates for telemetered female bighorn sheep.  In the Sonoran Desert of 
southwestern Arizona, Witham (1983) found a January - February birthing peak, with about 76% 
of 215 lambs born during January-March over a 4-year period.  In the Sonoran Desert Peninsular 
Ranges of California, Rubin et al. (2000) recorded a consistent birthing peak in March for 133 
lambs born over a 4-year period.  This latter pattern is representative of the eastern Mojave 
Desert of California (Wehausen 1991), where the birthing peak occurs in March and April. 

Peak diet quality mostly occurs in April in the region of this study.  Consequently, there 
is a tendency for the peak of birthing to occur somewhat earlier than the peak in nutrient 
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availability.  There is a good reason for this.  The survival of lambs to summer is strongly 
influenced by the amount of body growth they put on in spring (see below).  The earlier they are 

born, the more body mass they can 
accumulate during the spring 
growing season before diet quality 
plummets in late spring.  However, 
the earlier the births, the higher the 
probability that diet quality will be 
insufficient for females at the end of 
gestation and early lactation.  What 
mediates these opposing forces is the 
body condition of females.  Females 
in better condition can ovulate earlier 
and potentially use their body 
reserves to get through a period of 
insufficient nutrient intake 
(Wehausen 1984).  Cook et al. 
(2004) documented this relationship 

between body condition and ovulation date for elk.  Witham (1983) found birthing peaks to shift 
between January and February in different years.  I have observed similar shifts of a month in the 
eastern Mojave Desert of California.  Those year-to-year shifts probably reflect differences in 
body condition of females the previous year. 

Witham (1983) and Rubin et al. (2000) both documented tails of the birthing curve that 
extend into summer.  This also occurs in the eastern Mojave Desert.  However, this distribution 
tail amounts to a small proportion of lambs produced.  July-September births accounted for less 
than 2% of the births in Arizona (Witham 1983) and less than 5% in the Peninsular Ranges 
(Rubin et al. 2000).  Using total length of the birthing season as the basis of hypotheses on 
reproductive strategies of desert bighorn sheep is therefore inappropriate given this lack of 
uniformity in the distribution of births within those periods.   

The characterization of protracted birthing seasons of desert bighorn sheep as an abrupt 
latitudinal change from the northern pattern (Bunnell 1982) does not accurately represent the 
geography of this phenomenon.  The timing of the beginning of the birthing season is a 
parameter of considerable importance in that it largely sets the length of the birthing season.  The 
beginning of the birthing season shows clinal change from hot to cold desert ecosystems.  For 
monthly categories, this initiation varies from November in the hot Sonoran Desert to (late) April 
in the southern Great Basin Desert (Table 2).  Data are mostly lacking from further north in the 
heart of the cold desert, where native sheep appear not to begin birthing until May (Wehausen 
1991).  Thus, the more northern desert regions exhibit relatively short birthing seasons that are 
northern in character.  However, the change in the initiation of lambing seasons is not strictly 
latitudinal (Table 2); instead, it simply reflects habitat differences such as elevation.  The San 
Gabriel Mountains on the north side of the Los Angeles Basin is a prime example of this (Table 
2).  
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Results of translocations of bighorn sheep suggest that different birthing seasons across 
the desert region may have a strong genetic basis.  The Nevada Department of Wildlife has 
moved sheep from the southern warm-desert end of that state to northern cold desert ecosystems, 
where the early (February) initiation of birthing has persisted, but is about 3 month earlier than 
would be appropriate for the ecosystem to which they were moved (Wehausen 1991).  Similarly, 
sheep moved from the Corn Creek pens at the Desert Game Range in Nevada to the Los Angeles 
Zoo maintained an intermediate timing of birthing initiation (Hass 1993). 
 
Table 2.  Month in which the birthing season begins for some native bighorn sheep populations in the 
southwestern United States. 
 
 
Population   Latitude Beginning Month  Source 
 
SW Arizona      33       November   Witham 1983 
Old Woman Mts., CA     34.5       December   pers. obs. 
Marble Mts., CA     34.5       January   Wehausen 1991 
Peninsular Ranges, CA    33       February   Rubin et al. 2000 
Old Dad Mt., CA     35       February   pers. obs.  
River Mts., NV     36       February   Hass 1993 
Inyo Mts., CA      37       March   pers. obs. 
Corn Cr., NV      37       March   Hass 1993 
Canyonlands, UT     38.5       March   Douglas 1991 
San Gabriel Mts., CA     34.5       April   Holl and Bleich 1983 
White Mts., CA     37.5       April   Wehausen 1991 
Sierra Nevada, CA     37       April   Wehausen 1991 
 
 

Rather than a gambling strategy, the protracted birthing season of bighorn sheep in warm 
and hot desert regions is probably due to relaxed selection.  I suggest that the operative variable 
is temperature.  While annual temperature regimes underlie patterns of plant phenology and 
nutrition (Figure 4), temperature also affects the risk of losing a newborn to hypothermia 
(Bunnell 1980).  This latter selective constraint on the birthing season declines from cold 
northern and high mountain ecosystems to hot deserts, effectively disappearing in the hot 
Sonoran Desert.  A related phenomenon is that in warmer environments adult females in poorer 
body condition can more readily survive the winter cold season because less fat will be needed to 
maintain body temperature.  This also means that the acceptable ratio of allocation of resources 
between body maintenance and current reproductive effort can shift in favor of reproduction.  
This would allow females to successfully give birth earlier and still meet overall nutrient needs 
even when conditions are not optimal. 

The probability of a lamb surviving to adulthood is greatly influenced by the timing of its 
birth; thus, natural selection can be expected to closely tailor lambing seasons.  Relaxed selection 
relative to birthing seasons means that lambs born over long time periods in warm desert 
environments all have a high enough probability of surviving and reproducing that natural 
selection has not censored any part of those time periods, as it has in colder climates.  The lack 
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of uniformity in the distribution of births across those time periods, however, points to variation 
in the probability of lambs born at different times surviving to adulthood. 

The advantage of longer birthing seasons lies with flexibility.  There appears to be a 
threshold body condition that females must reach for ovulation to occur.  In northern 
environments with short birthing seasons, there is a short time window in which that can occur.  
If conception fails after the first ovulation, there is unlikely to be more than a second opportunity 
for a female to conceive where birthing seasons are short (Bunnell 1980).  If conception does not 
occur during the breeding season, a female must wait nearly a year until the next one.  In 
contrast, the long breeding season of sheep in warmer desert environments provides considerably 
more opportunity for females to gain the necessary body condition to ovulate and to ovulate 
numerous times until conception occurs if necessary.  Long breeding seasons mean that the 
period between consecutive births can vary considerably in both directions from 1 year, as 
mediated by prior nutrient intake and expenditures.  For bighorn sheep in the Sonoran Desert of 
Arizona, Witham (1983) reported the period between consecutive births to vary from 279 to 446 
days.  In short, the flexibility afforded by longer birthing periods gives females the opportunity 
to produce more offspring in a lifetime. 

 
Nutrient Availability and Lamb Survival 

The variance among years in diet quality for bighorn sheep in the Mojave Desert has 
important implications for lamb survival.  The primary loss of lambs occurs prior to summer.  
Unless a water source dries up during the hot season, there is almost no loss of lambs between 
late spring and fall (unpubl. data).  However, depending on diet quality, there can be a large loss 
of lambs prior to the hot season.  That loss exhibits an interesting relationship with diet quality 
that indicates 2 opposing factors are operating on lamb mortality.  Up to a February-June diet 
quality value of almost 1, spring lamb recruitment increases linearly with increasing diet quality, 
as expected.  However, this relationship reverses sharply with higher diet qualities (Figure 8).  
The point of change corresponds to 23.4 cm of October-April rainfall at Mitchell Caverns.  The 
year 1990 is a notable outlier in this relationship (Figure 8) and is treated as such.  That year was 
the second of 2 consecutive years of low rainfall in the growing season, which likely accounts 
for its outlier status. 

The pattern in Figure 8 is consistent with similar patterns previously elucidated (unpubl. 
data).  In the initial years of this research, bighorn sheep in the Old Woman and Marble 
Mountains suffered from a disease syndrome that killed most lambs during spring.  During those 
disease episodes, the relationship between lamb recruitment and February-June diet quality for 
both populations was the same pattern as Figure 8, except that the meeting of the two curves was 
shifted greatly to the left to where the peak lamb recruitment was only 30 lambs:100 ewes, 
compared with 61:100 in Figure 8. 

The disease syndrome that previously affected the sheep in the Marble and Old Woman 
Mountains is poorly understood, but is conjectured to have a virus as the ultimate cause, similar 
to what affected the bighorn sheep in the Peninsular Ranges of California for numerous years 
(Wehausen et al 1986, DeForge et al. 1995).  The lamb recruitment patterns in the Marble and 
Old Woman Mountains during those disease episodes were consistent with an insect vectored 
virus, such as bluetongue.  While diet quality of sheep benefits from increasing growing season 
precipitation (Table 1, Figure 7), so do insect populations.  It is possible that the declining lamb 
recruitment phase in Figure 8 is also due to a disease that is adequately spread among sheep by 
arthropods only during very wet years. 
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There appears to be a linear increase in spring lamb recruitment relative February-June 
diet quality up to the inflection point (Figure 8).  However, February-June diet quality follows a 
curvilinear relationship with rainfall (Figure 7).  A noteworthy aspect of that curvilinearity is the 
initial steep increase in diet quality with small gains in rainfall.  Thus, small initial increases in 
rainfall translate to large gains in lamb recruitment.   
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Figure 8.  The relationship between lamb recruitment rate 
in early summer and winter-spring diet quality for bighorn 
sheep at Old Dad Mountain, California. 

Conclusions 
Like most scientific questions, it 

is important to break the concept of 
resource predictability into its 
constituent components (Colwell 1974).  
For nutrient availability to desert 
bighorn sheep, temporal predictability 
should be distinguished from amplitude 
predictability.  For the Mojave Desert 
ecosystems studied here, the temporal 
predictability of nutrient availability for 
bighorn sheep is high.  The primary 
growing season occurs consistently in 
winter and spring, a timing that reflects 
both temperature and precipitation 
patterns.   

The timing of births matches that 
pattern of nutrient availability, contrary 
to the common explanation that the long 

birthing seasons of desert bighorn sheep are a gambling strategy response to an unpredictable 
environment.  There is also a lack of support for the idea that there is an abrupt change from 
northern short birthing periods to long birthing seasons in desert bighorn sheep.  Instead, the 
evidence suggests that the birthing season of desert bighorn sheep varies according to habitat, 
from long seasons in the southern hot desert to short seasons typical of northern environments in 
the cold desert of the Great Basin.  A key variable in this variation is the timing of the beginning 
of the birthing season, which varies from November in the hot Sonoran Desert to May in the 
Great Basin Desert. 

The unpredictable aspect of nutrient availability for bighorn sheep in the eastern Mojave 
Desert is the amplitude of the winter-spring growing season.  While geographically consistent, 
the amplitude of the spring peak varied considerably from year to year.  That variation is driven 
by the amount of rainfall during October-April.  Rainfall at different times of year has decidedly 
different effects on diet quality of sheep.  This is even the case within the October-April period, 
with rainfall in the earlier part of that period having a greater effect on diet quality than later 
rainfall.   Temperature plays a strong role in how rainfall affects subsequent diet quality of sheep. 

October-April rainfall probably has a small effect on the timing of the birthing season the 
following year through its effect on subsequent body condition of females and the effect of body 
condition on timing of ovulation.  In contrast, the amount of rainfall during October-April has a 
major effect on the survivorship of lambs to summer.  That relationship is more complex than 
expected, with strong gains in survivorship up to about 23 cm of rainfall, but decreasing 
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survivorship associated with rainfall beyond that amount.  This phenomenon deserves further 
research attention. 

The data sets used here allowed analyses of patterns of nutrient availability because of 
their length (15-18 years).  However, because each year represents but a single data point for 
most analyses, in some ways these data sets allow only the beginning of an understanding of the 
complexities of this ecosystem.  Additional decades of data would allow considerable refinement 
of that understanding.  
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Opportunities to quantitatively assess responses of ungulates to
mineral extraction have been limited.  Reasons for this dearth of research
include a lack of adequate funding, available personnel, and logistical
constraints.  In 1992, a request was submitted to the Bureau of Land
Management by a mining company for permission to extract and process
gold ore in the Panamint Range, Inyo County, California, near a spring
presumed to be critically important to mountain sheep, Ovis canadensis.
Ensuing compliance with the National Environmental Policy Act resulted
in funds to monitor effects of mining activities on mountain sheep inhabiting
that area.  Because funding was not released until ~8 months prior to
construction and operation of the mine, we were unable to adequately
address the pre-mining ecology of sheep in the “affected” area.  We
therefore employed a simultaneous treatment-control study designed to
test several hypotheses regarding effects of mining activities on habitat
selection, demographics, home-range dynamics, foraging activities, and
composition and quality of diet for mountain sheep during 1995-1997.
During our 3-yr study, we radiocollared and monitored 86% (n = 19) of all
adult female sheep known to exist within the mined (treatment) and
nonmined (control) areas. Size of annual home ranges, composition of diet,
and ratios of young to adult females did not differ between female sheep
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inhabiting mined and nonmined areas.  The nonmined area contained more
annual plants, succulents, and perennial forbs than did the mined area,
whereas abundance of shrubs, quality of forage, and relative abundance
of carnivores did not differ between sites.  During spring, female sheep
adjacent to the mine spent more time foraging and had a lower-quality diet
than those in the nonmined area.  Conversely, during summer and autumn,
female sheep from the mined area spent less time foraging than those in
the nonmined area, but continued to have a lower-quality diet.  All females
were nearest water in summer compared with other seasons.  During all
seasons, females selected sites with more mixed-woody scrub, lower
elevations, steeper slopes, and less visibility than available at random
locations.  We observed the greatest disparities between study areas in
time spent foraging and diet quality during summer.  In summer, females
from the mined area were nearest to the mine; amount of explosives used,
frequency of blasting, and amount of ore hauled from the mine were
greatest during that period.  Because of their reliance on a source of
permanent water adjacent to the mine during summer and autumn, we
hypothesize that female sheep from the mined area spent more time
vigilant during those seasons and, consequently, less time foraging than
conspecifics in the nonmined area.  If outcomes we observed persist for
mountain sheep in the mined area, reduced nutrient intake could have
demographic consequences for that subpopulation.  Thus, providing a
reliable source of water away from the mine, or reducing mining activity
during summer, may benefit mountain sheep that currently use areas
adjacent to the mine.

INTRODUCTION

Among ungulates, exposure to human activities has been linked to temporary
abandonment of areas of traditional use (Kuck et al. 1985, Bleich et al. 1994), shifts in
centers of activity (Van Dyke and Klein 1996), and localized extirpations (DeForge et
al. 1981).  Quantitative data regarding effects of mineral extraction on mountain sheep,
Ovis canadensis, however, are few.  Some researchers have investigated responses of
mountain sheep to activities typically associated with mining (e.g., helicopter
disturbance—Stockwell et al. 1991, Bleich et al. 1994; human disturbance—Hicks and
Elder 1979, Leslie and Douglas 1980, Krausman and Etchberger 1995, Papouchis et al.
2001; and water development—Krausman and Etchberger 1995), but those authors did
not address the issue of mining activities and their effects on mountain sheep.

We studied the ecology of female mountain sheep adjacent to a heap-leach gold
mine in the Mojave Desert.  We measured variables from two subpopulations of female
sheep inhabiting distinct geographic areas within a single mountain range (i.e., mined
and nonmined) to test hypotheses regarding potential influences of mining on habitat
selection, home-range dynamics, and foraging ecology of those large herbivores.  We
predicted that if mining had no effect on sheep, there would be no differences in
selection of habitat and size of home ranges between females occupying those two
areas.  We also predicted that after considering potential influences of resources and
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predators, female sheep would select habitat in a manner similar to that of sheep from
the nonmined area, if there were no effects of mining activities.  Among mountain sheep,
vigilant behavior increases in areas with low levels of visibility (Risenhoover and Bailey
1985, Frid 1997, Rachlow and Bowyer 1998), and is affected by the presence of perceived
threats (Berger 1978, Festa-Bianchet 1988, Berger 1991, Stockwell et al. 1991)—such
behavior reduces time spent foraging, and might result in differences between mined
and nonmined areas. Therefore, if mountain sheep near the mine were unaffected by
mining activities, we hypothesized that after considering availability of forage, there
would be no difference in time spent foraging between areas.  Further, if quality of forage
differed between sites, we predicted that individuals consuming lower-quality forage
would spend more time foraging to meet their nutrient requirements (Leslie and Douglas
1979).  Finally, if abundance of predators differed between areas, we predicted that after
considering availability and quality of forage, mountain sheep in areas with more
predators would spend more time vigilant (Berger 1978, Rachlow and Bowyer, 1998)
and, consequently, less time foraging (Molvar and Bowyer 1994, Bowyer et al. 2001).
Effects of mining cannot be addressed or mitigated without considering influences of
these factors on the ecology of free-ranging mountain sheep.

METHODS

Study Area

Our study was conducted in the Mojave Desert on the west-facing slope of the
Panamint Range, Inyo County, California, USA (Fig. 1).  The subpopulation of female
sheep living near the mine was centered on Redlands Spring (36°56’37”N, 117°10’43”W)
in the southern end of our study area, whereas the center of our control population (i.e.,
nonmined) was located ~22 km to the north (37°09’34”N, 117°09’50”W) (Fig. 2).

Elevations range from 305 m on the valley floor to 3,368 m at Telescope Peak.  Mean
(+ SE) annual rainfall from 1911 to 1994 at the weather station ~30 km from our study
site (Greenland Ranch-Furnace Creek, California) was 4.7 + 0.33 cm, and temperature
was highly variable; daytime high temperatures ranged from >40°C during summer
(May-August), to -7°C during spring (January-April, Fig. 3; Death Valley National Park
Service files).  We used climatological data collected from Greenland Ranch-Furnace
Creek, and data on timing of parturition (Welles and Welles 1961) to define three
seasons.  Spring was 1 January-30 April, which incorporated most of parturition, and
was typified by cool temperatures (0 = 25° + 5.7°C) and relatively greater precipitation
(0 = 0.59 + 0.99 cm) than other seasons.  Summer was 1 May-31 August; that period
was extremely hot (0 = 43° + 3.8°C) with low rainfall (0 = 0.21 + 0.51 cm).  Autumn (and
the concomitant mating season) extended from 1 September to 31 December, and was
characterized by cooler temperatures (0 = 29° + 9.9°C), and lower precipitation than
spring (0 = 0.37 + 0.77 cm).

Six vegetation communities were delineated within the study area from a LANDSAT-
TM scene with cells of 25-m resolution: 1) alkali playa (305 m elevation), which occurred
on relatively flat areas of the valley floor; 2) desert saltbush, Atriplex canescens, scrub,
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Fig. 1.  Location of our study areas in the Panamint Range, Inyo County, California, USA, 1995-
1997.
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Fig. 2.  Telemetry locations of female mountain sheep, and 95% adaptive kernel polygons for
populations of sheep from mined and nonmined areas in the Panamint Range, Inyo County,
California, USA, 1995-1997.
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which was adjacent to playas and characterized by microphyllous shrubs; 3) creosote
bush, Larrea tridentata, scrub, which occurred from 300 to 1,640 m elevation; 4) Mojave
mixed woody-scrub (1,400-2,300 m elevation), with shadscale, A. confertifolia, and
blackbush, Coleogyne ramosissima, as predominant species; 5) Mojave-woodland
scrub (2,300-3,300 m elevation), which was dominated by pinyon pine, Pinus monophylla,
and juniper, Juniperus osteosperma; and 6) bristlecone pine, Pinus longaeva, forest,
which occurred at elevations >3,300 m.  There were 9 and 13 permanent springs,
respectively, within mined and nonmined areas.

Mountain sheep occurred in the Panamint Range at relatively low densities (72 adult
females/1,000 km; Oehler et al. 2003); other ungulates that inhabit the area include feral
asses, Equus asinus, and mule deer, Odocoileus hemionus.  Large mammalian carnivores
present include coyotes, Canis latrans, bobcats, Lynx rufus, and mountain lions, Puma
concolor (Welles and Welles 1961).  Nevertheless, predation on desert sheep by those
carnivores was thought to be negligible (Welles and Welles 1961, Weaver1 1972).

Fig. 3.  Climograph of mean monthly temperature and precipitation at Furnace Creek , Inyo County,
California, USA, 1911-1994.

1Weaver, R. A.  1972.  Desert bighorn sheep in Death Valley National Monument and adjacent
areas.  California Department of Fish and Game Wildlife Management Administrative
Report 72-4.
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Most lands within the study area were administered by the U.S. National Park
Service or the U.S. Bureau of Land Management and, as a result of the California Desert
Protection Act of 1994, most roads in this area were closed to motorized vehicles.  The
few roads not included in wilderness areas were accessible only by four-wheel drive
vehicles; access was extremely limited. During the cooler portions of the year (November-
March), roads open to the public were used by 10-15 vehicles/weekend, and 5-10 hikers/
week, whereas in summer vehicular traffic and hiking in those areas was rare (D. Brenner,
National Park Service, personal communication).

In December 1995, Canyon Resources Corporation began construction of an open-
pit gold mine (hereafter the Briggs Mine) near Redlands Spring (Fig. 2); excavation,
crushing, and on-site processing of ore began in March, July, and October 1996,
respectively.  The Briggs Mine was projected to process ~19.3 million metric tons of
ore on site during the 7-year life of the mine, and to disturb 1,333 ha of land within the
2,350-ha project area.

Capture and Aerial Telemetry of Mountain Sheep

We captured adult (>1 yr old) female sheep during June and October 1995, June 1996,
and January 1997 with a helicopter and net-gun (Krausman et al. 1985a); all aspects of
animal handling complied with protocols set forth by the California Department of Fish
and Game (Jessup et al.2 1986), and were consistent with methods adopted by the
American Society of Mammalogists (Ad Hoc Committee on Acceptable Field Methods.
1987).  We categorized all females and young observed or captured during fieldwork
as adults or young (individuals of either sex <1 yr old).  We fitted sheep captured in
June 1995 with standard VHF telemetry collars (Telonics®, Mesa, Arizona), and animals
captured during subsequent efforts with activity-sensing collars (Advanced Telemetry
Systems®, Isanti, Minnesota).

We attempted to locate all radiocollared sheep weekly during June, July, and
August, and in alternate weeks during the remainder of the year using a fixed-wing
aircraft (Krausman et al.3 1984).  We located collared sheep between 0900 and 1400 h,
Pacific Standard Time, and locations were estimated with either LORAN-C or Global
Positioning System (GPS) instruments aboard the aircraft.  Because of error associated
with LORAN-C (Jaeger et al. 1993, Oehler et al. 1996), we derived a correction factor
(Patric et al. 1988) to adjust geographic coordinates obtained using that technology.
On average, coordinates obtained from LORAN-C technology indicated the aircraft
was 41 m west and 127 m north of the target.  Global Positioning Systems are less subject
to geographic variability in accuracy than LORAN-C (Leptich et al. 1994), and we did

2 Jessup, D. A., W. E. Clark, and M. A. Fowler.  1986.  Wildlife restraint handbook.  Third edition.
California Department of Fish and Game, Rancho Cordova, California, USA.

3 Krausman, P. R., J. J. Hervert, and L. L. Ordway.  1984.  Radio tracking desert mule deer and
bighorn sheep with light aircraft.  Pages 115-118 in Deer in the southwest: a workshop (P.
R. Krausman and N. Smith, editors.).  School of Renewable Natural Resources, University
of Arizona, Tucson, USA.
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not correct sheep locations obtained via GPS.  Accuracy of telemetry locations was 177
m (i.e., a circle with radius of 177 m) for an investigation of mule deer in the San
Bernardino Mountains, California (Nicholson et al. 1997). Because we used the same
pilot as Nicholson et al. (1997) for our flights, we reasoned that the error within our study
area would be similar.  To be conservative, and because we occasionally used another
pilot, we increased the radius of the circle to 200 m.

Habitat Analyses

Unless specifically indicated, hereafter our references to “habitat” are general in
nature and apply to the suite of variables we analyzed relative to locations of sheep (e.g.,
slope, aspect, viewshed, vegetation communities, etc.).  We tested locations for each
animal for lack of independence with the multiresponse-sequence procedure (MRSP)
of BLOSSOM statistical software (Solow 1989, Slauson et al.4 1991) and eliminated
locations until no significant (P > 0.05) autocorrelation was detected (Nicholson et al.
1997).  We pooled telemetry locations of female sheep by area (mined vs. nonmined)
to define areas of available habitat and used the program CALHOME (Kie et al. 1996)
to construct a 100% minimum convex polygon around those locations.  Resulting
polygons were buffered by 1,000 m to account for undetected movements (Bleich et
al. 1997), and to avoid biases in assessing habitat selection from only within the home
ranges of sheep (Kie et al. 2002).  We then generated random locations within each
buffered polygon with the same frequency as sheep locations used to construct that
polygon. Next, we used a Geographic Information System (GIS; ARC/INFO®,
Environmental Systems Research Institute, Redlands, California) to generate a circle
with a radius of 200 m around each sheep (i.e., potential telemetry error) and random
location; area within those circles was used to calculate relative use and availability of
habitat attributes (Andrew et al. 1999, Nicholson et al. 1997).

We generated a three-dimensional model of terrain for the study area from USGS
7.5’ digital elevation models (DEM) with 30-m resolution using the GRID module of
ARC/INFO.  The DEM provided information on elevation, slope, and aspect associated
with each telemetry location.  Because resolution of the DEM was 30 m, the radius of
the circle used to assess associated features was 210 m (i.e., 30 m x 7 pixels).  We used
the product of the SD of slope and the mean angular deviation of aspect inside each
circle as an index to terrain diversity (Nicholson et al. 1997). We used the GIS to estimate
visibility (i.e., the viewshed) from each female sheep and random location to examine
the role of visibility in habitat selection among female sheep.  The GIS calculated the
two-dimensional area that would be visible from a height of 1 m (approximate eye-level
of a sheep) within a circle having a radius of 1,000 m.

A GIS layer of vegetation communities was developed for the study area from the
LANDSAT-TM scene.  Because alkali playa, desert-saltbush scrub, and the bristlecone-

4 Slauson, W. L., B. S. Cade, and J. D. Richards.  1991.  User’s manual for BLOSSOM statistical
software.  United States Fish and Wildlife Service, National Ecology Research Center, Fort
Collins, Colorado, USA.
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pine forest represented <0.5% of the available plant communities, and because female
sheep were not located in those vegetation types, we eliminated them from further
consideration.  We also digitized the locations of roads and springs from USGS 7.5’
quadrangle maps to evaluate those factors relative to use of habitat by sheep.

We used stepwise logistic regression (PROC LOGISTIC; SAS Institute Inc. 1997)
with an α-to-enter and stay of 0.15 (Agresti 1990) to identify variables that might be
important in differentiating random locations from those used by sheep (Nicholson et
al. 1997).  For our habitat analyses, we treated the individual animals as our sampling
unit to eliminate inflated sample sizes associated with using individual telemetry
locations as sampling units.  Using variables selected by logistic regression, we
calculated a vector of means for each female sheep during each season (i.e., three
vectors for each female).  Because availability of the habitat variables we measured does
not change by season, we calculated a single vector of means for those variables at the
random locations in each of the mined and nonmined areas.  Finally, we generated a
vector of differences for each female sheep during each season (i.e., sheep minus the
random vector from its corresponding area); resulting vectors became dependent
variables in a two-way multivariate analysis of variance (MANOVA; Johnson and
Wichern 1988) to test hypotheses regarding selection of habitat.  Main effects in the
habitat model were area (mined and nonmined) and season (spring, summer, and
autumn); significance of the model was determined with Wilks’ lambda (Johnson and
Wichern 1988).  We determined selection or avoidance of habitat variables following
the methods of Nicholson et al. (1997) and Bowyer et al. (1999).  Additionally, we used
a two-way ANOVA (random vs. sheep location, and season, as main effects) to compare
distances from the Briggs Mine to sheep locations in mined and nonmined areas.

Home-range Analyses

Prior to calculating adaptive-kernel home ranges for each female sheep, we used
CALHOME to estimate the parameter for the optimum smoothing of the 95% adaptive
kernel for that sheep (Worton 1989, Kie et al. 1996).  Next, we calculated 95% adaptive-
kernel home ranges based on 60-120% (in increments of 10%) of that smoothing
parameter; the value that minimized the least squares cross-validation score for each
individual data set was then used as the smoothing parameter for calculating 95, 50, and
10% adaptive-kernel home ranges for that animal (Kie et al. 1996).  We considered the
10% adaptive-kernel home range to be the center of activity for a particular sheep; we
then used the GIS to measure distances from that centroid of the home range to
permanent springs and roads.

To determine if we had an adequate number of locations to estimate home ranges
for each mountain sheep, we first plotted the area within 95% adaptive-kernel home
range against cumulative sample size, and then estimated the sample size necessary to
compute the home range using the nonlinear procedure in SPSS (SPSS Inc. 1993): home-
range size = A(1 - ebn), where A is the asymptote of the equation, e is the base of the
natural log, n is the sample size, and b is a constant.  Data sets that did not attain 90%
of that asymptotic value were eliminated from further analyses (Nicholson et al. 1997).
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We tested hypotheses regarding home-range size with data from seasons combined,
because of inadequate numbers of locations within seasons.  We analyzed size of home
ranges using a two-sample t-test, and a one-way analysis of covariance (ANCOVA)
with area as the main effect, and distances from the center of activity to nearest spring
and road as covariates.  We used the multi-response permutation procedure (MRPP)
of BLOSSOM statistical software (Slauson et al.4 1991) to test our assumption that
sheep assigned to mined and nonmined populations inhabited unique geographic
areas.

Foraging Behavior

We collected data on head position (i.e., up vs. down) of female mountain sheep
fitted with activity collars (mined, n = 8; nonmined, n = 10) via two remote recording
stations (Receiver Model 2100, Data Logger Model DCC-5400, Advanced Telemetry
Systems, Isanti, Minnesota) deployed from March 1996 to September 1997.  The
telemetry frequency of each sheep was scanned at 15-min intervals until either that
frequency was received and a pulse rate could be ascertained, or for a maximum of 1
min.  If that frequency was not received within 1 min., the datalogger proceeded to the
next frequency in its memory and repeated the previously described process.  Each time
a frequency was received and a corresponding pulse rate was determined for that
frequency, that observation (i.e., an instantaneous scan; Altmann 1974) was coded as
either head-up or head-down; the resulting data were then pooled by individual animal
at 1-hour intervals.  We used a two-sample Z-test for proportions (Remington and
Schork 1970) to evaluate the ability of the recording system to correctly quantify the
proportion of time an animal spent with its head in a particular position, and to compare
the proportion of time spent feeding with the position of the head.  We further evaluated
bias of the recording system following the methods of Hansen et al. (1992).

We conducted validation tests for concordance between direct visual observation
and the recording system at the Bighorn Institute, Palm Desert, California, USA.  One
desert sheep was fitted with an activity collar (Advanced Telemetry Systems, Isanti,
Minnesota), and the position of its head was recorded every 30 seconds using our
electronic system.  We conducted instantaneous-scan sampling (Altmann 1974)
simultaneously with the collection of electronic data to serve as a measure of the “true”
activity of the collared animal at that instant; we recorded head position (up or down)
and the activity in which the animal was engaged (e.g., feeding, bedded, walking, etc.)
at the same time the datalogger recorded its observation.  We used data on head
position to test the system for accuracy, whereas information on feeding was used to
establish a relationship between head position and time spent feeding (Bradshaw et
al. 1997).  During validation of data collection by our remote system, the proportion of
head-up and head-down observations recorded by the datalogger and the observer (n
= 1,277) did not differ (Z = 0.775, P = 0.441); the recording system underestimated head-
down positions by 1.2%.  Additionally, no significant difference existed in the
proportion of time in the head-down position (as indexed by the recorder) and the
proportion of time spent foraging in direct observations (Z = 0.163, P = 0.873).  Bias
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associated with foraging was minimal with the electronic system, which overestimated
observed foraging by 0.2%; consequently, we assumed that a head-down signal
indicated a foraging animal, whereas a head-up signal was consistent with activities
other than foraging.

Response to Blasting

Because we knew the days on which blasting occurred at the Briggs mine, we used
days since blasting as our measure of response to that potential disturbance.  We used
a weighted mixed-model ANOVA (PROC MIXED; SAS Institute Inc. 1997) to test for
the effect of blasting on head position (i.e., foraging vs. nonforaging); this model is
appropriate when data contain both fixed and random components, and exhibit
heterogeneous variances (SAS Institute Inc. 1997).  Number of observations for each
female during a particular day and hour were used to weight proportional data.  Fixed
effects were area, season, number of days since blasting (day of the blast, 1-3 days post-
blasting, and >3 days post-blasting), and time of day (0100-0459, 0500-0859, 0900-1259,
1300-1659, 1700-2059, and 2100-0059 h).  Individual animals (nested within area) were
considered a random component, and were included to account for individual variation
among animals; interactions incorporating that term also were considered random
effects (SAS Institute Inc. 1997).  The interaction season H time period H animals nested
within area was used to test for differences between areas resulting from ecological
processes (i.e., seasonal and diurnal patterns), whereas days since blasting H time
period H animals nested within area was used to test for effects of blasting.

Forage Abundance and Quality

We quantified vegetation using step-point sampling along 100-m transects that
were located randomly (Bowyer and Bleich 1984, Bleich et al. 1997) within mined and
nonmined areas.  We compared relative abundance between those areas using
MANOVA and univariate F-tests.  Samples of 12 forage species (five samples/species/
area/month), consumed by mountain sheep (Bleich et al. 1992), were collected from July
1995 to June 1996 for analyses of percent crude protein (nitrogen H 6.25), in vitro dry
matter digestibility (IVDMD), and moisture content following the methods of Bleich et
al. (1992).  Species of perennial forbs sampled were desert mallow, Sphaeralcea
ambigua, desert trumpet, Eriogonum inflatum, and Rixford eriogonum, E. rixfordii.
Perennial grasses were needlegrass, Stipa speciosa, and three-awn, Aristida glauca;
representative species of shrubs included bedstraw, Galium stellatum, burro-weed,
Ambrosia dumosa, desert holly, Atriplex hymenelytra, brittle bush, Encelia farinosa,
Mormon-tea, Ephedra nevadensis, California buckwheat, Eriogonum fasciculatum,
and mesquite, Prosopis glandulosa.

We analyzed IVDMD and moisture of perennial forbs and shrubs separately using
three-way ANOVA (main effects were area, season, and forage class).  Crude protein
of perennial forbs and shrubs was analyzed with a three-way ranked ANOVA (Conover
and Iman 1981) with the same factors.  Because of nonconstant variances when grass
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was incorporated into the overall model, that forage class was analyzed separately with
a two-way ANOVA (area and season as main effects).

Diet Quality and Composition

We used a combination of telemetry (aerial and ground-based) and field observations
to locate female groups for collection of fresh fecal pellets (i.e., <1-week-old) each month
(June 1995-September 1997) within our study areas.  We collected samples on
approximately the same date each month, and stored them appropriately (Jenks et al.
1990) prior to conducting analyses.  Because the California Department of Fish and
Game had collared adult males (n = 10) in our study area as part of another project, we
were able to use telemetry and direct observation to avoid areas inhabited predominantly
by males (Bleich et al. 1997), thereby avoiding biases that might be introduced if we
included their samples in our analyses.  We attempted to collect >5 pellet groups (25
pellets per group) from each area each month.  We determined percent fecal nitrogen
for each sample as described previously for forage samples; this measure provided an
index to diet quality (Bleich et al. 1997).

We used composited fecal samples (Bleich et al. 1997) collected between June 1995
and August 1996 to index composition of diets.  Species of plants in fecal samples were
determined at the Forage Analysis Laboratory, University of Arizona, with the
microhistological technique described by Sparks and Malechek (1968).  Plant fragments
were categorized as perennial forbs, perennial grasses, shrubs, or succulents for
statistical analyses (Bleich et al. 1997).  Diet composition was analyzed with a two-way
MANOVA with forage classes as dependent variables and area and season as main
effects, whereas fecal nitrogen was evaluated with a two-way ANOVA with area and
season as main effects.

Additional Analyses

We indexed relative abundance of carnivores on each area by noting when they
were encountered during helicopter flights, and by collecting carnivore feces in the
field.  Feces were enumerated and pooled within each area, and feces per kilometer of
line transect for each area was compared with a t-test (Bleich et al. 1997).

We compared the ratios of young to adult females observed during fieldwork and
helicopter surveys using a binomial approach (Bowyer 1991).  We calculated 95% CI
for estimates, and compared ratios between areas for a particular period with the 95%
CI; where CI overlapped, we assumed the ratio of young to adult females did not differ
during that period (Bowyer 1991).

When multi-factor ANOVA was employed, all individual factor levels and their
interactions were evaluated; significant models (P < 0.05) were explored further with
Tukey’s honestly significant difference (HSD) to determine where differences occurred.
We analyzed data using the software PC SAS (SAS Institute Inc. 1997) and SPSS
(Statistical Package for the Social Sciences 1993).  We used a Bonferroni correction
(Kleinbaum et al. 1988) when conducting multiple comparisons.  We examined
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assumptions of each statistical test and transformed data as necessary to meet those
assumptions.  Bivariate correlations were evaluated with a Pearson product-moment
correlation (Zar 1984). An α = 0.05 was adopted for all tests.  Unless otherwise noted,
we present means and standard errors for descriptive statistics.

RESULTS

Capture and Aerial Telemetry

We captured 8 female sheep (5 in 1995 and 3 in 1996) in the mined area, and 11 (8
in 1995 and 3 in 1996) in the nonmined area; no deaths of animals occurred during our
capture efforts.  During 45 h of extensive capture and survey efforts with a helicopter,
we observed only 22 individual adult females within the specific area encompassing
both study sites (Fig. 2), of which 19 (86%) were radiocollared during some portion of
this study.  We conducted 70 telemetry flights during June 1995-October 1997; female
sheep were located 653 times (340 on the mined and 313 on the nonmined areas); the
number of locations/female was 48.6 + 5.8 on the mined and 39.1 + 3.9 on the nonmined
area. Additionally, our initial assignment of females to discrete populations (Fig. 2; i.e.,
mined or nonmined) was supported by their differing spatial distributions (MRPP; δ =
-124.340, P < 0.001).

Habitat Selection

Number of independent locations per female sheep in our analyses was 43.3 + 4.4
in the mined and 34.1 + 3.8 in the nonmined areas.  The logistic-regression model, which
exhibited good fit (X2 = 4.54, P = 0.85), identified four variables as useful in distinguishing
between random sites and those used by female sheep: percentage of the mixed-woody-
scrub plant community (X2 = 108.80, P < 0.001), elevation (X2 = 17.88, P < 0.001), percent
slope (X2 = 22.89, P < 0.001), and percent visibility (X2 = 3.03, P < 0.001; Table 1).  Females
from mined and nonmined areas, however, did not differ in how they used habitat
(MANOVA, F8,70 = 0.988, P = 0.452).  When compared to random locations, both groups
selected sites in the mixed-woody scrub plant community at lower elevations, on
steeper slopes, and with less visibility (Fig. 4).

Distance to permanent springs did not enter the logistic-regression model; however,
because of an a priori hypothesis concerning its importance to desert sheep, we used
a two-way ANOVA (area and season as main effects) to address that variable.  When
data from both areas were pooled, distance from water to random sites and to those used
by female sheep differed significantly (F5,1151 = 4.34, P = 0.013).  After controlling for
availability of water, female sheep from the mined area were significantly nearer water
than those from the nonmined area during autumn (F1,364 = 9.27, P = 0.002).  During spring
and summer, however, distance to water was not significantly different between areas
(F1,232 = 2.69, P = 0.102 and F1,544 = 0.06, P = 0.799, respectively).  In general, females from
both areas were nearer water than were random locations during summer (Table 1).

Within the mined area, significant differences occurred in the spatial distribution
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Fig. 4.  Selection (used minus available) of habitat variables by female mountain sheep in the
Panamint Range, Inyo County, California, USA, during 1995-1997.  Mixed woody-scrub,
elevation, slope, and visibility were significant variables in a logistic regression model (X 2 = 4.54,
P = 0.85) for differentiating sheep locations from random locations.  P-values for distance to
springs are from ANOVA, and numbers above or below bars represent number of sheep
locations used in that analysis.



CALIFORNIA FISH AND GAME164

of sheep and random locations relative to the Briggs Mine (two-way ANOVA, F5,605 =
19.00, P < 0.001); females were consistently nearer the mine than were random locations
(ANOVA, F1,605 = 67.09, P < 0.001).  Moreover, there were significant differences
between seasons in the distances that sheep occurred from the mine (F2,302 = 6.68, P
< 0.001); female sheep were closer to the mine during summer (2,091 + 166 m) than in
autumn (3,267 + 340 m), whereas during spring they were at an intermediate distance
from the mine (2,975 + 326 m); distance from the mine in spring did not differ from that
in summer.

Home Range

We determined that a mean minimum sample of 26.7 + 2.4 telemetry locations in the
mined (n = 7) and 26.5 + 2.6 in the nonmined (n = 8) areas were required for home range
estimation; four individuals lacked an adequate sample and were eliminated from our
analyses.  Mean sizes of annual home ranges did not differ significantly between areas
(Table 2).  Moreover, sizes of home ranges did not differ after controlling for effects of
distance to the nearest permanent spring (ANCOVA, F1,12 = 0.482, P = 0.501), or road
(ANCOVA, F1,12 = 0.325, P = 0.579).

Table 2.  Size of annual home ranges (ha) of female mountain sheep from mined and
nonmined areas in the Panamint Range, Inyo County, California, USA, during 1995-1997.
P-values from two-sample t-tests are for within-row comparisons of mined versus
nonmined areas.

Area
Nonmined (n = 8) Mined (n = 7)

Home Range Model 0 SE CV 0 SE CV P

Adaptive Kernel
   95% 6,926 834 34 6,222 806 34 0.557
   50% 1,230 193 44 954 118 33 0.260
Min. Convex Polygon
   95% 4,006 445 31 3,467 396 30 0.395

Foraging Behavior

We collected 10,241 and 7,023 h of data on head position (hereafter foraging, or
foraging activity) for sheep inhabiting the mined (n = 8) and nonmined (n = 10) areas,
respectively (Fig. 5).  Number of days since blasting occurred had a significant effect
on the proportion of time that females spent foraging (F4,334 = 17.68, P < 0.001).  When
a reduced model (all main effects and the interaction days since blasting H time period
H animals nested within area) was conducted by season, the three-way interaction was
highly significant during all 3 seasons.  That effect was greatest in summer (Z = 8.07,
P < 0.001), intermediate during spring (Z = 7.49, P = 0.001), and smallest during autumn
(Z = 6.81, P = 0.001).
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Fig 5.  Percent time with the head in a foraging position (indexed by tip-switch collars) for female
mountain sheep from mined and nonmined areas in the Panamint Range, Inyo County, California,
USA, during 1996-1997.  Value of bars (+ 1 SE) are least-squares means from mixed-model
ANOVA (PROC MIXED; SAS 1997); numbers above bars are total hours of data collected for
that bar.
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We further examined number of days between blasts for the mined area with a two-
way MANOVA, with days between blasting and amount of explosives per blast as
dependent variables, and season as the class variable.  We noted significant differences
among seasons (F4,400 = 3.58, P = 0.007), which were not the result of differences in the
amount of explosives used per blast during spring (20,462 + 1,362 tons), summer (23,204
+ 905 tons), or autumn (22,020 + 1,280 tons) (F2,201 = 1.61, P = 0.202), but rather number
of days between blasts (F2,201 = 5.76, P = 0.004). There were significantly fewer days
between blasts during summer (1.5 + 0.2) and spring (2.2 + 0.3) than during autumn (3.0
+ 0.4) (F2,203 = 5.76, P = 0.004).  There were 3,397,878 metric tons of ore removed from
the pit during spring, 4,785,498 in summer, and 2,552,166 during autumn.  Amount of
ore hauled each month was positively correlated with tons of explosives used during
that month (r2 = 0.83, P < 0.001).

Forage Abundance

We quantified vegetation on 24 and 36 transects in the mined, and nonmined areas,
respectively (Fig. 6), and documented significant differences between areas in types
of ground cover (F1,58 = 12.21, P < 0.001).  Transects on the nonmined area were
characterized by more annuals (F1,58 = 48.55, P < 0.001), forbs (F1,58 = 7.16, P = 0.009),
and bare ground (F1,58 = 8.41, P = 0.005) than those in the mined area, whereas abundance
of succulents (F1,58 = 3.79, P = 0.056) and shrubs (F1,58 = 0.00, P = 0.99) did not differ
between areas.

Forage Quality

We collected 1,152 forage samples within mined (n = 578) and nonmined (n = 574)
areas.  No significant differences occurred in moisture content of perennial forbs and
shrubs between areas, but differences existed among seasons (F11,191 = 1.88, P = 0.044),
with shrubs possessing a higher moisture content than perennial forbs during spring
(F3,77 = 3.35, P = 0.023; Fig. 7).  Similarly, there were no significant differences between
areas in IVDMD of perennial forbs or shrubs (F1,191 = 2.90, P = 0.090); nevertheless,
IVDMD of perennial forbs and shrubs differed significantly among seasons (F1,191 =
24.62, P < 0.001).  Shrubs had consistently higher IVDMD than did perennial forbs
during spring (F1,77 = 22.15, P < 0.001) and summer (F1,63 = 6.30, P = 0.015), but that
relationship was not as apparent during autumn (F1,49 = 3.30, P = 0.075).  Conversely,
when an overall model considered crude protein of perennial forbs and shrubs, there
were no area or seasonal effects (F11,191 = 0.90, P = 0.546).

When perennial grasses were analyzed separately, there were significant differences
in protein between seasons (F5,23 = 7.52, P < 0.001); further examination revealed
differences were attributable to perennial grasses having higher protein content during
spring in both mined (F2,11 = 6.55, P = 0.017) and nonmined (F2,11 = 9.87, P = 0.005) areas.
Likewise, significant differences occurred in IVDMD (F5,23 = 6.42, P < 0.001) and
moisture content (F5,23 = 4.52, P = 0.008) of perennial grasses from mined and nonmined
areas.  Again, differences were driven largely by the effects of spring; IVDMD was



MOUNTAIN SHEEP AND MINING 167

Fig. 6.  Mean (+ 1 SE) vegetative cover (%) in habitats used by radiocollared female mountain
sheep from mined (n = 24 transects) and nonmined (n = 36 transects) areas in the Panamint
Range, Inyo County, California, during 1995-1997.  Numbers above bars indicate occurrence
(i.e., "hits") of that type of vegetation on all transects, and P-values are from univariate F tests.
Grasses were not detected on transects in either area, and percentage of bare ground was
significantly greater (P = 0.005) in mined (87%) than the nonmined area (81%).

significantly higher (F1,5 = 29.58, P = 0.005) on the mined than the nonmined area (0=
66.4 + 4.7 and ¯x = 42.5 + 5.9%, respectively) during spring.  Moisture content of
perennial grasses did not differ between areas (F2,23 = 2.18, P = 0.157), but was
significantly higher in both areas during spring than in autumn (F2,11 = 7.39, P = 0.013).
Overall, there was a clear trend in both areas for increased quality of forage among all
classes during spring (Fig. 7).

Diet Quality and Composition

We collected 175 individual fecal groups from the mined area and 184 from the
nonmined area for assessing quality of diet.  There were significant area and seasonal
effects on quality of diets (two-way ANOVA; F13,358 = 32.18, P < 0.001; Fig. 8). Female
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Fig. 7.  Percent dry matter crude protein (top), in vitro dry matter digestibility (middle), and moisture
(bottom) content of forage classes  (0 + SE) eaten by mountain sheep in the Panamint Range,
Inyo County, California, during 1995-1996.  Asterisk indicates significant difference (P < 0.01)
between areas and numbers above bars represent sample size from each area in the
comparison.
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sheep on the nonmined area had consistently higher levels of fecal nitrogen than
conspecifics in the mined area (Fig. 8).  Moreover, diet quality was highest during spring
(Fig. 8), which was consistent with forage classes having higher levels of crude protein,
moisture, and increased digestibility during that season (Fig. 7).  Although level of
tannins in shrubs may have increased fecal nitrogen, this is unlikely to have occurred
because there was not a consistent or significant correlation between fecal nitrogen
and the amount of shrubs in the diets of sheep from mined (r2 = 0.882, P = 0.118), or
nonmined (r2 = -0.268, P = 0.732) areas.

No significant differences occurred between areas in the proportions of forage
classes in the diet of female sheep (two-way MANOVA, F8,32 = 1.27, P = 0.292).  During
all seasons, shrubs were the most prevalent vegetation type in diets of females from
both areas (Table 3).  Overall, diets of female sheep contained an average of 55% shrubs,
30% forbs, 11% succulents, and 4% grasses.

Fig. 8.  Mean percent fecal nitrogen of female mountain sheep from mined and nonmined areas
in the Panamint Range, Inyo County, California, during 1995-1997.  Numbers above bars indicate
sample size, bars represent 1 SE, and P-values are from two-sample t-tests.
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Table 3.  Percent of forage classes in the diets of female mountain sheep indexed from
microhistological analyses of their feces, from mined and nonmined areas in the Panamint
Range, Inyo County, California, USA, during 1995-1996.

Percentage of forage classa

Forb Grass Shrub Succulent
   Area 0 SE 0 SE 0 SE 0 SE

Spring 
Mined (3)b 34.4 2.3 1.1 0.6 53.5 2.4 11.1 0.7
Nonmined (3) 26.4 8.3 4.1 0.6 53.9 8.9 15.6 1.0

Summer 
Mined (7) 27.1 3.8 4.5 1.4 59.3 5.1 9.2 1.7
Nonmined (6) 31.0 5.7 5.9 1.0 52.9 4.9 10.3 2.4

Autumn 
Mined (2) 35.4 5.5 1.5 1.5 48.9 3.4 14.3 0.6
Nonmined (4) 31.3 5.2 1.8 1.4 57.5 8.1 9.4 3.8

aOverall MANOVA (area and season) was not significant (F8,32 = 1.27, P = 0.292).
bNumber of composite fecal samples for that season.

Mortality and Indices to Predator Abundance

There were seven mortalities of female sheep in the nonmined area, and two in the
mined area.  In the nonmined area, two mortalities were attributed to predation by
mountain lions, one fell to its death, and causes of death for the other four could not
be ascertained.  Similarly, causes of mortality for two female sheep in the mined area
could not be determined.  No differences existed in the ratio of young to adult females
between mined and nonmined areas (Table 4).

From July 1995 to September 1997, we sampled transects totaling 24 and 34 km in
length for carnivore feces from the mined and nonmined areas, respectively.  When
feces encountered on transects were pooled by area, there was no significant difference
(t22 = -1.91, P = 0.077) in the number of feces/km between mined (1.6 + 0.3) and nonmined
(1.0 + 0.1) sites.  No carnivores were sighted during the course of fieldwork on either
study area; however, most work was performed during the day.  Additionally, no
carnivores were observed on the study area while conducting captures of sheep (~45
h of helicopter flight-time).

DISCUSSION

Collared mountain sheep constituted 86% of the adult female sheep observed in our
two study areas.  Overall, we observed few effects that we could attribute to mining on
the demography or other characteristics of populations of female sheep inhabiting
mined and nonmined areas.  For instance, proportion of young to adult females was not
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different between areas during any of the 3 years we monitored those subpopulations
(Table 4).  Moisture content, crude protein, and IVDMD of forage classes were highest
for both areas in spring, intermediate in summer, and lowest during autumn (Fig. 7).
Those outcomes are consistent with patterns in the quality of forage observed for other
ranges inhabited by sheep in desert environments (Bleich et al. 1997, Krausman et al.
1989).  Digestibility of grass was highest in the mined area during spring, but that was
the only difference we detected in forage quality between areas (Fig. 7).  We observed
no differences in composition of diets of female sheep from mined and nonmined areas,
although differences existed between forage classes consumed across seasons (Table
3).  The former outcome is probably the result of the similarity in quality (Fig. 7) and
availability of forage species (i.e., shrubs) between sites (Fig. 6), whereas the latter is
likely a consequence of how desert plants with differing life-history strategies respond
to variation in precipitation (Beatley 1974).  Thus, female sheep from both areas used
forage classes differentially, depending on seasonal quality and availability.  Differences
in availability of forage (as indexed by vegetative cover) between areas were minimal
and limited to percentage of annual plants and perennial forbs (Fig. 6).

Size of annual home ranges for females did not differ significantly between areas
(Table 2).  Indeed, there was substantial individual variation and no clear pattern in

Table 4.  Young and adult female mountain sheep observed during aerial surveys near mined
and nonmined areas in the Panamint Range, Inyo County, California, USA, during 1995-
1997.

Date 
Area Young (n) Females (n) Pl

b 95% CI (Pl)

Jun 1995a

Mined 5 7 0.416 0.132-0.700
Nonmined 6 8 0.428 0.290-0.909

Oct 1995a 
Mined 1 4 0.200 0.000-0.551
Nonmined 6 10 0.375 0.138-0.612

Jun 1996a 
Mined 4 8 0.333 0.117-0.549
Nonmined 5 14 0.260 0.007-0.513

Jan 1997a

Mined 3 4 0.428 0.054-0.802
Nonmined 2 4 0.666 0.281-1.000

Oct 1997a

Mined 3 4 0.428 0.054-0.802
Nonmined 3 6 0.333 0.019-0.647

aProportion of young to adult females did not differ between areas during that survey as
indicated by overlap of 95% confidence intervals.
bRatio and confidence intervals (CI) determined following methods of Bowyer (1991).
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those data (Table 2).  Berger (1991) suggested that use of steep rocky habitats was more
pronounced for post-parturient female mountain sheep when compared with those
without young.  In contrast, females without offspring were more likely to forage in areas
away from escape terrain, where quality of forage was better, but perceived risk of
predation higher (Berger 1991)—those factors could result in large home ranges for
females without young.  Thus, variability in sizes of home range in our study may have
occurred because not all collared females had young at heel, a hypothesis we could not
test because we were unable to ascertain the reproductive status of every female during
aerial telemetry flights.  Nonetheless, the large proportion of the population that was
collared and the lack of a difference in ratios of young to adult females between study
areas make this interpretation unlikely.

Females from both areas selected sites with more mixed woody-scrub, lower
elevations, steeper slopes, and less visibility than at random locations during all
seasons (Fig. 4, Table 1).  Several researchers (Berger 1991, Bleich et al. 1997, and others)
have reported that female sheep consistently used steep and rugged terrain that was
close to water.  That strategy likely represents a tradeoff between decreased forage
quality in steep rocky habitats and decreased rates of predation on neonates (Berger
1991, Bleich et al. 1997, Rachlow and Bowyer 1994, 1998). Following precipitation in early
spring, the proportion of grasses increased in the diets of sheep from the nonmined area,
but not for those in the mined area (Table 3).  That females in the nonmined area
apparently increased their use of that resource is consistent with other studies that
noted an increase in the consumption of graminoids by mountain sheep following
periods of precipitation (Wehausen and Hansen 1988, Berger 1991).  Berger (1991)
proposed that pre-parturient females that foraged at low elevations on open slopes
traded an increased risk of predation for the opportunity to maximize nutrient intake,
a hypothesis supported by research on other ungulates (Bowyer et al. 1999, Kie 1999,
Barten et al. 2001).  Females from the nonmined area had higher levels of fecal nitrogen
during spring than did those from the mined area (Fig. 8); such an outcome would be
consistent with the aforementioned strategy suggested by Berger (1991).  Although
females from both areas used areas lower in elevation than random locations, females
from the mined area may have been reluctant to forage on the lowest elevation slopes
adjacent to the mine during spring because of the proximity of those sites to activities
associated with the mine.

Patterns of foraging were not similar between subpopulations of female sheep (Fig.
5), and interpretation of those results during spring was not straightforward.  If females
in the mined area were precluded from foraging on graminoids during spring by mining
activities, they may have had to forage more intensively (i.e., spent more time foraging)
in steep areas where forage quality was lower (Bleich et al. 1997).  Indeed, quality of diet
was lower for female sheep in the mined area during spring (Fig. 8).  Although mountain
sheep may habituate to human-caused disturbances (Morgantini and Worbets 1988),
those ungulates have been reported to avoid areas where disturbance was extreme
(Leslie and Douglas 1980, Berger 1991, Stockwell et al. 1991), and did not appear to
habituate to extreme disturbances such as helicopter overflights (Bleich et al. 1994).

Availability and juxtaposition of water within each area may be the most parsimonious
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explanation for differences we observed in foraging ecology between groups of female
mountain sheep inhabiting mined and nonmined areas during summer. Indeed, females
from both areas were nearer water during summer than other seasons (Table 1).  Sources
of permanent water were fewer and more dispersed in the mined area.  Moreover, female
sheep in that area relied almost exclusively on Redlands Spring, which was adjacent
to the mine, to meet their metabolic needs for water during summer.  In contrast, females
in the nonmined area used several springs.  Turner5 (1973) reported that daily needs
for water for desert mountain sheep was about 4% of their body mass, and that this
amount could not be obtained from forage during the hot summer.  Desert sheep have
been reported to inhabit ranges without sources of perennial water (Krausman et al.
1985b); nevertheless, that result would not preclude water affecting the distribution of
sheep in other areas.  For instance, free water strongly affected the distributions of other
ungulates, even in situations where water was abundant and therefore could not be
limiting those populations (Bowyer 1981, Stewart et al. 2002).

Alderman et al. (1989) reported that in the Little Harquahala Mountains, Arizona,
where permanent water was not available, desert sheep likely met their metabolic needs
by using pools of free-standing water that accumulated in depressions in the substrate
after occasional thunderstorms.  During our investigation, however, summer
thundershowers were rare (Oehler et al. 2003); the lack of summer rain likely would have
limited areas that could be used by desert sheep during that season.  As a consequence
of their reliance on Redlands Spring during summer, female mountain sheep in the mined
area also were closest to the Briggs Mine during that season (Table 1).

Several studies have reported that the magnitude of a response to a disturbance
is a function of the proximity to the stimulus (MacArthur et al. 1982, Stockwell et al. 1991,
Bleich et al. 1994).  Stockwell et al. (1991) concluded that mountain sheep in the Grand
Canyon, Arizona, foraged more efficiently as distance from helicopter disturbance
increased.  Similarly, MacArthur et al. (1982) reported mountain sheep in Alberta,
Canada, exposed to low-flying aircraft (90-250 m), exhibited a 3.5-fold increase in heart
rate over those exposed to high-flying aircraft (>400 m).  Results from our analyses of
foraging behavior and diet quality suggest that female sheep in the mined area were
disturbed by activities associated with the Briggs Mine during summer.  That outcome
is consistent with the interval between blasting being shortest during summer (1.5 +
0.2 days).  Moreover, amount of ore hauled (an index to vehicle activity) from the mine
pit also was highest during summer, and was strongly correlated with the amount of
explosives used at the mine.

Patterns of decreased foraging by mountain sheep in the mined area during summer
and autumn (Fig. 5) may have been the result of those females spending more time
vigilant and, concomitantly, less time foraging (Berger 1991, Stockwell et al. 1991).  That
conclusion is in keeping with sheep in the mined area obtaining lower-quality diets
during summer than sheep from the nonmined area (Fig. 8) as a consequence of
decreased foraging efficiency (Berger 1991, Stockwell et al. 1991, Molvar and Bowyer

5Turner, J. C.  1973.  Water, energy and electrolyte balance in the desert bighorn sheep Ovis
canadensis.  Dissertation, University of California, Riverside, USA.
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1994, Bowyer et al. 2001).  Likewise, summer was when the greatest disparity in quality
of diets of sheep occurred (Fig. 8).  Differences in levels of foraging during autumn were
similar to those of summer for sheep in the mined area (i.e., consistently lower than the
nonmined area; Fig. 5); however, interpretation is less clear than for summer.

During autumn, as daytime temperatures (Oehler et al. 2003) and metabolic needs
for water decreased, levels of foraging were most similar between areas, and may have
been an outcome of sheep from the mined area moving away from Redlands Spring
(Table 1) and, consequently, away from the mine.  Moreover, an increased interval
between blasts at the mine, and subsequently less ore being removed during autumn
than summer, may have ameliorated disturbances to sheep.  Quality of forage was
lowest during autumn (Fig. 7); however, decreased water requirements (Turner5 1973)
associated with lower temperatures probably allowed sheep in the mined area to
venture further from Redlands Spring in search of higher-quality forage.  We hypothesize
that the resultant increase in foraging by sheep in the mined area during autumn (Fig.
5), and the small difference in quality of diets between areas (Fig. 8), are the result of
those animals moving away from the area of disturbance as physiological demands for
water became less severe.

A combination of four factors offers the best explanation for our results: 1) proximity
of Briggs Mine to the primary source of water used by females in the mined area; 2) a
limited number of permanent sources of water in the mined area; 3) lack of rainfall during
summer and autumn (Oehler et al. 2003); and 4) philopatric behavior of female mountain
sheep (Geist 1968), which lessened the tendency to disperse from the disturbance
caused by mining.  In concert, those factors likely resulted in females remaining near
the mine where disturbance was greatest, particularly during summer when metabolic
needs for water also were highest.  Leslie and Douglas (1980) reported that female
mountain sheep in Nevada altered their watering patterns in response to construction
activities near a primary source of water.  In contrast, we did not observe such a result,
presumably because of the high degree of fidelity of females to Redlands Spring and
the scarcity of other nearby sources of free water.

Demographic consequences in response to disturbance are difficult to document
because of high variability in observed population parameters (e.g., young to female
ratios); therefore, less-direct measurements are of value for these types of investigations.
For example, small changes in diet quality can result in important nutritional changes
in females over time, and thereby affect subsequent reproductive efforts (White 1983).
Also, nutrition, as affected by forage quality and efficiency of foraging (Berger 1979),
can be linked to nutrition of females, and thereby survivorship of young ungulates
(Keech et al. 2000). Such consequences can be especially important to desert mountain
sheep, particularly in marginal environments, where recruitment is comparatively low
(Rubin et al. 2000).  If the outcomes we observed persist in the mined area, we
hypothesize that reduced nutrient intake could have demographic consequences for
that subpopulation.

Because observed differences were most pronounced during summer, a reduction
of mining activities during that season may benefit sheep occupying areas near the
mine.  Most females have young at heel during spring, and shifting mining activity from
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summer to spring might be detrimental.  Increasing the interval between blasting, which
would result in a decrease in overall mining activity during summer, may ameliorate the
apparent effects of mining on sheep during that season.  Intensity of mining, as indexed
by days between blasting, amount of explosives used, and amount of ore hauled from
the pit, was lowest during autumn.  Although we have no direct data on levels of
potential auditory disturbance from the sound caused by blasting, amount of explosives
used undoubtedly provides an index to such stimuli.  If a shift in mining activity is
necessary to offset lost mine production in summer, we suggest that autumn is the best
time for the concomitant increase in activities.  Creation of additional sources of
permanent water away from the mine also may help reduce reliance of females on
Redlands Spring and, hence, reduce potential negative effects of mining on foraging
behavior.  We observed few effects of mining on demography or other characteristics
of mountain sheep populations; however, we caution that because of the unique
distribution of water in our study area, that our conclusions should not be generalized
to other circumstances where the juxtaposition of critical resources might differ,
thereby detrimentally affecting the demographics of mountain sheep.
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Abstract: Mountain sheep (Ovis canadensis) are closely as- 
sociated with steep, mountainous, open terrain. Their habi- 
tat consequently occurs in a naturally fragmented pattern, 
often with substantial expanses of unsuitable habitat be- 
tween suitable patches; the sheep have been noted to be slow 
colonizers of vacant suitable habitat. As a result, resource 
managers have focused on ( I )  conserving “traditional” 
mountainous habitats, and (2) forced colonization through 
reintroduction. Telemetry studies in desert habitats have re- 
corded more intermountain movement by desert sheep than 
was previously thought to OCCUT. Given the heretofore unrec- 
ognized vagilily of mountain sheep, we argue that existing 
corridors of “nontraditional” habitat connecting mountain 

’ Correspondence should be addmsed to this author. 
?Present address: Jones and 2600 VStreet Suite 100, Sacramento, CA 
95818, US.A 
Paper submitted Januuv 25, 1989; revised manuscript accepted No- 
vember 7, 1989. 

Resumen: Los borregos cimarrones (Ovis canadensis) exhi- 
ben una asociacion cercana con terrenos montanosos escar- 
pados y abiertos. En consecuenci4 su habitat ocuwe en un 
patron naturalmente fragmentado, frecuentemente con 
grandes extensiones de habitat impropio separando las ar- 
eas apropiadas; y se ha notado gue 10s borregos cimarrones 
son lentos en colonizar habitat apropiado vacante. Como 
resultado de estes observaciones, gerentes de recursos natu- 
rales ban enfocado su atencion en ( I )  constwacion de ha- 
bitat montanoso “tradicional” y (2) colonizacion forzado 
por reintroduccion. Estudios telemetricos en habitates 
desiertos ban demostrado mds movimiento entre sierras que 
antes se creia que ocurria Dado la tendencia de vagar basta 
abora no reconocido de 10s bowegos cimarrones, propone- 
mos que cowedores actuales de habitat no tradicional que 
conectan sierras merecen consideracion adecuada para con- 
smacion. Ademds, se debe reconocer la importancia para 
poblaciones relativamente aisladas de 10s borregos cimar- 
rones de areaspequenas de habitat montanoso que, aunque 
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ranges be given adequate conservation consideration. Addi- 
tionally, small areas of mountainous habitat that an? not 
permanently occupied but that may serve as “stepping 
stones” within such com’dors must be recognized for their 
potential importance to relatively isolated populations of 
mountain sheep. We discuss the potential importance of 
such corridors to other large, vagile species. 

no ocupadas de manera pemzanente, pueden facilitar el 
movimiento de 10s bowegos cimamnes dentpo de dichos 
cowedores. Se seriala la importancia de estos cowedorespara 
ohos esDecies mantes mandes. 

Introduction 

Wilcox and Murphy (1985:884) echoed an increasingly 
common concern when they stated, “That current eco- 
logical theory is inadequate for resolving many of the 
details should not detract from what is obvious and ac- 
cepted by most ecologists: habitat fragmentation . . . is 
the primary cause of the present extinction crisis.” In- 
deed, fragmentation has been a central theme of much 
recent literature dealing with conservation biology 
(e.g., Soule & Wilcox 1980; Schonewald-Cox et al. 1983; 
Harris 1984; Lehmkuhl 1984; Schwartz et al. 1986; Soule 
1986; and Chepko-Sade & Halpin 1987). Both commu- 
nity-level (e.g., Wilcove et al. 1986) and population- 
level (e.g., Ralls et al. 1986; Allendorf & Leary 1986) 
theory have been applied to current conservation prob- 
lems. The former has been concerned with species di- 
versity and the latter with the long-term integrity of 
gene pools. Two primary approaches are used to main- 
tain adequate gene pools in fragmented situations (1) 
periodic induced migration (Frankel 1983); and (2) 
maintaining or creating corridors to connect fragments 
(Schonewald-Cox 1983; Simberloff & Cox 1987; Noss 
1987). This paper addresses the long-term maintenance 
of genetically viable populations of desert-dwelling 
mountain sheep (0th canadensis ssp.) via the latter 
approach. In addition, we discuss the related topic of 
protecting islands of habitat that do not support perma- 
nent populations but may be used occasionally, serving 
as important “stepping stones” in migration corridors. 

Philopatry in Desert-dwelling Mountain Sheep 

Mountain sheep, in general, are closely associated with 
steep, mountainous, open terrain (Geist 1971), which 
results in naturally disjunct demes. This habitat prefer- 
ence reflects two basic adaptations of mountain sheep 
relative to predation ( 1 ) great agility on rocks; and (2) 
keen vision to detect predators at sufkient distances to 
make escape probable. 

Following the early decimation of mountain sheep in 
North America, it became evident that this species was 
inherently slow to recolonize vacant habitat. Conse- 
quently, reintroductions became an important manage- 
ment technique, dating back as far as the 1930s. Geist 
(1967, 1971) was the first to propose a general theory 

on the conservative colonization behavior of mountain 
sheep. The result has been an emphasis on conserva- 
tion of mountainous habitats for wild sheep, with little 
concern for intermountain areas. For example, the 21 
specific plans to conserve habitat for desert-dwelling 
mountain sheep called for in the California Desert Con- 
servation Area Plan (Bureau of Land Management 
1980:35-36) are restricted to speciik mountainous ar- 
eas totaling only 4,800 km2. It is not our purpose to 
criticize these attempts to protect and enhance habitat; 
instead, we cite that document as an example of 
“traditional” thinking with respect to the protection of 
“traditional” habitat. 

In addition to the behavioral conservatism of moun- 
tain sheep that Geist (1971) emphasized relative to 
dispersal, he documented some interpopulation 
movements, mostly by rams, in which they crossed 
“nontraditional” sheep habitat. Desert ecosystems differ 
markedly from the northern systems studied by Geist 
( 197 1 ), in that the relatively flat terrain separating 
“traditional” habitat islands lacks dense vegetation. Such 
terrain should represent less of a barrier to dispersal 
than the forests of more northern ecosystems. Addition- 
ally, many desert mountain ranges lack large carnivores 
such as mountain lions (Felis concolor) and wolves 
(Canis lupus), which may be more common in inter- 
mountain habitats of the north. Consequently, one 
might expect less conservative dispersal behavior of 
mountain sheep in desert ecosystems compared with 
northern systems. 

Early researchers (e.g., Russo 1956) were aware of 
intermountain movements by desert-dwelling mountain 
sheep. Recent technology has resulted in a vastly ex- 
panded knowledge of patterns of habitat utilization by 
these animals. In Arizona, occasional intermountain 
movements by ewes were documented, in addition to 
extensive intermountain movements by rams (Witham 
& Smith 1979; Cochran & Smith 1983; Ough & deVos 
1984; Krausman & Leopold 1986). In Nevada, Mc- 
Quivey (1978) noted the presence of rams and ewes in 
ranges not known to have resident populations. Simi- 
larly, Elenowitz (1982) and King & Workman (1983) 
documented movements of mountain sheep across 
highways, fences, and intermountain flats in New Mex- 
ico and Utah, respectively. Extensive ongoing telemetry 
studies in the Mojave Desert of California also confirm 
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intermountain movement by both rams and ewes (Ber- 
bach 1987; V. C. Bleich, A.M. Pauli, R.L. Vernoy, J.D. 
Wehausen, unpublished data). 

Wilson et al. (1980) noted that, “all areas utilized by 
desert bighorn are essential to their continued survival”. 
This has become an increasingly common concept in 
recent years, as more and more investigators have con- 
sidered the role of habitats separating desert mountain 
ranges (e.g., Ough & deVos 1984; Cooperrider 1985; 
Krausman & Leopold 1986; Schwartz et al. 1986). These 
authors also considered the importance of small popu- 
lations and began to incorporate concepts of population 
genetics relative to questions of wild sheep manage- 
ment. 

published data) indicates substructuring within tradi- 
tionally defined populations that would minimize 
inbreeding. Many populations appear to consist of a 
number of distinct but overlapping female home ranges. 
Although female offspring generally appear to adopt the 
home range of their mother, mature males appear to 
spend the rut outside of their maternal home range. 

Both dispersal and social structure potentially are im- 
portant determinants of effective population size 
(Chepko-Sade et al. 1987). Dispersal, coupled with sub- 
structuring of populations, probably acts to maintain ge- 
netic variation within populations of mountain sheep. 
Maintaining such variation presumably is important in 
preserving the evolutionary potential of metapopula- 
tions and, as such, should be of concern to managers. 

Genetic Considerations 
Ecological Considerations 

The concern about genetic health of desert-dwelling 
mountain sheep arose from (1 ) a popular (Seton 1929; 
Buechner 1960; DeForge et al. 1979), but probably 
greatly exaggerated (Welles 1962; V. C. Bleich and S. A. 
Holl, unpublished data) assumption that mountain 
sheep in general have declined to approximately 2% of 
their historical population level in North America; (2) 
their relatively isolated natural habitat, the rugged peaks 
of desert mountain ranges (Hansen 1980); (3) their po- 
lygynous mating system (Geist 1971); and (4) the as- 
sumption that cultural features developed in the last 
century prevent dispersal across the relatively flat 
ground between desert mountain ranges (Bailey 1980). 
Geist (1975) raised the general question of genetic ef- 
fects on mountain sheep populations when interpopu- 
lation movements could no longer occur. 

Schwartz et al. (1986) looked at this question through 
applying population genetics theory to a “meta- 
population” of mountain sheep in the Mojave Desert of 
California and Nevada that was bounded by two major 
fenced highways and the Colorado River, and included 
about 1,600 sheep distributed in 15 subpopulations 
(demes). Their analyses suggested that relatively low 
levels of gene migration were necessary to prevent loss 
of genetic diversity in small populations. While migra- 
tion of genes is difficult to document, the increasing 
evidence of intermountain movement by rams in the 
breeding season suggests that the low levels of gene 
migration considered necessary probably are met. Their 
study area would satisfy the requirements for a preserve 
of a size consistent with (1) the long-term genetic 
health of populations, (2) the possibility of establishing 
additional subpopulations, and (3) the possibility of 
continued divergence and long-term evolution (level 7 
or 8 preserve; Schonewald-Cox 1983). Also, mounting 
evidence (Festa-Bianchet 1986; Geist 1971; J. D. We- 
hausen, V. C. Bleich, A.M. Pauli, and R. L. Vernoy, un- 

In addition to corridors necessary to facilitate gene flow, 
the ecological value of mountainous habitats not perma- 
nently occupied should be recognized. Recent work in 
California has documented further the use of areas not 
traditionally considered to be mountain sheep habitat. 
For example, Cowhole Mountain, located approxi- 
mately 5 km across a broad, sandy area west of Old Dad 
Peak, has been found to be a lambing area for the Old 
Dad Peak population and is used at other times of the 
year by different cohorts of the population as well. Sim- 
ilarly, in 1987 two telemetered ewes from the Old 
Woman Mountains visited the neighboring Iron Moun- 
tains in winter and the Ship Mountains in spring. One of 
these bore a lamb in the Iron Mountains and returned to 
the Old Woman Mountains three months later. Her dis- 
appearance from the Old Woman Mountains in the win- 
ter of 1986 suggests that this may be a regular pattern. 
This view is supported by a native of Milligan (personal 
communication 1987), a town at the southern tip of the 
Old Woman Mountains, who reported regularly seeing 
sheep tracks crossing between the Old Woman and Iron 
mountains in winter and spring. Both the Ship and Iron 
mountains are separated from the Old Woman Moun- 
tains by 6-8 km of desert flats and blow sand. The po- 
tential ecological importance of these and similar areas 
should not be underestimated. The sheep population in 
the Old Woman Mountains has been depressed during 
the 1980s, possibly because of a high prevalence of cat- 
tle diseases (Clark et al. 1985; Wehausen 1988). The 
observed intermountain movements by ewes may be 
remnants of movements that formerly occurred on a 
larger scale and that could be in danger of being lost as 
a regular pattern. No land management plan even con- 
siders the potential importance of the Ship and Iron 
mountains to the Old Woman Mountains population. 

Although the Iron Mountains have been identified as 
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a potential reintroduction site (see below), such action 
has been delayed by the potential that animals moving 
from the Old Woman Mountains will transmit disease to 
the Iron Mountains. Dobson and May (1986) have cau- 
tioned against such scenarios. Indeed, intermountain 
movements are a double-edged sword - necessary for 
gene flow, but potentially deleterious due to disease 
transmission (Simberloff & Cox 1987). Such move- 
ments may have been a major factor in the current wide- 
spread distribution of parainfluenza-I11 virus in desert 
populations of mountain sheep (Clark et al. 1985; We- 
hausen 1987). 

Conclusions 

The notion that the habitat of desert-dwelling mountain 
sheep is restricted to those mountain masses that pro- 
vide food, cover, and water and that support permanent 
populations of the species is no longer adequate. Al- 
though habitat within mountain ranges can be enhanced 
(e.g., Bleich et al. 19824 1982b; Werner 1985), such 
activities must be conducted with the awareness that all 
areas used by mountain sheep may be essential for their 
long-term survival. For viable populations of mountain 
sheep to persist, more than “mountain islands within 
desert seas” must be protected. Although natural forces 
such as precipitation may drive the dynamics of popu- 
lations within these “islands” (Monson 1960; Bleich 
1986; Douglas & Leslie 1986; Wehausen et al. 1987), 
and disjunct populations may simultaneously experi- 
ence “boom” or “bust” phenomena, the actions of hu- 
mans will determine the ultimate fate of this species. 

Wilcox and Murphy ( 1985) concluded that the risk of 
fragmentation is threefold ( 1 ) demographic units may 
be destroyed outright, reduced in size, or subdivided; 
(2) potential sources of emigrants may be lost; and ( 3 )  
immigration may be impeded by conversion of natural 
habitat. All of these are applicable to the conservation of 
mountain sheep in desert ecosystems. Nonetheless, it 
is important to recognize that a naturally fragmented 
distribution, as found among populations of desert- 
dwelling mountain sheep, can minimize the probability 
of extinction where catastrophic population losses are a 
factor (Quinn & Hastings 1987). This is the fundamental 
concept underlying the Recovery and Conservation 
Plan for mountain sheep in the Sierra Nevada of Califor- 
nia (Sierra Bighorn Interagency Advisory Group 1984). 
The history of mountain sheep is replete with examples 
of decimation and extinction of local populations due to 
diseases, mostly contracted from domestic livestock 
(Buechner 1960; Robinson et al. 1967; Stelfox 1971; 
Sandoval 1980; Foreyt & Jessup 1982; Goodson 1982; 
Onderka & Wishart 1984; Jessup 1985). Although such 
demographic impacts may far outweigh long-term ge- 
netic considerations from a conservation standpoint 

(Lande 1988), migration between disjunct subpopula- 
tions remains critically important, not only for genetic 
reasons, but also for natural recolonization of habitat 
that may become vacant. Berger (1990) has recently 
demonstrated the high probability of extinctions of 
small populations of mountain sheep in this century. If 
even a fraction of these extinctions would have oc- 
curred in the absence of influences related to the white 
man, natural extinction and recolonization may be con- 
siderably more common than previously thought. 

To ensure the long-term conservation of these ani- 
mals in a wild state, future management strategies for 
mountain sheep in the desert must take more factors 
into account in a larger-scale approach. Management 
documents should begin to seriously consider inter- 
mountain travel corridors for sheep, taking steps to min- 
imize potential barriers such as range fences and motor- 
ized recreational activities. Managers should also 
recognize that if domestic livestock graze along such 
corridors, diseases may be transmitted to mountain 
sheep populations via migrating animals. Domestic 
sheep are particularly dangerous in this regard because 
they carry fatal respiratory bacterial strains (Onderka & 
Wishart 1988; Onderka et al. 1988; Foreyt 1989). Small, 
isolated tracts of “traditional” habitat that is not perma- 
nently occupied should be recognized as potential sea- 
sonal habitat and as “stepping stones” within migration 
corridors. Translocation programs should give priority 
to reestablishing populations on ranges that will de- 
crease interdeme distances so as to facilitate gene mi- 
gration. 

The Bureau of Land Management recently prepared a 
management plan for mountain sheep on all applicable 
desert ranges in the southwestern United States. The 
plan incorporates the concept of metapopulations (BLM 
1988). It sets as its goal the recovery of 115 “popu- 
lations” to “viable” status ( 3  100 sheep). However, 
there remains a need to map all potential meta- 
populations of mountain sheep as well as known and 
potential intermountain corridors throughout their des- 
ert range, and to develop conservation strategies on that 
geographic scale. 

Figure 1 is an example of a metapopulation from 
southeastern California. It is bounded on the north, 
south, and west by major, fenced interstate highways, 
and on the east by the Colorado River. Relatively few 
unfenced, paved roads exist within this metapopulation; 
thus, with the exception of the Twenty-Nine Palms and 
Lucerne Valley areas, and an aqueduct partially separat- 
ing the Coxcomb Mountains from the Graniteden and 
southern Iron mountains to the east and the Turtle 
Mountains from the unoccupied ranges to the south, 
there are few physical obstructions to intermountain 
movements by mountain sheep. Approximately 1,000 
mountain sheep permanently inhabit 1 5 of 3 1 mountain 
ranges in this region. Two of the 15 inhabited ranges 
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Figure 1. Map of a metapopulation of mountain sheep in southeastern California Stippled mountain ranges 
currently have resident populations of the approximate size listed. Mountain ranges with N = 0 are extirpated 
populations; ranges with no N value listed are not known ever to have had resident populations. Arrows indi- 
cate documented intermountain movements by mountain sheep. 

have been reestablished by translocation (Whipple and 
Sheephole). Only 8 of the 15 ranges support popula- 
tions of 50 or more sheep. We have documented move- 
ments of mountain sheep between 1 1  pairs of mountain 
ranges depicted in Figure 1; the mean distance between 
those ranges is about 9 km (range = 6 2 0 ) .  

From the standpoint of fragmentation, the population 
in the Newberry Mountains in the NW corner of Figure 
1 is particularly isolated. In fact, as recently as 1982 this 
population was not known to exist (Weaver 1982). Re- 
establishing populations along the link between the 
Rodman and Bullion mountains should be a high prior- 
ity within this metapopulation. The entire Bullion and 
Lava Bed Mountains, however, are within the Twenty- 
Nine Palms Marine Corps Training Center. The Depart- 
ment of Defense is currently pursuing a reintroduction 
of mountain sheep in the Bullion Mountains in cooper- 
ation with the California Department of Fish and Game. 

Geographically, the second most notable fragmenta- 
tion within this metapopulation is the separation of the 
three populations in the SW corner from the others. 

This constitutes a much less serious situation than the 
Newberry Mountains in that the combined population 
in this area totals about 275 sheep (Fig. 1). Neverthe- 
less, reestablishing a population in the Pinto Mountains 
would facilitate migration between these three popula- 
tions and the remainder of the metapopulation. 

Within the eastern portion of this metapopulation, 
reestablishing a population in the Iron Mountains would 
provide an important connection between the Sheep- 
hole/Eagle/Coxcomb/Granite-Palen mountains complex 
and the occupied ranges to the NE. Given that the 
former complex contains only about 100 total sheep, 
reestablishing a population in the Iron Mountains 
should have priority over such an effort in the Pinto 
Mountains. The aforementioned disease question, how- 
ever, will play an important role in the decision to re- 
establish a permanent population in the Iron Mountains. 

Of the ranges not known previously to have had res- 
ident mountain sheep populations, the Stepladder 
Mountains are particularly important as a central “step- 
ping stone” potentially connecting four surrounding 
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populations. The Piute, Little Piute, Ship, and Calumet 
mountains are only somewhat less central, and three of 
these are known to have been visited by sheep from 
adjacent ranges. Similarly, the Lava Bed Mountains have 
the potential to serve as an important link between the 
Bullion and Rodman mountains, if populations become 
established there. 

Our discussion has centered around the importance 
to mountain sheep of unimpeded movement. A similar 
concern can be extended to other terrestrial species 
whose primary habitat naturally occurs in disjunct 
patches but that cross expanses of less desirable habitat 
between such patches to some extent. Both mule deer 
(Odocoileus hemionus eremicus, 0. h. crooki) and 
mountain lions, where they occur in deserts, probably 
fit these criteria. Previous discussions of habitat corri- 
dors (Simberloff & Cox 1987; Noss 1987) have referred 
to maintaining or creating corridors of habitats similar 
to those being connected. The situation considered 
here differs somewhat in that the disjunct nature of pri- 
mary habitat patches is natural and the corridor habitat 
is clearly less desirable to the species involved but is 
nevertheless used in moving between suitable patches. 

Schwartz et al. (1986) concluded, “In general, desert- 
dwelling mountain sheep populations are sufficiently 
abundant and juxtaposed, and areas of habitat are still 
sufficiently large to allow the continued existence of 
this species throughout much of its historic range.” We 
still have the raw materials; what is needed is a commit- 
ment to protect and manage them properly. Only with 
the recognition that stewardship responsibilities extend 
beyond areas of “traditional” habitat and what are per- 
ceived to be “viable” populations will we assure the 
long-term stability of desert-dwelling mountain sheep 
and other vagile species that similarly inhabit naturally 
fragmented habitat. 
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Abstract: l i e  studied mountain sheep (Ocis caizn&n,sis nelsoni) at Old Dad Mountain, in the Kelso Mountains, 
and in the Marl Mountains in the eastern Mojave Desert. San Bernardino County, California during 1981-90 
to determine causes of sexual segregation. Foq-four  mountain sheep \irere captured, fitted with radio collars, 
and located systematically from a fixed-wing aircraft to determine differences in habitats used by males and 
females. In addition, diet composition and forage quality and availability along with information on diets and 
distribution of predators were obtained to test 4 hypotheses potentially explaining sexual segregation in ungulates. 

Mature males and females were segregated from December to July and were aggregated from August to 
November. Mature males obtained higher quality diets than did females (based on values for fecal crude 
protein) during 2 of the 3 years for which data were available. Indices of predator abundance were substantially 
lower on ranges used by fernales and juveniles than on those used by mature males. Females occurred closer 
to permanent sonrces of water and in steeper, more rugged, and more open habitats than did mature males. 
Moreover, forage was more abundant in habitats used primarily by mature rnale sheep. Females \iith and 
without lambs did not differ in their distance from water during aggregation or segregation, and females did 
not \isit water more often during the period of peak lactation when compared with other times of the year. 
Female groups with lambs, however, occurred on steeper slopes and in more rugged and open habitats during 
segregation, wlreil larnbs \\,ere very young. 

Based on our results, we refute the hypotheses (1)that females outcompete males for available resources, 
and allometric differences between the sexes lead to sexual segregation; (2) that the constraints of lactation 
may be important in explaining sexnal segregation in this desert-adapted ungulate: and (3)that males segregate 
to avoid con~petition with their mates, potential mates, and offspring, at least in desert ecosystems. In contrast, 
our findings strongly support the hypothesis that, because of their smaller body size and potentially greater 
\~ilnerability to predation, and the need to minimize risk to their offspring, female ungulates and their young 
use habitats uith fewer predators and greater opportunities to evade predation than do mature males, but 
that males are aide to, and do, exploit nutritionally superior areas. 

\Ye conclude that sexual segregation likely results from differing reproducti1.e strateges of males and fe- 
males among sexually dimorphic ungulates. Males rnay enhance their fitness by exploiting habitats with su- 
perior forage and thereby enhance body condition and horn growth while simultaneously incurring greater 
risks than do females. In contrast, females appear to enhance their fitness by minimizing risks to their off- 
spring, albeit at the expense of nntrient qualit);. Further, we suggest that how food and risk of predation are 
arrayed in the environment may affect whether males or females inhabit better quality ranges, as w-ell as 
which sex moves to produce spatial separation. 
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INTRODUCTION 

Large mammals that exhibit sexual seg- 
regation frequently are sexually dimorphic. 
Darwin (1871:Sll-567) postulated that 
such morphological differences were a 
mechanism to reduce intersexual compe- 
tition. The importance of sexual dmor- 
phism in sexual segregation has been in- 
vestigated for an array of organisms 
(Schoener 1966; Selander 1966, 1972; Sto- 
rer 1966; Feduccia and Slaughter 1974; 
Freeman et al. 1976; Keast 1977; Hill and 
Ridley 1987; Klimley 1987; Smallwood 
1987), includng mammals (Bowers and 
Smith 1979, Gautier-Hion 1980, Fay 1982, 
Morris 1987, Bailey and Aunger 1989, Lit- 
vaitis 1990). The prevailing notion has 
been that the resultant resource-partition- 
ing reduces intersexual competition and, 
thereby, enhances reproductive success. 
Because critical tests of hypotheses related 
to sexual segregation are few, Bierzychu- 
dek and Eckhart (1988) suggested that fu- 
ture studies avoid inferring that sexual seg- 
regation is adaptive, or represents an 
evolved response to competition between 
the sexes, until supporting evidence is ob- 
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tained. We believe that the causes of sex- 
ual segregation in large mammals have not 
been investigated adequately. Hence, the 
notion that sexual segregation evolved as 
an adaptation (Williams 1966) remains 
speculative. 

In contrast to intersexual competition, 
an alternative explanation for sexual seg- 
regation and sexual dimorphism involves 
sexual selection. In this explanation, sexual 
dimorphism is the result of intrasexual 
competition among males (Alexander et al. 
1979), and sexual dimorphism underlies 
dfferential uses of resources and, ulti- 
mately, sexual segregation (McCullough 
1979). Thus, sexual segregation may result 
from sexual dimorphism, a phenomenon 
that is most readily explained as a result of 
sexual selection. 

Ungulates offer a unique opportunity to 
study the ecological consequences of sex- 
ual segregation because of the extreme 
sexual dimorphism exhibited by many of 
these mammals (Ralls 1977). Studies have 
documented spatial separation of the sexes 
for a variety of ungulates, including cari- 
bou and reindeer (Rangifer tarandus)  
(Cameron and N7hitten 1979, Skogland 



1989), red deer and elk (Cemus elaphus) 
(Peek and Lovaas 1968, Clutton-Brock et 
al. 1982), mule deer (Odocoileus hemio- 
nus) (Bowyer 1984, Scarbrough and 
Krausman 1988, Weckerly 1993, Bowyer 
et al. 1996, Main and Coblentz 1996), 
white-tailed deer (0. virginianus) (Mc- 
Cullough et al. 1989, LaGory et al. 1991, 
Jenks et al. 1994), moose (Alces alces) (Mi- 
y e l l e  et al. 1992), giraffe (Girafla carne- 
lopardalis) (Young and Isbell 1991), bison 
(Bos bison) (Guthrie 1990), Cape buffalo 
(Syncerus caffer) (Sinclair 1977, Prins 
1989), Tibetan antelope (Pantholops hodg- 
soni) (Schaller and Junrang 1988), prong- 
horn (Antilocapm americana) (Kitchen 
1974), waterbuck (Kobus ellipsip ymnus)  
(LVirtz and Kaiser 1988), chamois (Rupi- 
capra mpicapra) (Shank 1985), mountain 
goat (Oreamnos americanus) (Holmes 
19881, mouflon ( O ~ i s  ammon) (Bon and 
Campan 1989), muskox (Ovibos moscha- 
tus) (Oakes et al. 1992), and mountain 
sheep (Ovis canadensis) (Geist 1971, We- 
hausen 1980). Only recently, however, has 
research been designed specifically to ad- 
dress the causes of sexual segregation (e.g., 
Shank 1982, Bowyer 1984, Beier 1987, 
Clutton-Brock et al. 1987, Miquelle et al. 
1992). 

Because of allometric differences 
among mammals (Glutton-Brock and Har- 
vey 1983, Peters 1983), it is unlikely that 
the ecological determinants of spatial sep- 
aration of the sexes will be the same for 
small- and large-boched species. Thus, hy- 
potheses or models that explain the pop- 
ulation characteristics of small mammals 
may not suffice for large ones (Caughley 
and Krebs 1983, Millar and Zammuto 
1983). Also, the existing models of sexual 
selection and dimorphism, derived largely 
from passerines, simply are not applicable 
to many mammals (Ralls 1977), although 
Geist (1977) discussed parallels between 
the evolution of sexual dimorphism in un- 
gulates and gallinaceous birds. 

Biology of Mountain Sheep in 

Desert Environments 


Mountain sheep are ideal for studying 
sexual segregation because they (1)exhibit 

extreme sexual dimorphism, (2) are easily 
distinguishable as adult males or females 
throughout the year, even from great dis- 
tances, and (3) commonly show pro- 
nounced and prolonged spatial separation 
of the sexes. They generally are associated 
with mountain ranges having precipitous 
areas for use as escape terrain (Bleich and 
Holl 1982) and permanent water (Shack- 
leton 1985). Frequently, these mountain 
ranges are isolated from each other 
(Schwartz et al. 1986, Bleich et al. 1990~) .  
Mountain sheep inhabiting desert environ- 
ments are physiologically specialized in 
terms of water metabolism (Turner 1973, 
1979); these ungulates maintain their wa- 
ter balance despite high heat loads and 
widely dispersed and limited free water 
(Turner and Weaver 1980, Krausman et a]. 
1 9 8 5 ~ ) .  

Mountain sheep are gregarious, but, for 
much of the year, males 2 3  years old live 
apart from females (i.e., they sexually seg- 
regate). Males and females aggregate dur- 
ing rut, which may extend for numerous 
months in desert environments (Welles 
and Welles 1961, Bunnell 1982). Mountain 
sheep have a corresponding protracted 
birthing season relative to their more 
northern congenerics (Bunnell 1982, 
Thompson and Turner 1982, Rachlow and 
Bowyer 1991). Seegmiller and Ohmart 
(1982) demonstrated dieta~y chfferences 
between juvenile and adult female moun- 
tain sheep. 

Wolves (Canis lupus) may have been 
present in low numbers in desert habitats 
(Young and Goldman 1944), but extirpa- 
tion of this canid from southeastern Cali- 
fornia (Johnson et al. 1948) has eliminated 
its potential effects on wild sheep there. 
Coyotes (Canis latrans), mountain lions 
(Felis concolor), and bobcats ( F :  rufus) are 
the most important predators of mountain 
sheep in desert environments (Kelly 
1980). Berger (1978) reported attempts of 
coyotes to kill mountain sheep, and Bow- 
yer (1987) noted that coyotes in southern 
California are effective predators of adult 
mule deer. Therefore, coyote predation on 
mountain sheep may be widespread, gven 
the wide distribution of coyotes. Mountain 



sheep primarily evade predation on young 
by inhabiting steep, rugged terrain (Geist 
1981). 

Hypothesized Explanations for 
Sexual Segregation 

Numerous hypotheses have been for-,. 
warded to account for sexual segregation 
in polygynous ungulates (Main and Co- 
blentz 1990, Miquelle et al. 1992). Mi- 
~ u e l l e  et al. (1992) eliminated several hv- 
potheses because they were not consistent 
with existing data and were deemed un- 
likely explanations for sexual segregation. 
Thev cautioned that there mav be no sin- 
gle, universal explanation for sexual seg- 
regation in ungulates. We agree that there 
are some hypotheses that are sufficiently 
incomvatible with observed vatterns of 
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sexual segregation in ungulates in general, 
and mountain sheep in particular, to ren- 
der them unlikely explanations. Therefore, 
researching these notions is unlikely to 
yield fruitful results. 

The first such hmothesis is that males 
may avoid areas hkivily contaminated by 
feces because they are more likely to suf- 
fer from increased parasite loads than are 
females (Clutton-Brock et al. 1987). Clut- 
ton-Brock et al. (1987) refuted this hy- 
pothesis for red deer. Although mountain 
sheep in some areas may be severely af- 
fected by lungworms (Protostrongylus 
spp.) (Forrester 1971), this parasite is ab- 
sent from most desert ranges, as are other 
fecal-borne diseases of potential impor- 
tance to the health of wild sheep (Clark et 
al. 1985). Conseauentlv. avoidance of fe- 

1 i' 

cal-contaminated areas is an unlikelv ex- 
planation for sexual segregation for desert- 
dwelling mountain sheep. 

A second unlikely hypothesis is that seg- 
regation of the sexes results from males 
u 


avoiding aggressive interactions provoked 
by the presence of females (Shank 1985). 
Geist (1971) reported low-intensity inter- 
actions between male sheep outside rut, 
but this does not mean that the vresence 
of females would precipitate serious clash- 
es. Main and Coblentz (1990) noted that 
rutting behaviors (including aggression) of 

temperate and Arctic ungulates were reg- 
ulated by hormones that are highly season- 
al. If this hypothesis is correct, young 
males, many of which remain with females 
outside rut (Geist 1971) and may be sex- 
ually mature (Turner 1976), should contin- 
ue to engage in serious fights and other 
rut-related behaviors; intense interactions 
have not been reported among mountain 
sheep outside the mating season. 

Verme (1988) speculated that male cer- 
vids might segregate because they require 
more open areas (to prevent damage to 
growing antlers) than do females. Al- 
though this hypothesis is not applicable to 
bovids, which do not cast their horns 
(Main and Coblentz 1990), it also is not 
supported by data from species of deer. 
Mule deer living year-round in exception- 
ally open habitats still exhibited sexual seg- 
regation (Scarbrough and Krausman 
1988). Moreover, male mule deer inhab- 
iting vegetation types varying from dense 
brush to open meadows did not use hab- 
itats differently during periods of segre- 
gation and aggregation (Bowyer 1984, 
1986a). These findings make this hypoth- 
esis an unlikely explanation even for seg- 
regation by cervids. 

McCullough (1979) and Verme (1988) 
suggested that males might segregate to 
more open areas where they could main- 
tain visual contact and thereby evaluate 
the dominance of other males. This hy- 
pothesis infers that ungulates inhabiting 
open habitats should not segregate. Con- 
trary evidence is available from a number 
of cervids (Main and Coblentz 1990). Ad- 
ditionally, this hypothesis will not explain 
why some young males remain with fe- 
males (Geist and Petocz 1977). Moreover, 
ungulates possess means of recognizing 
conspecifics and their status other than vi- 
sion (e.g., olfaction [Coblentz 1976, Bow- 
yer and Kitchen 19871). The size of horn- 
like organs is often an indication of the hi- 
erarchical status of males (Geist 1971, 
Hirth 1977, Kucera 1978, Bowyer 198617, 
and many others). This assessment of 
dominance does not require especially 
open areas, and this hypothesis does not 
explain why males should remain segre- 



gated for such an extended period. In- 
deed, sparring. in which males assess dom- 
inance, is most often focused around rut 
when the sexes are at least partially aggre- 
gated (Geist 1971, Bow)ier 1986b). Al-
though males may have bpportunities to 
assess the dominance of potential rivals 
during segregation, there is no compelling 
evidence that this leads to or causes seg- -
regation. 

Geist and Bromley (1978) proposed 2 
hypotheses about sexual segregation. First, 
male cervids may spatially separate from 
females following mating, but then return 
after antler casting because mimicw of fe- u 

males allows males to rejoin such groups 
without being conspicuous to predators. 
As with other hypotheses related to the 
cast in^ 

0 
of antlers (or horn sheaths). this , , 

idea applies only &I cenids and perhaps 
antilocaprids and may not be invoked as a 
general explanation for ungulates. More- 
over, this hypothesis does not explain seg- 
regation beyond the time of antler casting 
or-where segregation is more pronounced 
during spring, when antler regrowth is ob- 
vious (Bowyer 1984, McCullough et al. 
1989). Miquelle et al. (1992) concluded 
that the vresence of antlers did not avvear 
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to be an iln~ortant factor influencing the " 
distribution of the sexes for moose follow- 
ing rut. Too rnuch contrary evidence exists 
to make this a viable hypothesis. 

Geist and Brornley (1978)also suggest- 
ed that males that retain their horn-like 
organs through winter should segregate 
from females to avoid being cons~icuous 

0 I 

because of their increased vulnerabilitv to 
predation resulting from strenuous rutting 
actkities. Indeed, rutting activities among 
ungulates can decrease physical condition 
and thereby increase mortality of large, 
dominant males (Geist 1971; Bowyer 
1981, 1991; Miquelle 1 9 9 0 ~ ) .This hypoth- 
esis may be applicable to both cervids and 
bovids, because both horns and antlers 
would be conspicuous for at least some pe- 
riod follouing rut. Moreover, male ungu- 
lates sometimes predominate among hlls 
of predators (McCullough 1979:204,Har-
rison and Hebert 1988). This hwothesis. 

il 

however, poorly explains the timing of seg- 

regation for some cervids. For instance, 
mule deer remain segregated following 
antler casting and well into the period of 
antler regrowth ( B o y e r  1984), and male 
mountain sheep can remain with females 
on restrictive winter ranges following the 
mating season (Wehausen 1980). Horns 
and antlers may offer a cue to predators in 
identifying vulnerable males exhausted 
from rut, but this hypothesis will not ex- 
plain the observed patterns of sexual seg- 
regation among most ungulates. 

Another possible explanation for sexual 
segregation is that males seek habitats with 
cover that helps minimize energy losses 
following rut (Staines 1976, ?%7atson and 
Staines 1978).Clutton-Brock et al. (1987) 
and Miquelle et al. (1992),however, ob- 
served contradictory behavior in red deer 
and moose, respectively. A harsh winter 
climate is an improbable explanation for 
segregation by ungulates inhabiting desert 
environments. Indeed, the period of seg- 
regation in desert-dwelling mountain 
sheep encompasses a wide variety of cli- 
matic conditions (Leslie and Douglas 
1979), suggesting this is not the cause of 
segregation in these ungulates. Addition- 
ally, sheep aggregated when temperatures 
were high and the climate was most stress- 
ful (Leslie and Douglas 1979). Climate 
may play an important role in habitat se- 
lection by ungulates, but evidence that it 
causes sexual segregation is not compel- 
ling. 

Four remaining hypotheses provide po- 
tentially useful explanations for sexual seg- 
regation in artiodactyls (Table 1).We use 
the approach of multiple working hypoth- 
eses (Platt 1964) because multiple causa- 
tions of ecological events are common 
(Hilborn and Stearns 1982). Precbctions 
for each hypothesis in Table 1 will be com- 
pared with the results from this research; 
thus, each is potentially falsifiable. None- 
theless, critical tests of these hypotheses 
are difficult to obtain because they are not 
mutually exclusive (Quinn and Dunham 
1983). 

H I :  Sexual segregation in mountain 
sheep occurs because males (zuoici? areas oc- 
cupied by females and young to decrease 



Table 1. Summary of hypotheses, predicted outcomes, and means of differentiating among hypotheses related to sexual seg- 
regation in mountain sheep. 

Outcome 

Males on a lower quality 
diet than females. 

Male diets either of high- 
er or lower quality than 
females. 

Males on a higher quality 
diet than females. 

Hypotheses Differentiation 

H1:  Males avoid competition with fe- Primarily Classa 111 and IV males seg- 
males to enhance their own fitness. regate from females. 

Hz: Allometric differences lead to Class 11-IV males segregate from fe- 
segregation. males. 
Males use low quality resources in- Female movements result in sexual 

adequate for females. segregation. 
Females outcompete males for high Primarily male movements result in 

quality resources. sexual segregation. 

H3: Differential water requirements From H1:Class 11-IV males occur 
cause spatial segregation. farther from water than females. 

From Hp: Regardless of range quality, 
females, and particularly females 
with young, will be closer to water 
than Class 11-IV males. 

H4: Females avoid predation by seg- Females inhabit areas with more rug- 
regating from males. 

Males are categorized according to age and size following Geist (1966. 

competition with their oflspring and po- 
tential mates. This hypothesis was pro-
posed initially by Geist and Petocz (1977) 
to explain sexual segregation by male 
mountain sheep in northern environments 
with small winter ranges with extreme 
snow cover. Geist and Petocz (1977) pro- 
vided empirical data in support of this hy- 
pothesis, but under limited and very spe- 
cialized conditions. Other investigators 
(McCullough 1979, Bowyer 1984, Verme 
1988, Miquelle et al. 1992) have chal-
lenged the hypothesis on theoretical 
grounds and have argued that it is difficult 
to explain why young males that typically 
have not mated should avoid competition 
with unrelated young without invoking 
group selection. Moreover, Morgantini 
and Hudson (1981) argued that such be- 
havior would result in males potentially re- 
ducing their own reproductive fitness. 
Group selection is unlikely to have affect- 
ed the evolution or ecology of ungulates 
because of the unusual condtions neces- 
sary for it to operate (Williams 1966). Nev- 
ertheless, large, dominant males, which ac- 
count for most mating in mountain sheep 
(Geist 1971), might incur some fitness 
benefits if their absence from ranges oc- 
cupied by their mates resulted in en-

ged terrain, or with fewer predators 
than do males. 

hanced nutrient availabilitv for those fe- 
i 

males. 
Female mountain sheep and offspring 

foraging on the tiny, wind-swept winter 
ranges described by Geist and Petocz 
11977) could incur nutritional benefits if 
fatheis of the offspring &d not forage on 
the same ranges, assuming that the diets 
of the 2 sexes would have been similar; 
males also could incur indirect benefits in 
the form of enhanced nutrient availabilitv 
for their mates and offspring, and poten- 
tially hrect benefits to themselves in the 
form of increased nutrient availability. 

If the hypothesis of Geist and Petocz 
(1977) has applicability beyond the spe- 
cialized conditions for which it was devel- 
oped, then male mountain sheep from dif- 
ferent environments must have a high fi- 
delity to rutting ranges, similar to that re- 
ported by Geist (1971), where the annual 
probability of males encountering and 
bree&ng with the same females is great. 
Additionally, mature males must arrive on 
rutting ranges later than young males, and 
mature males must d e ~ a r t  from those 
ranges earlier than young males (Geist 
1971), because shorter periods of aggre- 
gation between breeding males and their 
mates wodd minimize competition for re- 



sources. Assuming these conditions are 
met, the hypothesis of Geist and Petocz 
has potential application in areas aside 
from the limited conditions for which it 
was developed and can be tested with 
sheep inhabiting a desert environment. If 
males segregate from females to enhance 
their own fitness, we predct during sexual 
segregation that 

1. Females will inhabit ranges with better 
quality forage than do males. 

2. Large 	 dominant males will spatially 
separate from females and young; but 
smaller subordinate males are less likely 
to do so, because there would be lim- 
ited reproductive advantages incurred 
by them. 

Ho: Allornetric differences between nzale * JJ 

and female nzountain sheep lead to differ- 
entiil uses of food that risult in seg;iga- 
tion. Because energy requirements per 
unit bodv w e i ~ h t  scale to a Dower less than 

i 0 I 

unity, the energy requirements of smaller 
animals are greater proportionally to body 
weight than those of large animals (Van 
Soest 1982). Nonetheless. the absolute en- 
ergy requirements of large animals are 
greater than those of small ones. A larger 
ruminant may require a larger quantity of 
forage to meet this need, but also may be 
able to subsist on a lower aualitv diet than 

I i 

a smaller one due to greater metabolic ef- " 
ficiency. Because most ungulates exhibit 
extreme sexual dimorphism in body size, 
males mav be able to occuvv habitats hav- 

I i 

ing poorer quality forage, yet do as well 
nutritionally as females on higher quality 
ranges (McCullough 1979, Bowyer 1984, 
Beier 1987), as long as the amount of for- 
age is adequate. Among mountain sheep, 
males are notably larger than females 
(Remington 1982) and are expected to 
have larger rumens than females: thus. 

V 

males may be able to subsist on lower 
quality diets. Indeed, Illius and Gordon 
(1987) suggested that the differential seal-
ing of metabolic requirements to body 
weight may underlie ecological segregation 
of the sexes anlong grazing ungulates. 

Because of dfferential scaling of meta- 
bolic requirements and incisor breadth, 

Seegmiller and Ohmart (1982) hypothe- 
sized that lambs would forage more selec- 
tively than adult females. Moreover, they 
concluded that adults, having higher en- 
ergy and nutrient requirements per unit 
time, \yere precluded from consuming the 
smaller and more widelv scattered food 

i 

items of highest qualitv (forbs and annual 
grasses) thzt w e k  usid by lambs. Seeg- 
miller and Ohmart 11982) further suppest- 

00 

ed that adult male 'and female mountain 
sheep may have different diets, thereby ex- 
plaining the spatial segregation observed 
between the sexes during particular sea-
sons. 

The supposed ability of larger animals 
to tolerate lower quality food, however, 
does not provide a rationale for seeking 
such foods, unless the supply of superior 
foods is limited. Where habitat segregation 
occurs between the sexes of ruminants, 
males often occupy habitats wit11 poorer 
quality forage than females (e.g., Illius and 
Gordon 1987). Male red deer are less tol- 
erant of low plant biomass than are fe-
males and may be excluded from mutually 
preferred communities by indirect (pas-
sive) competition (Clutton-Brock et al. 
1987). Thus, Clutton-Brock et al. (1987) 
suggested that smaller grazing animals 
might tolerate lower levels of food avail- 
ability than larger ones and may progres- 
sively exclude larger conspecifics (i.e., 
males) from mutually preferred areas by 
reducing standing crops to levels inade- 
quate for larger animals to graze econom- 
icallv. 

I{ allometric differences allo\v males on 
forage of poorer quality to maintain them- 
selves as well as females, then, where rang- 
es are inadequate for females, we predict 
that segregation will result primarily from 
the movement of female sheep to areas 
with greater availability of nutrients. This 
situation would be exacerbated late in ges- 
tation because of nutritional demands. Al- 
ternatively, if female ranges support forage 
of adequate quality but insufficient quan- 
tity for males, females will have a compet- 
itive advantage over males and segregation 
\+ill result from males leaving female rang- 
es. 



H3: Females spatially segregate from 
m l e s  because of greater water reqzrire- 
ments associated with lactation or  their 
smaller body size. Water requirements of 
lactating female ungulates are high (Short 
1981), and this may be especially impor- 
tant in desert ecosystems. Bowyer (1984) 
ascribed sexual segregation of mule deer 
in a semiarid environment, in part, to the 
dependence of females and their young on 
free water. The physiological burden of 
lactation may constrain females from ven- 
turing far from sources of free water. 
Moreover, the relatively low water require- 
ments of males co~npared with smaller-
bodied females may allow them to occupy 
areas farther from summer sources of wa- 
ter and thereby exploit resources unavail- 
able to females. Inherent in the predic- 
tions for this hypothesis is the assumption 
that the distance an animal occurs from 
water provides an index to the importance 
of water to that animal. 

If the constraints of lactation and body 
size on water needs contribute to sexual 
segregation, then we predict that 

1. Sexual segregation should be most pro- 
nounced during the birthing and early 
lamb-rearing periods and females with 
lambs should use water sources regu- 
larly at this time. 

2. 	Females wit11 young should occur clos- 
er to water than do males or females 
without young. 

3. 	Because of their lower water require- 
ments, mature males should occur far- 
ther fro111 free water than females or 
young males during hot summer 
months. 

Hq: Spatial separation of the sexes oc- 
curs because mat t~re  males, owing to their 
larger body size and strength, are less sus- 
ceptible to predators than smaller-bodied 
females and young, thereby allowing these 
n~ales to exploit resources unacailable to 
smaller indiciduals. This hypothesis infers 
that mature males are able to use different 
ranges than females and immature ani- 
mals, because adult males are larger and 
presumably less vulnerable to predators. 
Numerous authors have argued that pre- 

dation is at least partially related to seg- 
regation. For instance, by differential use 
of ranges, mature males are thought to 
maximize nutrient intake, whereas females 
and young minimize predation risk (Ober 
1931, King and Smith 1980, Geist 1982, 
Festa-Bianchet 1988, McCullough et al. 
1989, Main and Coblentz 1990). 

Strategies of predator evasion might in- 
fluence the distribution of the sexes. Be- 
cause of their smaller body size, females 
and especially juveniles are particularly 
susceptible to predation (Curio 1976) and 
often inhabit precipitous terrain, lvhere 
forage quantity or quality may be lower 
than nearby less-precipitous habitats, but 
where their ability to evade predators is 
enhanced (Geist 1981). On the other 
hand, males may take more risks to obtain 
nutrients to ensure growth and large body 
size necessary for successful competition 
for mates (Trivers 1972). McCullough 
(1979) suggested that the preponderance 
of adult male ungulates in the diet of many 
predators reflected the greater risks asso- 
ciated with sexual competition. Consistent 
with this notion, several investigators (\Ye- 
hausen 1980, Shank 1982, Festa-Bianchet 
1986) reported that male mountain sheep 
occurred on higher quality sites than did 
females, but others (Charles et al. 1977, 
\t7atson and Staines 1978, Staines et al. 
1982, Beier 1987, Clutton-Brock et al. 
1987) noted the opposite to be true among 
other species of ungulates. 

This hypothesis of predator evasion 
holds the potential to explain sexual seg- 
regation for species in which adult females 
occur on areas of either higher or lower 
quality than do adult males. For instance. 
ii' fem'ales are relegated to areas of precip- 
itous terrain necessary to evade predators, 
males might be able to exploit areas too 
risky to be used regularly by females, es- 
pecially ranges with high quality forage. 
Conversely, if areas with escape cover also 
possessed high quality forage, then fe-
males could occur on higher quality ranges 
than do males. Likewise, where high qual- 
ity areas allow the formation of large 
groups of females, that sex may be able to 
reduce its risk of predation through group 
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advantages (Hamilton 1971) while occu-
pying good quality range. These last 2 sce-
narios do not explain why males should oc- 
cupy lower quality sites during segrega- 
tion; however, predation coupled with size 
differences between the sexes and differ- 
ing population densities on male and fe- 
male ranges might produce this pattern. 

If females and young segregate from 
males principally to minimize risk of pre- 
dation, we predict that 

1. Females will occupy more rugged ar-
eas, with greater opportunities to evade 
predators than do males. 

2. 	Relative numbers of predators will be 
lower on ranges primarily occupied by 
females than on ranges inhabited by 
mature males. 

3. Females may obtain a lower quality diet 
than do mature males. 

Predictions from these 4 basic hypoth- 
eses were subdivided into a limited num- 
ber of categories relative to data required 
to test them. Hence, we concentrated our 
effort on (1) physical differences in the 
habitats used by the sexes, (2) the avail- 
ability of forages of differing nutrient val- 
ue, ( 3 )resulting differences in diet quality, 
(4) availability and use of water, and (5) 
predator abundance. 

Objectives and Implications of the 
Research 

Our objectives were to (1)describe and 
quantify sexual segregation in a population 
of mountain sheep inhabiting a desert eco- 
system and (2) test 4 hypotheses (Table 1) 
to explain sexual segregation among polyg- 
ynous ungulates. Hypotheses potentially 
explaining sexual segregation in ungulates 
have been the subject of some controversy 
(Main and Coblentz 1990, Main et al. 
1996). Information from a large number of 
ungulates existing under diverse condi-
tions is necessary to explain any general 
adaptive significance of sexual segregation 
(Miquelle 19906); perhaps, however, no 
universal, single explanation for this phe- 
nomenon exists (Main and Coblentz 1990, 
Miquelle et al. 1992). 

Understandng how male and female 
mountain sheep partition space and re-
sources, and the demographic conse-
quences thereof, expands our knowledge 
of sexual selection in polygynous ungulates 
and may be important in the conservation 
of this species. Likewise, knowledge of 
why the sexes remain apart outside the 
mating season is necessary to the under- 
standing of habitat use and may advance 
c node ling of population dynamics. Infor- 
mation for mountain sheep inhabiting des- 
ert environments is especially important to 
understand the complex habitat and nutri- 
tional relationships exhibited by these 
large mammals. Results from our research 
will have important implications for habi- 
tat conservation (e.g., Bleich et al. 1990a) 
and for the persistence of these large, 
unique ungulates. Moreover, these results 
will be useful when selecting sites to re-es- 
tablish populations of mountain sheep 
(Bleich et al. 1991, 1 9 9 2 ~ ) .  
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STUDY AREA 

The study area encompassed Old Dad 
Mountain, Cowhole Mountain, the Kelso 
Mountains, and the Marl Mountains in 
San Bernardino County, California (Fig. 
1).This is part of a larger metapopulation 
of mountain sheep described by Schwartz 
et al. (1986). The immediate surrounding 
area includes expansive lava beds located 
north of the Kelso Mountains and a large 
area of relatively stable sand dunes (the 
Devils Playground) west of Old Dad 
Mountain. The study area encompasses 
1,265 km2. 

Nearby ranges include the Bristol, Soda, 
and Providence mountains. \f'e docu-
mented movements of mountain sheep 
among all ranges in the study area except 
the Bristol Mountains. Old Dad Mountain 
reaches an elevation of 1,308 m, and the 
maximum elevation of the Marl Mountains 
is 1,387 m; Kelso Peak has an elevation of 

1,466 m. Within the study area, the desert 
floor gradually gains elevation from west to 
east, and intermountain areas range in el- 
evation from approximately 300 m at the 
base of Cowhole Mountain to about 1,750 
m near the Providence Mountains, south- 
east of the Marl Mountains. Old Dad and 
Cowhole mountains are composed mostly 
of limestone, and the Kelso and Marl 
mountains are primarily of granitic origin. 
South and east of Old Dad Mountain, ma- 
jor ridges of volcanic origin occur. The ge- 
ology of Old Dad Mountain and vicinity 
has been described in detail by Barca 
(1966), Dunne (1977), and Curry and Re- 
sigh (1983). 

Daytime maxima in summer normally 
exceed 38 C, and winter low temperatures 
below freezing are not uncommon (R. A. 
Weaver, J. L. Mensch, and R. D. Thornas, 
A report on bighorn sheep in northeastern 
San Bernardino County, California, Fed. 
Aid in Wildl. Restor. Final Rep., Proj. 
1:-51-R-14, Calif. Dep. Fish and Game, 
Sacramento, 26pp., 1969). Annual precip- 
itation in the vicinity of the study area av- 
eraged 8 cm, with about 50% falling as lo- 
calized summer thundershowers (Fig. 2) 
(Freiwald 1984). A pronounced drought 
occurred in 1990 with only 3 cm of pre- 
cipitation. 

Ten sources of water used by mountain 
sheep were present in the study area (Fig. 
1)and availability of water at most of the 
natural springs was unpredictable. Four 
artificial sources provided water on a year- 
round basis (Bleich and Pauli 1990) and 
were used heavily by mountain sheep, par- 
ticularly during summer (Bleich 1983a, 
Jaeger et al. 1991). Two ephemeral springs 
in the volcanic badlands receive only oc- 
casional use by mountain sheep. 

Martens and Baldwin (1983) and Bleich 
(1993:appendix A) described 6 primary 
vegetation cornmunities in the study area 
(Fig. 3): 

1. creosote bush (Larrea tridentata) scrub 
(CBS), 

2. wash scrub (Wash), 
3. Yucca-Ephedra scrub (YES), 
4. partially stabilized dunes, 
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Fig. 1. Study area in San Bernardino County, California, showing the desert mountain ranges inhabited by mountain sheep. 

5. stabilized dunes, and 
6. rupicolous scrub (RS). 

A seventh vegetation type, intermediate in 
cl~aracteristics between CBS and YES, 
which occurred between the upper limits 
of CBS and the lower limits of YES, is the 
transition zone (TZ).A primary character- 
istic of the TZ was its remarkably dissim- 
ilar vegetation on different slope aspects. 
In general, north-facing slopes supported 
vegetation similar to YES; all other aspects 

within the TZ have vegetation typical of 
CBS (Martens and Baldwin 1983). 

In the eastern portion of the study area, 
YES, CBS, and TZ vegetation associated 
with lava flows were identified as such (Fig. 
3). Areas almost devoid of vegetation also 
occurred east of Old Dad Mountain; these 
areas were identified as "cinder" for de- 

urposes. LVe grou ed stabilized 
dunes anf; partially stabilize Bdunes into a scnptive 
single ve etation catego termed Dune. 

With t f e exception o ?wolves, the study 
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Fig. 2. Thermograph of monthly precipitation and tempera-
ture 30 km northwest of Old Dad Mountain, San Bernardino 
County, California, 1983-89. 

area contained a full complement of native 
large carnivores, including bobcats, moun-
tain lions, and coyotes (the most common 
predator) (Johnson et al. 1948).Mountain 
lions were not reported in the eastern Mo-
jave Desert by Johnson et al. (1948);these 

large felids apparently colonized the study 
area following the introduction of mule 
deer in 1948 (Longhurst et al. 1952). 

Mule deer occurred only infrequently in 
the study area; other sympatric ungulates 
include domestic cattle and feral asses 
(>lo0 animals). Three livestock allotments 
overlapped the study area. Cattle were 
grazed during spring, autumn, and winter 
in the Kelso and Marl mountains and on 
sandy areas south of Old Dad Mountain. 
Approximately 160 female and 205 male 
mountain sheep inhabited the study area 
(Jaeger et al. 1991). Based on the esti-
mates of Jaeger et al. (1991) and the dis-
tribution of mountain sheep (this paper), 
males occurred at a slightly higher overall 
density (0.32/km2)than did females (0.27/ 
km2). This difference in density is a bias 
resulting from the translocation of more 
female than male sheep from the study 
area (Bleich et al. 1990b). Nonetheless, a 
high density of females occurred in the RS 
vegetation type during periods of segre-
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Fig. 3. Distributionof vegetation types in the Old Dad Mountain-Kelso Mountainsstudy area, San BernardinoCounty,California. 
Vegetation types are as follows: CBS = creosote bush scrub; Cinder = creosote bush scrub on cinder cones; CBS-Lava = 
creosote bush scrub on lava flows; RS = rupicolous scrub vegetation; TZ = transition zone vegetation; TZ-Lava = transition 
zone vegetation on lava flows; Wash = wash vegetation; Dune = dune vegetation; YES = Yucca-Ephedra scrub vegetation; 
Pinyon Pine = pinyon pine vegetation. 



gation compared with ranges used by 
males at that time. 

The study area has been open to limited 
hunting of mountain sheep since 1987, 
with 25 mature males harvested through 
the 1991 hunting season (Bleich et al. 
1 9 9 2 ~ ) .From 1983 to 1989, 172 mountain 
sheep (46 males, 126 females) were re-
moved from the study area for transloca- 
tion to other historical ranges (Bleich et al. 
1990b). 

METHODS 
Capture and Measurement of 
Mountain Sheep 

From September 1986 to June 1990, we 
captured 44 mountain sheep (27 males, 17 
females) and fitted them with radio collars 
incorporating mortality sensors (Telonics, 
Inc., Mesa, Ariz.) (Bleich et al. 1990~) .  
Most inhviduals were captured using a 
hand-held net gun (Krausman et al. 
1985b) fired from a Bell 206B-I11 helicop- 
ter flown by a pilot experienced in that 
procedure (Bleich 1983b); 2 animals were 
captured by driving them into a net (Bea- 
som et al. 1980). 

We estimated the age of each raho-col- 
lared animal using patterns of incisor re- 
placement (Deming 1952) and horn-
growth rings (Geist 1966). We also deter- 
mined body weight (to the nearest 0.5 kg) 
using a platform scale and chest girth (to 
the nearest 1.0 cm) for 172 mountain 
sheep in the study area during 1983-89 to 
evaluate the degree of sexual dimorphism 
in this population. 

Radiotelemetry 

We relied on telemetry data for inter- 
sexual comparisons of habitat use and 
movement patterns and to determine the 
home ranges and range fidelity of rutting 
males on an annual basis. We attempted to 
locate radio-collared animals once each 
week from 1October 1986 to 31 Decem- 
ber 1990 using a fixed-winged aircraft 
(Cessna 185) flown by an experienced pi- 
lot, but inclement weather precluded strict 

adherence to that schedule. The aircraft 
was equipped with a directional "H-anten- 
na" (Telonics, Inc., Mesa, Ariz.) on each 
wing strut. Locations of radio-collared an- 
imals were determined in a manner similar 
to that described by Krausman et al. 
(1984), and geographic positions were es- 
timated using LORAN-C (Boer et d. 
1989). Some locations of rado-collared 
mountain sheep were confirmed visually 
during 14 flights, and each coincided with 
the location of the strongest telemetry sig- 
nal on those occasions. 

To evaluate the bias of the LORAN-C 
navigation system, we used the airplane to 
obtain 16 sets of geographic coorhnates 
for each of 6 easily recognized ground fea- 
tures in the study area. We estimated the 
geographic coordinates of each of these 
features by digitizing them from USGS 
7.5-minute (1:24,000) topographic maps. 
On average, LORAN-C coordinates indi- 
cated the aircraft was 161 m east and 104 
m north of ground features. We corrected 
all geographic coordinates recorded by 
LORAN-C by these values prior to initi- 
ating any analyses (Patric et al. 1988). 

Errors associated with telemetry loca- 
tions estimated using LORAN-C (Jaeger 
et al. 1993) were small relative to the 
home ranges of sheep (2-5 km2). Such ac- 
curacy was adequate for this investigation 
because categories of vegetation and slope 
occurred over relatively large, homoge- 
neous areas. We chose to not consider as- 
pect as a variable in our analyses because 
of its potentially greater sensitivity to res- 
olution problems resulting from the small 
size of aspect polygons relative to potential 
location error. 

Aerial Surveys 

Data from 20 helicopter surveys con- 
ducted from May 1981 to December 1990 
were used to determine periods of sexual 
segregation and aggregation as well as for 
intrasexual comparisons where group com- 
position was important. A pilot and 3 ob- 
servers experienced in those procedures 
(Bleich 1983b) participated in all surveys. 
The study area was partitioned into 5 sur-



vey polygons (26-83 km2), and each was 
searched systematically (Bleich e t  al. 
1990d) at an average intensity of 2.5 min- 
utes/km2. During helicopter surveys, ver- 
tical and lateral distances to the ground 
varied considerably because of high topo- 
graphic diversity within survey polygons 
(Bleich et al. 1990d, 1994). Each obser- 
vation of a mountain sheep was plotted on 
USGS 15-minute (1:62,500) topographic 
maps, and these locations were digitized 
and converted to Universal Transverse 
Mercator (UTM) Grid coordinates (Mon- 
monier and Schnell 1988). Marked ani- 
mals seen during these surveys also were 
recorded as were other ungulates and 
predators. Although helicopter overflights 
of mountain sheep disturbed them, these 
animals did not become sensitized or ha- 
bituated to this aerial sampling (Bleich et 
al. 1994). Moreover, sheep l d  not begin 
moving until they were directly ovedown 
(Bleich et al. 1994). Consequently, we be- 
lieve this sampling method provided un- 
biased data on habitat use by sheep. 

Ground Observations 

Ground observations were made from 
June 1987 to December 1990, and these 
data also were used to define periods of 
sexual segregation and aggregation. Be-
cause the intent of ground surveys was to 
obtain data on the female and lamb co- 
horts of the population, these efforts were 
concentrated in areas used primarily by fe- 
males and lambs and, thus, were not ap- 
propriate for other analyses. Observations 
were recorded on USGS 15-minute topo- 
graphic maps and later digitized and con- 
verted to UTM coordinates. 

Time-lapse Photography 

We used time-lapse photography (Jae- 
ger et al. 1991) to record sheep at water 
sources. Photographs were taken every 60 
seconds during adequate daylight, and 
cameras were positioned to facilitate the 
correct classification of sheep (Jaeger et al. 
1991). Cameras operated almost constant- 
ly during June through September 1988 

and again during June through September 
1989, 4 daydmonth during October 1989 
through May 1990, and on 4 days during 
July 1990. 

We analyzed each frame of film using 
the "groups-per-frame" method of Jaeger 
et al. (1991) to help ensure that samples 
were independent. These data supple-
mented those obtained during ground and 
aerial sampling to determine periods of 
sexual segregation, to evaluate seasonal use 
of water sources by sheep, and to assess 
the relative abundance of carnivores. 

Group Composition 

For statistical purposes, a group consist- 
ed of 21 mountain sheep. During aerial 
surveys, animals 1100 m from each other 
were considered to be in the same group 
because the noise associated with the air- 
craft may have caused groups to begin 
fragmenting as they were observed. Dur- 
ing ground sampling, unlsturbed animals 
were placed in the same group if they 
were 550  m from one another (Siegfried 
1979) or appeared to be aware of the pres- 
ence of other nearby conspecifics and 
moved cohesively. Sheep in the same pho- 
tograph were considered to be a social 
group. 

Each sheep was classified (Geist 1968) 
as a Class I ,  11, 111, or IV male; yearling 
female; adult female ( 2 2  yrs old); or lamb 
(individuals of either sex, <1yr old). Class 
I males were <2 years old and are referred 
to as yearling males. Class I1 males gen- 
erally were 2-3 years old and are referred 
to as young males. Class 111 and IV males 
were 2 4  years old and were termed ma- 
ture males. All males >Class I1 were con- 
sidered to be adults. 

We recognized 5 major social groups 
(Hirth 1977) of sheep. Female groups con- 
tained rl adult female, but could include 
yearlings or lambs. Male groups contained 
21 Class 11, 111, or IV males and also 
could include Class I males, but contained 
no females or lambs. Mixed groups con- 
tained rl adult male and 1female and any 
other group members. Yearling groups 
consisted of yearlings of either sex and 



rarely included lambs. Lamb groups con- 
tained only young-of-the-year. 

Vegetation Sampling 

During April 1990, we quantified vege- 
tation using 92 randomly located step-
point transects (Evens and Love 1957, as 
modified by Bowyer and Bleich [1984]). 
We recorded a cover "hit" if the point (<1 
mm in diameter) fell within the canopy of 
a shrub or on a stem or leaf of a plant; a 
frequency hit was recorded if the point 
contacted the stem of any plant where it 
entered the ground. Points not recorded 
as frequency or cover for plants were tal- 
lied as bare ground (including rocky sub- 
strates). Each transect contained about 
300 step-points (recorded every other 
step; approx 2 m apart) that were used to 
calculate percent cover and frequency for 
that transect. Adequate sample size for 
each vegetation type was determined by 
cumulatively summing the percent cover 
of the 5 most common plant species across 
trarlsects until the means stabilized (Ker- 
shaw 196429). We also sampled annual 
vegetation during April 1991 and April 
1992. Plant nomenclature follo\vs Munz 
(1974). 

At the beginning, middle, and end of 
each step-point transect, we estimated 
horizontal cover using a cover-pole (Grif- 
fith and Youtie 1988). Cover-poles were 2 
m long, and divided into 8 bands, each 25 
cm in length. An observer recorded cover 
of the pole from 4 directions from a dis- 
tance of 15 m. These directions were at 
right angles to one another, and the initial 
direction was selected randomly. The per- 
centage of each band not visible from the 
4 directions was estimated. The average 
cover for each 1-m length of the cover 
pole was then calculated, using the 16 val- 
ues estimated for that increment of the 
pole. Horizontal cover for each vegetation 
type is expressed as the mean percent of 
the pole not visible from >1 m and from 
51 m above the ground. To quantify the 
role of geomorphic features in determin- 
ing horizontal cover, we recorded those in- 
stances in which rocks or changes in slope 

affected cover as measured by the pole; 
these were expressed as the mean number 
of occurrences/l-m increment of the cov- 
er-pole for each vegetation type. 

Habitat Characteristics 

We used a Geographic Information Sys- 
tem (CIS) to create a coverage of vegeta- 
tion types. We used commercially available 
dgital-elevation models (SoftWright, Inc., 
Aurora, Colo.) with the triangulated irreg- 
ular network (TIN) module of ARCANFO 
(Environmental Systems Research Insti-
tute, Inc., Redlands, Calif.) to create a 
3-dimensional surface model of the study 
area and later converted this to a %dimen- 
sional polygon coverage. From the TIN, 
the elevation and slope of ground, aerial, 
and telemetry locations of mountain sheep 
were determined (Bleich et al. 19926). Ad- 
ditionallv. we calculated the distance from 
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each sheev location to the nearest avail- 
able source of water to serve as an index 
of the importance of this resource to 
s h e e ~ .
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We created an index of terrain rugged- 
ness by converting the 3-dimensional sur- 
face model into a coverage of 12-m con- 
tour lines. Grids. each 1km bv 1km. were 

J 

overlaid on the studv area. and the num- 
i 

ber of arcs forming the contour lines with- 
in each square was tallied. Using the CIS, 
this index of ruggedness was associated 
with each sheep location according to its 
grid square. Because of the large size of 
the grid cells, the total number of contour 
lines occurring within each cell provided 
an indrect measure of overall topography; 
the more rugged the terrain, the greater 
the number of contour lines that occurred 
in that cell. 

We developed separate coverages for 
vegetation type and slope based on mini- 
mum-convex polygons created from telem- 
etry data for periods when the sexes were 
segregated and aggregated and for year- 
round dstributions of sheen Each of
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these polygons then was enlarged with a 
buffer of 1,000 m, and the resulting poly- 
gons were used to determine the avail- 
ability of 9 categories of slope steepness 



within each buffered area. Using the GIs, 
new coverages containing information on 
slope were created, and summary infor- 
mation concerning the availability of these 
slope classes was generated. In a similar 
manner, new vegetation coverages were 
produced for each buffered minimum-
convex polygon. We generated summary 
statistics concerning the availability of veg- 
etation types from these coverages. We 
used these data, in combination with plant 
cover on ranges used by males and fe- 
males, to develop an index of forage avail- 
ability for each sex. 

Diets of Mountain Sheep 

Whenever possible, we collected fresh 
fecal pellets (n 2 25) each month from 
July 1987 to June 1990 from individuals of 
known sex and age; otherwise, feces were 
obtained from female or male groups. 
During sexual segregation, sampling was 
concentrated in parts of the study area 
used predominantly by males or females. 
During rut, male sheep regularly occurred 
in areas otherwise used by females, and 
fecal samples were collected from males 
when encountered. As samples were col- 
lected, we placed them in paper bags and 
air-dried them until further processing. 

Fecal samples were analyzed by a tech- 
nician familiar with diets of desert sheep 
(Krausman et al. 1989) at the Forage Anal- 
ysis Laboratory, Universit)- of Arizona, us- 
ing the method of Sparks and Malechek 
(1968). Three slides per pellet group were 
prepared (Holechek and Vavra 1981), the 
frequency of a species appearing in each 
of 20 randomly selected microscope fields 
per slide was determined (i.e., 60 fields/ 
pellet group), and these data were used to 
estimate percent diet composition of feces. 
We used Schoener's (1968) value to com- 
pare overlap in diets of males and females. 

To avoid artificial inflation of sample 
sizes (Hurlbert 1984), we calculated the 
average frequency with which a forage 
species appeared on each slide and con- 
verted these values to relative particle den- 
sity (Sparks and Malechek 1968) for each 
sample (pellet group). Thus, the number 

of monthly samples for each sex was equal 
to the number of pellet groups examined. 
Mean w article densitv was then calculated 
by sukming the relative density for each 
forage species and dividing the result by 
the total number of samples. We catego- 
rized plants as annuals (forbs and grasses 
combined), perennial forbs, perennial 
grasses, woody perennials, and succulents 
(cacti). 

~bso lu te  determination of sheer, l e t s  
from microhistological analysis Gay be 
problematical because of lfferential di- 
gestibility of some forages (Fitzgerald and 
Waddington 1979). We assume, however, 
that this techniaue vrovides an index to 
diets of male and fekale sheep. 

Diet Quality 

Fecal crude protein (FCP = fecal nitro- 
gen X 6.25) usually was determined for 
2 5  individual pellet groups/sex/month us- 
ing micro-Kjeldahl dgestion at the Wild- 
life Habitat Laboratory, Washington State 
University or the University of Alaska Ag- 
ricultural Experiment Station, Palmer. To 
investigate overall differences between 
sexes in diet quality during segregation, we 
integrated the curve of monthly mean 
FCP above a baseline of 5% (< the min- 
imum value recorded) for the segregation 
period, divided this area by the number of 
days between end points, and multiplied it 
by 100. This measure indexed average diet 
quality over the entire period of segrega- 
tion in lieu of emphasizing rnonthly differ- 
ences in mean FCP (J. D. Wehausen, De- 
mographic s tu les  of mountain sheep in 
the Mojave Desert: report IV, Calif. Dep. 
Fish and Game, Sacramento, Final Rep. 
FG9239, 54pp., 1992). 

Although FCP frequently correlates 
with nitrogen level of the diet, Wehausen 
(1995) showed that FCP primarily indexes 
apparent digestibility. Moreover, this index 
varies with the quality of habitat for un- 
gulates (Hodgman and Bowyer 1986). The 
ability of this measure to index diet quality 
can be confounded if the diet contains suf- 
ficient levels of forage species high in pro- 
tein-complexing phenolics (Robbins et al. 



1987). We tested the relationship between 
FCP and the shrub component of the diet 
(considered to be the primary source of 
phenolics) to determine the potential ef- 
fects of phenolics on our results. 

Forage Quality 

Percent in vitro dry matter dgestibility 
(IVDMD), percent crude protein (CP), 
and percent moisture content were deter- 
mined on a monthly basis for 20 plant spe- 
cies eaten by mountain sheep. Samples 
were collected from portions of the study 
area inhabited almost exclusively by either 
sex during the nonrutting period. Data 
from Bleich et al. (1992~)  were combined 
by forage class and reanalyzed to evaluate 
potential differences in IVDMD, CP, and 
moisture content. These analyses were 
conducted at the Wildlife Habitat Labo- 
ratory, Washington State University. 

Relative Abundance of Predators 

We indexed relative abundance of DO-
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tential predators using 3 independent 
measures: (1)predator feces on transects, 
(2) time-lapse photography at water 
sources, and (3) aerial surveys. Data were 
recorded from areas used ~redominantlv 

L i 

by mature males or females. 
Belt transects (n = 93) were sampled 

coincident with the routes hiked (Z? SE; 
8.0 2 0.31 km) when conducting surveys 
of s h e e ~  during 1987-88. We tallied all 
fresh ((nbleachgd) predator feces within 1 
m either side of a line of travel (Pelton 
1972. Hone 1988): no transects were re-,, 

samiled. Predator feces (scats) were iden- 
tifiLd according to characteristics de- 
scribed by Murie (1954) and Danner and 
Dodd (1982). Sparse ground cover in this 
arid environment reduced the likelihood 
that scats were overlooked. Relative abun- 
dance is expressed as scats per hectare. 

We used time-lapse photography to re- 
cord daytime visits to water sources by 
coyotes, bobcats, gray foxes (Urocyon cine- 
reoargenteus), and h t  foxes (Vzrlpes ma-
crotis): no mountain lions were recorded. 
Because foxes and juvenile coyotes some- 

times were not distinguishable, these car- 
nivores were pooled in a category termed 
"other." Bobcats and adult coyotes occa- 
sionally may have been placed in this cat- 
egory.

Time-lapse cameras at 2 water sources 
(Kelso Guzzler and Jackass Spring) were 
located in areas used predominantly by 
male mountain sheep; 2 others (Old Dad 
and Kerr guzzlers) were in areas used pre- 
dominantly by females. Relative abun-
dance of predators at water sources was 
expressed as the number of predators (by 
species)/10,000 frames of film. 

We also recorded predators observed in 
sampling polygons (Bleich et al. 1990d) 
during >lo0 hours of helicopter surveys (n 
= 20). Abundance was expressed as pred- 
ators/survey hour/km2 X 1,000. 

Predator Diets 

We collected predator scats from the 
aforementioned transects (n = 60) and 
when they were encountered during other 
field activities (n = 60). These were ana- 
lyzed for prey remains following the pro- 
cedures of Bowyer et al. (1983) based on 
the identification of ungulate hairs by their 
characteristic morphology (Mayer 1952). 
In the field, we carefully examined car-
casses of mountain sheep and, if evidence 
was adequate, the predator was identified 
according to the criteria of Shaw (1983) or 
Woolsey (1985). 

Data Analyses 

Statistics used in this study include mul- 
tivariate and univariate tests. We examined 
assumptions of each test and transformed 
data (log, SIN, COS, SIN-^, rank) as nec- 
essary to meet these assumptions. In some 
instances, we substituted the appropriate 
nonparametric test (e.g., Mann-Whitney, 
Kruskal-Wallis and Friedman tests, and 
Spearman correlation; Zar 1984) for t 
tests, analysis of variance, or regression. 
Provortions were examined with the Z 
test; the G test was used for most categor- 
ical analyses (Zar 1984). We used SYSTAT 
(Wilkinson 1988) or BMDP software (Dix- 



Table 2. Degree of sexual dimorphism as reflected in body mass and girth for sex and age classes of mountain sheep, San 
Bernardino County, California, 1983-89. 

Mslesa Females 

Class I11 
& IV Class I1 (tIearlinn Lamb Adult Yearlin Lamb 

(n = 16) (n = 8) (n = 11) (n = 90) (n = 2 8  (n = 14) 

f SE f SE f SE x SE f SE f SE f SE 

Body mass (kg) 70.2 3.0 58.5 2.9 40.7 2.7 27.8 8.5 47.9 2.6 35.0 1.2 26.4 1.6 
Girth (em) 98.0 2.1 92.2 1.8 83.9 2.0 75.3 11.4 89.0 1.3 78.3 1.2 72.5 1.8 
Age (yrs) 5.3 0.4 2.8 0.2 1.0 0.0 <l.ob 5.1 0.7 1.0 0.0 <l.ob 

a Class I1 males were 113years old; Class I11 and N males were 8 4  years old. 

Most lambs were captured in December and were approximately 8-10 months old. 


on 1985) for most analyses. In all in-
stances. an ci = 0.05 was adopted. 

V7e corrected telemetry locations for 
each animal for autocorrelation solo^ 
1989) using BLOSSOM statistical software 
(Slauson et al. 1991) to generate a subset 
of statistically independent data points. 
The resulting point locations were used in 
subsequent analyses of habitat selection 
(Neu et al. 1974, Heisey 1985); each ani- 
mal contributed a near equal number of 
observations for these analyses. 

We plotted home ranges (minimum-
convex polygon) of mature males that in- 
habited the study area during 2 2  consec- 
utive periods of sexual aggregation using 
CALHOME software (Kie et al. 1994). 
Home ranges of individual males during 
aggregation were overlaid on each other, 
and those overlapping by 250% were con- 
sidered to demonstrate home range fidel- 
ity. 
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Fig. 4. Percent of social groups of mountain sheep based on 
ground and aerial sampling, San Bernardino County, Califor- 
nia, 1981-90. The period of sexual aggregation is the rut. 

RESULTS 
Sexual Dimorphism 

Desert-dwelling mountain sheep exhib- 
ited extreme sexual dimorphism in body 
weight (Table 2). Class I11 and IV males 
were about 1.5 times heavier than adult 
females, and Class I1 males were about 1.2 
times heavier; yearling males and male 
lambs also were slightly larger than their 
female counterparts. 

Social Aggregation and Segregation 

There was a significant positive corre- 
lation (r, = 0.68, P < 0.05, ?I = 11) be- 
tween the percent of mixed groups per 
month in aerial (n  = 869 total groups) and 
ground (n  = 548) sampling, suggesting 
these 2 sampling methods yielded similar 
results; consequently, both data sets were 
combined (Fig. 4). 

h dxfference (2 = 2.6, P = 0.004) was 
evident between the proportion of mixed 
groups occurring August-November (f = 
18.4 2 1.8%) and December-July (f = 3.3 
+ 0.5%). Indeed, most mixed groups 
(73.5%)occurred during August-Novem- 
ber (Fig. 4); consequently, the season of 
sexual aggregation was defined as that pe- 
riod, and sexual segregation as December- 
July. Likewise, 221,854 frames of time-
lapse camera film at water sources used by 
both sexes indxcated that mountain sheeu 
(n = 361 groups) occurred twice as often 
in mixed groups during aggregation (14%) 
as during segregation (7%).Significant dif- 
ferences in the proportion of mixed groups 
between these periods occurred from July 
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Fig. 5. Associations of Class II males (as determined by 
ground and aerial observation) in other social groups of moun- 
tain sheep during periods of aggregation and segregation, San 
Bernardino County, California, 1981-90. 

1988 to June 1989 (G = 9.13, 3 df, P = 
0.03) and from July 1989 to June 1990 (G 
= 18.26, 3 df, P = 0.002). 

Because some mixed groups (Fig. 4) 
contained males no larger than Class 11, 
and these males are important in testing 
hypotheses concerning sexual segregation 
(Table l),we further examined how these 
males associated with other sheep (Fig. 5). 
Significant differences existed in the per- 
cent of Class TI males associating with 
groups containing females, other young 
males (Class I and TI), mixed groups with 
mature males (Class TI1 and IV), and 
groups containing only mature males (G = 
22.44, 3 df, P < 0.001). During segrega- 
tion, groups containing Class TI males and 
males ?Class 111 occurred more frequent- 
ly than those containing Class IT males and 
females (Fig. 5).During aggregation, Class 
IT males were observed often with females 
and, especially, in groups containing both 
females and mature males (Fig. 5). 

During July through December, we ob- 
served 711 groups of sheep, of which 189 
groups contained adult females and males 
?Class I. We observed a total of 640 males 
(75 Class I, 120 Class 11, 285 Class 111, 160 
Class IV) during that period, and 308 of 
these individuals occurred in mixed 
groups. Yearling and young males associ- 
ated with female sheep earlier in the year 
than did mature males; conversely, follow- 
ing the period of sexual aggregation, ma- 
ture males disassociated with females 

more rapidly than did yearling and young 
males (Fig. 6). 

Group Size 

A 3-way ANOVA (1,1,358df) indicated 
that group size of mountain sheep varied 
by survey type (F = 24.10, P < 0.001), 
periods of segregation and aggregation (F 
= 99.00, P < 0.001), and type of social 
group ( F  = 26.60, P < 0.001) (Fig. 7). 
Overall, mixed groups (i= 5.3 + 0.25, n 
= 207) were larger than female (x = 3.4 
+ 0.11, n = 738), male (i= 1.9 ? 0.07, 
n = 424), yearling (i= 1.9 -+ 0.07, n = 
31) and lamb (f = 1.9 5 0.36, n = 17) 
groups. 

Spatial Distribution 

Whether males joined females during 
sexual aggregation or vice versa is an im- 
portant consideration (Table 1).On an an- 
nual basis, approximately 70% of the ob- 
servations of racho-collared female moun- 
tain sheep occurred at Old Dad Mountain 
(Fig. 8). No significant difference (G = 
4.06, 3 df, P = 0.26) existed in the distri- 
bution of females between segregation and 
aggregation. Female mountain sheep re- 
mained primarily in those areas typified by 
steep, open terrain. In contrast, significant 
differences (G = 34.82, 3 df, P < 0.001) 
occurred in the distribution of males be- 
tween segregation and aggregation (Fig. 
8). Males moved to areas of concentrated 
use by females during aggregation and 
then returned to the East Hills and the 
Kelso and Marl mountains during segre- 
gation (Figs. 1, 8). 

Range Fidelity of Male Mountain 
Sheep 

To evaluate the hypothesis of Geist and 
Petocz (1977),male mountain sheep must 
demonstrate a high fidelity to rutting rang- 
es from year to year. Of 27 radio-collared 
males in our study population, 9 mature 
individuals were alive during 2 consecutive 
periods of sexual aggregation, and 2 other 
mature males lived through 3 consecutive 
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Fig. 6. Percent of males in each of 4 size categories (Geist 1968) associated with adult females during July-December, San 

Bernardino County, California, 1987-90. Numbers in parentheses are total number of males observed in each size class during 

each month. 

periods of aggregation. Ten of 13 of these 
ranges were the same (as defined by 
250% overlap in home range) during con- 
secutive years, and 3 differed during con- 
secutive years. There was no difference (Z 
= 0.177, P = 0.84) in the proportion of 
male home ranges that were the same dur- 
ing sexual aggregation in the consecutive 
years of this study (77%) and the propor- 
tion of the rutting ranges of individual 
males reported to be the same by Geist 
(1971:table 21) during consecutive years 
(81%). 

Composition of Plant Communities 

To examine the potential role of vege- 
tation in the way males and females used 
habitat, we analyzed the composition of 6 
vegetation types (Fig. 9; Bleich 1993:ap- 
pendix A). Percent ground cover of non- 

woody vegetation (annual plants, perennial 
forbs, perennial grasses), succulents, and 
perennial shrubs was significantly different 
among vegetation types (Friedman's Test, 
X? = 6.78,2 df, P < 0.05). Percent ground 
cover of nonwoody vegetation was greater 
in Yucca-Ephedra scrub (YES) and tran- 
sition zone (TZ) (Fig. 9) than in rupicolous 
scrub (RS) (a vegetation type used pre- 
dominantly by female mountain sheep). 
These data indicate greater availability of 
annual plants, perennial forbs, and grasses 
in areas used by males than those inhab- 
ited by females. Similarly, percent ground 
cover of woody shrubs was greater in YES 
and TZ than in RS, suggesting that shrub- 
by forages also were more abundant in ar- 
eas used predominantly by males (Fig. 9). 

Annual vegetation potentially is an im- 
portant source of high quality forage when 
mountain sheep are segregated by sex. We 
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Fig. 7. Mean size of mixed, female, and male groups of mountain sheep, San Bernardino County. California, 1981-90. 

compared the cover and frequency of an- P = 0.002) and 1992 (x2 = 29.10, 2 df, P 
nual plants in creosote bush scrub (CBS), < 0.001; Fig. 10). 
YES, and RS during April for 3 consecu- Horizontal cover may affect xisibility 
tive years (Fig. 10). No significant differ- and be important in explaining why male 
ences existed in mean cover of annual and female sheep use habitats differently. 
plants (Kruskal-W7allis test, X 2  = 5.23, 2 df, N7ithin vegetation types, horizontal cover 
P = 0.15) among these vegetative types was least from 1 to 2 m in height and 
during the drought of 1990, but differ- greatest at 5 1  rn above the ground (Fig. 
ences did exist in 1991 (x2 = 12.90, 2 df, 9). Friedman's test indicated significant 
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differences among the 6 vegetation types 
( X r 2  = 16.14, 5 df, P < 0.01). We noted a 
positive correlation between percent hor- 
izontal cover and the number of times geo- 
morphic features (e.g., rocks or slope) con- 
tributed to that measure for CBS (r, = 
0.38, P < 0.01), YES (r, = 0.34, P < 0.01), 
TZ (r, = 0.25, P < 0.01), RS (r, = 0.79, 
P < 0.001), and Dune (r, = 0.25, P < 
0.001) vegetation, but not for Wash vege- 
tation (r, = 0.00, P = 1.00). For all vege- 
tation types, ground cover was significantly 
correlated with cover 11 m above the 
ground (r, = 0.89, P < 0.03) but not for 
>1 m in height (r, = 0.37, P > 0.25). 

Habitat Use 

Radio-collared males and females used 
vegetation types differently between peri- 
ods of segregation and aggregation (G = 
175.21, 16 df, P < 0.001). Females used 
RS more and CBS less often than did 
males, while use of Dune, Wash, TZ, and 
YES was approximately equal (Fig. 11). 
We noted no lfference in the occurrence 
of females in vegetation types between 

segregation and aggregation (G = 3.88, 5 
df, P = 0.57), but differential occurrence 
of males among vegetation types was evi- 
dent (G = 13.80, 5 df, P = 0.02), reflecting 
the movement of males to female ranges 
for rut. 

To test for lfferences in physical char- 
acteristics of habitat in which males and 
females occurred, we examined a suite of 
variables, including distance to water, ele- 
vation, slope, ruggedness, and openness of 
terrain. Data from aerial telemetry and 
those obtained during helicopter observa- 
tions were examined separately; because 
ground-based samples were not distribut- 
ed throughout the study area, we restrict- 
ed our analyses to aerial samples. For fe- 
males. a 1-wav MANOVA indicated no 
significant ove;all difference in the physi- 
cal characteristics of habitats used be-
tween periods of sexual segregation and 
aggregation based on telemetry locations 
(F = 1.46; 5, 704 df, P = 0.20). Females 
used similar habitats throughout the year 
(Table 3). When males were considered 
separately, a 1-way MANOVA indicated a 
significant overall difference in habitats 
used between periods of sexual segrega- 
tion and aggregation (F = 8.86; 5, 772 df; 
P < 0.001). Males occurred at lower ele- 
vations, on steeper slopes, in more rugged 
terrain, and in more open habitats during 
aggregation compared with segregation 
(Table 3). 

A 1-way MANOVA indicated significant 
overall differences in use of physical char- 
acteristics of habitat between males and 
females during segregation ( F  = 47.87; 5, 
853 df; P < 0.001). Females occurred clos- 
er to water, at lower elevations, on steeper 
slopes, in more rugged terrain, and in 
more open habitats than did males (Table 
3). Elevation was significant in this model 
probably because the study area increased 
in elevation from west to east, and males 
moved eastward during segregation. Con- 
sequently, males occurred at higher ele- 
vations largely independent of other hab- 
itat characteristics. 

Similarly, when habitat variables were 
examined during aggregation, a 1-way 
MANOVA indicated significant overall dif- 
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Fig. 9. Percent ground cover of vegetation classes composing habitat types and percent horizontal cover (which obscures 
visibility) in those types, San Bernardino County, California, April 1990. 

ferences in habitat characteristics between 
the sexes (F = 10.64;5, 623 df; P < 0.001). 
Females again occurred closer to water, on 
steeper slopes, in more rugged terrain, and 
in more open habitats, but no difference 
existed in the mean elevation at which fe-
males and males occurred (Table 3). 

Helicopter surveys showed that female 
groups without lambs (f= 2,145 t 201 m, 

n = 64) and female groups with lambs (f 
= 2,234 ? 214 m, n = 68) occurred at 
similar distances to water during aggrega-
tion. Likewise, there was little difference 
in distance to water for these same groups 
during sexual segregation (without lambs, 
f = 2,553 t 139 m, n = 165; with lambs, 
f = 2,533 t 171 m, n = 133).ANOVA (3, 
426 df) demonstrated no effect of the 
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Fig. 10. Percent ground cover of annual plants during April 
in 3 vegetation types important to mountain sheep, San Ber-
nardino County, California, 1990-92. Sample sizes (no. of 
transects in each vegetation type) appear above each bar. 

presence of a lamb on distance to water 
( F  = 0.64, P = 0.42), a marginally nonsig-
nificant effect of period (segregation and 
aggregation) ( F  = 3.19, P = 0.08), and no 
lamb-by-period interaction ( F  = 0.27, P = 
0.60). When steepness of slope and rug-
gedness of terrain were included as co-
variates (ANCOVA, 5, 424 do,  there was 
a highly significant effect of period ( F  = 
6.83, P = 0.01), but no effect of the pres-
ence of a lamb (F = 0.83, P = 0.36) or an 
interaction between these variables ( F  = 
0.80, P = 0.37). Thus, when effects of po-
tential escape terrain were held constant, 
females occurred closer to water during 
the hot months that composed the period 
of aggregation (especially Aug and Sep; 
Fig. 2) and occurred farther from water 
during segregation. This outcome suggests 
that suitable terrain constrained the dis-
tance that females occurred fro111 water. 
There was, however, no effect of whether 
a female group contained a lamb, nor did 
we detect any small lambs with ewes at 
water during February-April, the period 
of peak lactation. Additionally, adult fe-
males visited water sources less often dur-
ing this period than the remainder of the 
year (x2 = 5.727, 1df, P = 0.017; Fig. 12). 

Like females, males occurred closer to 
water during aggregation than segregation 

(ANOVA, F = 3.78; 1, 405 df; P = 0.05). 
No such difference occurred, however, be-
tween size classes of males ( F  = 0.01, P = 
0.93), and there was no period-by-size-
class interaction (F = 0.01, P = 0.93). In-
deed, mature and young males occurred at 
similar distances from water during aggre-
gation (Class 11, f = 2,642 ? 656 m; Class 
111 and IV, n = 2,500 + 178 m) and seg-
regation (Class 11, f = 3,332 -t 425 m; 
Class 111and IV, f = 3,050 ? 153 m), even 
though Class 11 males were substantially 
smaller than Class I11 and IV males (Table 
2). 

During segregation, females with lambs 
were observed on steeper slopes in more 
open areas than those without lambs; they 
also tended to inhabit more rugged ter-
rain, but not significantly so (Table 4). 
Such differences were not observed during 
aggregation, when lambs were older (ap-
prox 6 months of age). With periods (seg-
regation and aggregation) combined, fe-
male groups with lambs occurred in hab-
itat similar to that used by female groups 
not containing young (MANOVA, F = 
1.430; 5, 424 df; P = 0.212). 

Mature males (Class I11 and IV) were 
observed in areas with different terrain 
characteristics than were groups contain-
ing only younger males (Class II) during 
segregation, but not during aggregation 
(Table 5).With periods combined, mature 
males used terrain characteristics differ-
ently than young ones (MANOVA, F = 
2.77; 5, 298 df; P = 0.018); such differ-
ences were pronounced, with mature 
males occurring in less open and less rug-
ged terrain. 

Habitat Selection 

Because females used the same range 
year-round and no difference occurred in 
use of vegetation types between periods of 
segregation and aggregation (Fig. ll),we 
determined habitat selection for females 
on a year-round basis. Females strongly se-
lected (use > availability) RS and avoided 
(use < availability) other vegetation types, 
except YES, which was used in proportion 
to its availability (x2 = 3,698.5, 5 df, P < 
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Fig. 11. Percent of telemetry locations for male and female mountain sheep in various vegetation types, San BernardinoCounty, 
California, 1986-90. 

0.001; Fig. 13). Unlike females, males different1 than did females during segre- 
showed pronounced differences in use of gation (xP = 109.7, 5 df P < 0.001) and 
vegetation types during aggregation and aggregation (x2 = 32.3, 5 df, P < 0.001). 
segregation (Fig. 11).Nevertheless, males Differential selection between the sexes 
selected CBS and RS arid used YES in occurred for CBS; females selected RS 
proportion to its availability during sexual more strongly than did inales (Fig. 13). 
segregation (x2 = 242.8, 5 df, P < 0.001) Year-round differences existed in the se- 
and aggregation (x2 = 389.4, 5 df, P < lection of categories of slope steepness by 
0.001); males avoided other vegetation females (x2 = 2,313.7, 8 df, P < 0.001). 
types during both segregation and aggre- Generally. females avoided slopes of 0-10 
gation (Fig. 13). and 41-50%; they selected slopes >10 and 

Log-likelihood models indicated that <41% and slopes >TO% (Fig. 13). 
mature males selected vegetation types During segregation, males avoided 



Table 3. Habitat characteristics and distance to water for male and female mountain sheep during periods of segregation (Dec- 
Jul) and aggregation (Aug-Nov) based on telemetry locations. San Bernardino County, California, 1986-90. 

Males Females 

Hab~tat 
charactenstics 

Distance to water (m)  

Elevation (m) 

Slope (%) 

Ruggedness (index) 

Openness (ranked 1-6; 


1 = most open) 

Segregat~on 
( n  = 445) 

x SE 

3,091b 83 
1 ,012~  8 

1 4 ~  0.6 
1 3 ~  0.4 
3.gb 0.05 

Pd 


* 
** 
** 
** 
** 

Aggregat~on Segregat~on Aggregation 
(n = 333) (n = 414) ( 1 1  = 296) 

i SE x SE Pd i SE 

3,08TC 120 2,449 108 * 2,481 I17 
957 10 961 9.7 * 943 12 
liC 0.8 25 0.5 * 24 0.9 
16C 0.5 24 0.6 * 22 0.7 
3.6" 0.06 3.2 0.06 * 3.1 0.08 

,'P valnes are from \mthln sex ANOV'Ks ~ t h  Bonferronl corrections. * = P > 0 05, ** = P r 0.05 
Males differed (P5 0.05) from females dnnng segregdtlon 

hfales d~ffered (Pr 0.05) from females during aggregatmn 


slopes of 0-10%, 41-SO%, and >70% and 
selected slopes of 1140% (x2 = 348.8, 8 
df, P < 0.001) (Fig. 13). During aggrega- 
tion, males used the steepest slopes 
(>70%) in proportion to their availability, 
whereas they avoided this same slope cat- 
egory during segregation ( x2= 461.7, 8 df, 
P < 0.001) (Fig. 13). For both sexes, there 
was no significant selection for, or against, 
slopes of 51-70%. 

Log-likelihood models indicated signifi- 
cant differences in the selection of slope 
steepness by males and females during 
segregation (x2 = 121.2, 5 df, P < 0.001) 
and aggregation (x2 = 35.6, 5 df, P < 
0.001). These tests required that the 4 cat- 
egories reflecting extremely steep slopes 
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Fig. 12. Relative numbers of females and lambs recorded by 
time-lapse photography at water sources used by female 
mountain sheep during the period of peak lactation (FebApr) 
in comparison to the rest of the year, San Bernardino County, 
California, 1989-90. 

(>40%) be combined. In general, females 
avoided more level terrain and selected 
steeper slopes more strongly than did 
males, especially during segregation, 
which included the birthing season (Fig. 
13). 

Because the distribution of water on 
ranges occupied by males and females 
could be a factor explaining the &stance 
that the sexes occurred from water, it was 
necessary to control for that possibility. To 
do so. we determined the mean difference 
between the distances that radio-collared 
male (n = 445) and female (n = 414) 
sheep and equal numbers of random 
points occurred from water. A 1-way 
ANOVA indicated that females (f = 
-3,244 ? 186 m) occurred significantly 
closer to water than did males (f = -1,648
+ 151 m) when com~ared with random 
points (F = 44.94; 1, S57 df; P < 0.001). 
When the relative availability of water on 
male and female ranges was taken into ac- 
count, females still selected areas closer to 
water than did males during segregation. 

Forage Availability and Quality 

The distribution and diet of sheep may 
be influenced, in part, by availability of 
forage within vegetation types. Forage 
available to s h e e ~  is a function of ve~eta-  

I 0 

tive cover within a habitat and the relative 
size of that vegetation we.In our study 
area, the vegetation types 
differed markedly (Fig. 3). Within these 



- - -  - -  - 

Table 4. Characteristics of terrain in which female groups without lambs and female groups with lambs were observed from a 
helicopter during segregation and aggregation, San Bernardino County, California, 1981-90. 

Female groups 

Segregation Aggregation 

\V~th lambs 
(n = 1,331 

li SE P" 

910 15 * 
34 1.6 ** 

M'lthout lambs 
(n = 165) 

x SE 

935 13 
27 1.4 
24 1.0 

3.0 0.1 

\V~th lambs 
(11 = 68) 

r SE P 

884 20 * 
28 2.0 * 
23 1.5 * 

2.8 0.1 * 

\l'lthout lambs 
(n  = 64) 

V SE 

865 22 

28 2 

26 1.5 

2.6 0.1 

= P r 0 05 S~gn~ficant 

Terraln 
charactenstlcs 

Elevation (m) 
Slope (5%) 
Ruggedness (index) 27 1.1 * 
Openness (rank; 1 = 

most open) 2.6 0.1 ** 
* P \dues are corrected Bonferroni cornpansons w t h ~ n  penods of segregdtlon and aggregation: * = P > 0 05, ** 

differences occurred overall bfhwen segrrgatlon and aggregation (MANOVA F = 3 27; 5, 424 df P = 0.007) 

vegetation types, there are considerable 
differences in forage availability, as in-
dexed by percent cover (Fig. 9). Mature 
males moved to ranges used bv few fe- u i 

males during segregation (Fig. 8).As a re- 
sult, the use of vegetation types differed 
between the sexes during segregation; ma- 
ture males occurred predominantly in 
CBS and YES, and females in RS (Fig. 
11).When the cover of vegetation and the " 
size of vegetation types were considered, 
rnales clearly used areas with more forage 
than did females (Fig. 14). u 

To examine the potential role of forage 
quality in explaining sexual segregation, we 
used data from Bleich et al. (1992~)  to test 
for overall differences in food quality 
(moisture content, CP, and IVDMD) of 20 
plant species eaten by mountain sheep. 
One-way MANOVA's indicated significant 
monthly effects on quality for grasses (F= 
4.23; 33, 266 df; P < 0.001), perennial 

forbs ( F  = 2.50; 33, 26 df; P = 0.009), and 
shrubs ( F  = 5.02; 33, 659 df; P < 0.001) 
(Fig. 15). Inadequate samples of succu-
lents precluded their use in this analysis, 
and data for perennial and deciduous 
shrubs were pooled. On an annual basis, 
perennial forbs had the highest levels of 
CP (f = 14.2 + 1.0%), IVDMD (f = 52.5 
+- 2.1%), and moisture content (f = 55.8 
+ 3.3%), and grasses had the lowest levels 
of CP (f = 6.9 9 0.8%), IVDMD (f = 40.3 
+ 2.0%), and moisture content (a = 32.5 
9 4.9%). Shrubs were intermediate in CP 
(f = 10.3 ? 1.2%), IVDMD (f = 43.4 + 
4.6%), and moisture content (f = 44.4 ? 
4.1%). There were clear increases in the 
overall quality of these forage classes dur- 
ing January-April (Fig. 15). 

When an overall model considered 
quality of forage classes during segregation 
and aggregation on ranges inhabited pri- 
marily by mature males or females and 

Table 5. Characteristics of terrain in which groups of mature males (Class Ill and IV) and groups of only young males (Class 
II) were observed during helicopter surveys, San Bernardino County, California, 1981-90. 

Terrain 
charactenstics i 

Class 11 
(TI = 23: 

SE 

Elevation (m) 
Slope (%) 
Ruggedness (index) 
Openness (rank; 1 = 

897 
21 
21 

46 
4 
3 

Male groups 

Segregation 

Class 111 & n' Class 11 
01 = 161) (,I = 13) 

Pd li SE f SE 

** 
* * 

1,018 
13 

15 
0.9 

958 
23 

29 
4 

** 13 0.6 22 4 

Aggregation 

Class 111 & 1V 
(,I = 107) 

Pd f SE 

* 968 16 
* 22 1.5 
* 19 1 

* 3.4 0.13 

= P 5 0.05. 

most open) 3.5 0.25 ** 4.1 0.08 2.8 0.30 

P values are corrected Bonferroni cornpansons withln penods of segregation and aggregation; * = P > 0 05. ** 
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Fig. 15. Percent protein, in vitro dry matter digestibility (IVDMD),and moisture of forage classes eaten by mountain sheep in 
San Bernardino County, California, 1990-91. 

their interaction term (period of segrega- tistics, however, indicated this result was 
tion-aggregation by sex), the outcome was due mostly to moisture content ( F  = 9.04, 
highly significant (F = 6.46; 3, 357 df; P P = 0.03) and not CP (F= 0.15, P = 0.70) 
< 0.001). Examination of univariate F sta- or IVDMD (F = 0.14, P = 0.71). In- 



creased moisture content on areas inhab- 
ited primarily by females probably was not 
a good measure of overall forage quality 
because similar increases in CP and 
IVDMD were not evident. 

Diets of Mountain Sheep 

Fecal analysis indicated both within and 
among year variation in the consumption 
of annual plants, perennial grasses, peren- 
nial forbs, shrubs, and succulents by fe- 
male and rnale mountain sheep (Fig. 16, 
Table 6). During sexual segregation in 
1987-88. male sheeu fed more extensivelv 

L i 

on annuals, shrubs, and succulents than 
did females, whereas females ate more 
grasses and perennial forbs than did males. 
During aggregation, females fed more ex- 
tensively on perennial forbs, shrubs, and 
succulents than l d  males, whereas males 
ate more annuals and perennial grasses. 

During the 1988-89 segregation period, 
males consumed more shrubs and succu- 
lents than did females. whereas females 
consumed more annuals, perennial forbs, 
and perennial grasses. During aggregation, 
males fed more extensivelv on shrubs and 

i 

succulents then did females. and females 
ate more annuals, perennial grasses, and 
perennial forbs (Fig. 16, Table 6). 

Overlap in forage classes consumed by 
the sexes was similar during periods of sex- 
ual aggregation (Aug-Nov) during the first 
(70.6 f 7.1% [SD]) and second (75.8 f 
13.1% [SD]) years of study (Fig. 16). Like- 
wise, dietary overlap as determined by fe- 
cal analysis during segregation (Dec-Jul) 
was similar during the first (74.4 f 10.0% 
[SD]) arid second (61.1 ? 16.6% [SD]) 
vears. The lower value for the second vear 

i 

was produced largely by males consuming 
more shrubs and females eating more pe- 
rennial grasses during segregation (Fig. 
16). 

Diet Quality 

Integrated values of fecal crude protein 
(FCP) for males were higher than for fe- 
males during segregation in 1988 and 
1988-89, but the pattern was reversed in 

the extreme drought year of 1989-90 (Ta- 
ble 7). That FCP indexed diet quality for 
mountain sheep is indicated by the cor-
respondence between crude protein levels 
in the feces (Fig. 17) and measures of for- 
age quality (Fig. 15); both these in lces  
were elevated during spring. Males con- 
sumed more shrubs than did females (Ta- 
ble 6), and tannins possibly increased lev- 
els of FCP at that time. This is unlikely, 
however, because there was no relation-
ship between the percent of shrubs in the 
diet and FCP for males (r2< 0.01; 1, 88 
df; P = 0.44) or females ($ < 0.001; 1, 
120 df; P = 0.91). 

Abundance of Predators 

From June 1987 to August 1990, 740 
km of transects (n = 93) were sampled in 
2 areas occupied predominantly by mature 
male sheep during sexual segregation 
(East Hills and Kelso Mountains) and in 2 
areas inhabited mostly by females (Old 
Dad Mountain and Cowhole Mountain). 
When we pooled feces from all predators 
within each area, there were significant 
differences in the densities among these 4 
sampling areas (F = 26.15; 3, 89 df; P < 
0.001); predator feces occurred at higher 
densities in those areas used predomi-
nantly by males (Fig. 18). No scats of 
mountain lions were located. 

Predators recorded by time-lapse pho- 
tography at water sources were more fre- 
quent (animals/10,000 frames of film) on 
ranges of mature males than those used by 
females (2 = 6.18, P < 0.001). This pat- 
tern was especially pronounced for coyotes 
(Fig. 18). No mountain lions were photo- 
graphed. 

During aerial surveys, bobcats and coy- 
otes were observed more often in areas 
used predominantly by males. This pattern 
was consistent with results from scat tran- 
sects and photography (Fig. 18); however, 
a 1-way ranked ANOVA failed to detect 
significant lfferences in rates of aerial ob- 
servation for all predators (F = 0.39; 4, 71 
df; P = 0.81) because of the low numbers 
of observations. No mountain lions were 
observed during aerial surveys. 
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Fig. 16. Percent of various forages in the diets of female and male mountain sheep, indexed from microhistological analysis 
of their feces, San Bernardino County, California, 1987-89. 

Causes of Mortality and Evidence of drowned in a steep-sided tinaja (Bleich 
Sheep in Carnivore Diets 1993:appendix B). Three other n~ales and 

1 female in relatively flat terrain had been 
Of radio-collared sheep, at least 4 males scavenged by coyotes, but cause of death 

were killed by mountain lions, and 1male could not be ascertained. 



Table 6. Percent of forage classes in the diets of male and female mountain sheep as indexed by microhistoiogical examination 
of the feces, San Bernardino County, California, 1987-89. 

Percent of forage class* 

Annual Perennral grass Perennlal forb Shrub Succulent 

Season Sex i SE i SE i SE x SE x SE 

1987-88 

Segregation F 17.1 2.0 22.5* 2.1 28.6 3.1 30.8 3.7 1.0* 0.1 
M 24.3 3.0 14.3* 1.8 19.6 1.7 39.0 4.0 2.8* 0.8 

Aggregation F 9.6 1.9 31.0* 6.3 8.0 1.9 47.9 6.9 3.5 1.6 
M 13.8 2.0 50.3* 6.6 6.1 1.2 28.1 6.4 1.8 0.6 

Segregation F 19.4* 1.3 35.4* 2.0 25.5 1.4 18.3* 1.6 0.8* 0.2 
M 11.6* 1.8 16.7* 1.6 24.6 4.1 42.0* 5.2 5.3* 2.3 

Aggregation F 16.8 2.2 54.1 4.8 13.7 3.2 14.0 2.8 1.4* 0.9 
M 13.5 1.7 52.9 6.7 8.8 2.1 18.5 5.1 6.3* 2.6 

" Datsr presented for each season, period. and sex Statlst~cal cornpansr,ns are hehveen males and females wthln seasons and prnods, hlAUOWs 
for yedr ( F  = 6 17 5. 118 df. P < 0 MI).  month ( F  = 1099: 35, 582 df. P < 0 0011. and sex 1F = 12.04,5, I lk df P < 0.001) m e r e  significant 
* P 5 nos 

Remains (hair) of mountain sheep were bility to predation (\f4lliams 1975, Berger 
detected in only 3.1% of 97 coyote scats. 1991), and result in strong allometric dif- 
No other evidence of ungulates (e.g., ferences, especially for ruminants (Dem- 
bones, hooves) was present in the 120 total ment and Van Soest 1985). Among desert 
predator scats analyzed. None of the scats ecotypes of mountain sheep, adult males 
examined contained remains of other un- are 50% heavier than adult females; hence, 
gulates. male and female mountain sheep exhibit 

DISCUSSION 
Sexual Dimorphism and Hypotheses 
Explaining Sexual Segregation I 

Sexual dimorphism in body size and sec- ,ondary sexual characteristics are pro- f 
6 

4 

- 0  

nounced in North American wild sheep k 
0 0 , , , L ,(Shackleton 1985, Bowyer and Leslie U S N D F A JA O I J M M J 

1992); we also observed this pattern for 
desert-dwelling mountain sheep (Table 2). 
Differences in body weight may be im- 
portant in understandlng why the sexes 
segregate, because they are associated wvith 
social behavior (Geist 1971) and suscepti- 

Table 7. Fecal crude protein (FCP) values integrated above 
5% FCP for male and female mountain sheep during sexual 
segregation, San Bernardino County, California, 1988-90. 

Integrated FCP 

>5%/100 da)s 


Yra i  llonths hl.ile Female Raho 
A S O N D J F M A M J J 

1988 Jan-Jul 88.28 82.61 1.07 MONTHS 

1988-89 Dec-Jul 66.43 55.85 1.19 Fig. 17. Fecal crude protein of male and female mountain 
1989-90 Dec-Tu1 55.69 63.69 0.87 sheep over 3 years, San Bernardino County, California, 1987- 

90. 
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morphologcal differences that are neces- Coblentz 1990, Miquelle et al. 1992, Main 
sary to postulate allometric explanations et al. 1996). 
for sexual segregation. Indeed, most hy- An additional consideration that some- 
potheses fonvarded to explain sexual seg- times has been overlooked is that hypoth- 
regation are based on morphological &f- eses forwarded to explain sexual segrega- 
ferences between the sexes (Main and tion must account for the spatial separa- 



tion of the sexes, and not merely changes 
in group composition and association of 
the sexes (Bowyer 1984, Main et al. 1996). 
Four hwotheses (Table 1)met this crite- 
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rion and have some promise as general ex- 
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planations for sexual segregation among 
ungulates. 

Predictions of Hypotheses Versus 
Empirical Observations 

H I :  Sexual segregation i n  mountain 
sheep occurs because mature males acoid 
areas occupied b y  females and young to 
decrease competition with their ofspring 
and potential mates. Geist and Petocz 
(1977) proposed this hypothesis to explain 
sexual segregation between male and fe- 
rnale sheep wintering on small, snow-cov- 
ered areas in the northern Rocky Moun- 
tains. In our study, mature males aggre- 
gated wit11 females later than did imma- 
ture or young males (Fig. 6) in a pattern 
nearly identical to that reported by Geist 
(1971:fig. 24). Moreover, the proportion of 
congruent male home ranges during sexual 
aggregation in consecutive years (77%) did 
not differ from that (81%) reported by 
Geist (1971). Meeting both of these con- 
ditions was necessary to evaluate the ap- 
plicability of this hypothesis to mountain 
sheep in general and, potentially, to other 
ungulates inhabiting areas with less-con- 
strained ranges in winter than those ex-
perienced by mountain sheep at northern 
latitudes. 

Contrary to the expectations of this hy- 
pothesis, diet quality of mature male sheep 
(as indexed by fecal crude protein, FCP) 
was better than that of females during sex- 
ual segregation during 2 of 3 study years 
(Table 7). Cover of potential forage, like- 
wise, was greater in vegetation types in- 
habited pri~narily by mature males (CBS, 
YES, TZ) compared with vegetation (RS) 
used mostly by females (Fig. 9). This trend 
was especially evident for the cover of an- 
nual plants during nondrought years (Fig. 
10). Moreover, when the area of available 
vegetation types was considered, the pat- 
tern was even more evident because the 
RS type used by females composed but a 

small proportion of sheep range (Figs. 3, 
14). This relationship is further exacerbat- 
ed by population density; although males 
occurred in greater numbers, 42% of fe- 
males occurred in RS, a vegetation type 
that composed only 3% of the study area. 
This concentration of sheep further re-
duced the availability of forage per indi- 
vidual female. None of these observed 
outcomes is consistent with males moving " 
to lower quality ranges. 

Although large males (Class 111 and IV) 
spatially segregated from females, so did 
manv Class I1 males (Fig. 5 ) .  Class I1 
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males seldom copulate with females (Geist 
1971, Hogg 1987) because they are sub- 
ordnate to laree males durine rut. Based 
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on the occurrence of mixed groups (Fig. 
4) and a prolonged lambing period, rut for 
these desert-dwelling sheep occurs over 
2 4  months. Consequently, it is unlikely 
that most Class I1 males ever obtain cod- 
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ulations (even from females that under-
went a second estrus) because of the ex- 
tended association of mature Inales with 
females through the period of sexual ag- 
gregation (Fig. 6). 

Young male mountain sheep may asso- 
ciate with females and lambs until they are 
no longer subordinate to adult females 
(Geist 1971). Because young males are in- 
termediate in body size between mature 
males and females (Table 2) and possess 
horns similar in morphology to females 
(Geist 1971), they may be able to continue 
to interact sociallv with adult females. The 
finding that some young males remain 
with female groups while others of the 
same relative age join male bands is likely 
a function of relative body size and horn 
development (Nievergelt 1967). The pro- 
tracted lambing season of desert-dwelling 
mountain sheep (Bunnell 1982, Thompson 
and Turner 1982) results in considerable 
variation in body size among animals from 
the same lamb cohort. Such hfferences in 
age may explain the propensity of some 
young males to remain with females, while 
others do not. \Vhatever the reason un-
derlying this phenomenon, the observation 
that some Class I1 males segregated from 
the fernales and moved to higher quality 



ranges than those used by females is in- 
consistent with the notion that breeding " 
males segregate from females solely to de- 
crease competition for forage. Moreover, if 
Class I1 males that did not mate segregat- 
ed from females to benefit the offspring of 
unrelated, large males, then group selec- 
tion must be invoked to explain this phe- 
nomenon. 

There mav be other benefits that accrue 
to young males that join old, large rnales 
during segregation (Geist 1971, Mc-
Cullough 1979), but such advantages are 
unrelated to avoiding competition with 
their offspring. In snowbound northern 
systems, segregation by large or immature 
males could result in decreased competi- 
tion with females and young, but resources 
must be limited for such an outcome to be 
realized. In the desert system we studied, 
an equally plausible and more parsimoni- 
ous explanation for segregation of males 
from females is that males s im~lv  moved 
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to ranges with better quality and more 
abundant forage. 

Although segregation by large males 
from females results in decreased comne- 
tition with those females and young inhLab- 
iting small, snow-free winter ranges (Geist 
and Petocz 1977), males in our study area 
moved to ranges with high quality and am- 
ple forage availability. In our system, re- 
duced cornpetition with females could oc- 
cur if resources were limiting; however, 
anv reduction in corn~etition would clearlv 
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be a consequence, rather than a cause, of 
sexual segregation. The finding that males 
moved to ranges that allowed them to in- 
gest better quality forage (and with rnore 
forage available per male than per female) 
is inconsistent with the notion that males 
segregated to enhance their reproductive 
fitness by decreasing conlpetition with fe- 
males and young. We conclude that the 
hypothesis of Geist and Petocz (1977) can- 
not explain why the sexes segregate in the 
population of mountain sheep we studied, 
although decreased competition could oc- 
cur under circumstances of low forage 
availability on female ranges. Because this 
hypothesis cannot explain sexual segrega- 
tion by mountain sheep occurring in des- 

erts. it should not be invoked as a general " 
explanation for sexual segregation in sex- 
ually dimorphic ungulates. 

H2: Allometric diferences between male 
and female mountain sheep lead to difer- 
ential uses of food that result in segrega- 
tion. Dietary differences between the sex- 
es have been reported for a variety of ru- 
minants. and these observations s u ~ ~ o r t
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the notion of allometric differences allow- 
ing males to inhabit lower quality ranges 
than could females, given sufficient bio- 
mass of forage available to males (\T7atson 
and Staines 1978, McCullough 1979, 
Staines et al. 1982, Bowyer 1984, Beier 
1987, Clutton-Brock et al. 1987). We also 
noted dietary differences between sexes, 
with onlv 71-76% overlan in diet even 
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during sexual aggregation. Male mountain 
sheep in our study, however, obtained 
higher quality diets than did females dur- 
ing segregation in 2 of 3 years (Table 7). 
Also, in nondrought years, annual plants 
were more abundant in spring on ranges 
occupied by mature male sheep than on 
ranges occupied by females (Fig. lo),  and 
forage availability was generally higher on 
ranges occupied by males (Figs. 9, 14). 
Moreover, these differences in availability 
are greater per capita, given differences in 
density between the sexes. 

Differences in diet comnosition and 
I 

quality between the sexes of some ungu- 
lates may be present, but difficult to de- 
tect. For instance, Bowyer (1984) reported 
that the major chfference in ranges used 
by male and female mule deer during seg- 
regation was the phenological stage of a 
preferred forage. Likewise, Beier (1987) 
noted slight, but significant, differences in 
foods eaten bv the sexes of white-tailed 
deer during segregation. Even small dif- 
ferences in diet quality may have a pro- 
found effect on the productivity of rumi- 
nants (LVhite 1983) and could underlie 
sexual segregation. 

Our finding that males obtained better 
quality diets than did females during the 2 
nondrought vears is not consistent with the 
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hypothesis that allometric differences re- 
sult in sexual segregation. This hypothesis 
still rnay be viable for ungulates where fe- 



males obtain higher quality diets, but ap- 
pears not to be a general explanation for 
sexual segregation. 

Our finding that mature male sheep 
moved from areas selected by females dur- 
ing sexual segregation (Fig. 8 )  is consistent 
with the hypothesis that segregation might 
be caused by females outcornpeting males 
where forage was of high quality but of 
low biomass (Clutton-Brock et al. 1987). 
Additionally, the percent of shrub cover 
was greater in CBS, an area selected by 
males during segregation, but avoided by 
fkmales (Fig. 13). The substantially higher 
densities of fenlales than males during sex- 
ual segregation also is consistent with this 
hypothesis. Nevertheless, our findings that 
males had liigher diet quality (Fig. 17) and 
greater availability of annual plants (Fig. 9) 
are not consistent with this hypothesis; 
therefore, we reject it. 

Low population density and high avail- 
ability of forage led Miquelle et al. (1992) 
and du Toit 11995) to conclude that co~n-  
petition was not the prirnary factor re-
sponsible for sexual segregation. An expec- 
tation from this hypothesis would be that 
populations at low density with respect to 
carrying capacity should not sexually seg- 
regate because of reduced competition 
with conspecifics. Conversely, segregation 
of the sexes sllould be pronounced at high 
density. Although this hypothesis cannot 
be entirely ruled out for ungulates in 
which females occur on higher quality 
ranges, the lack of confirmatory evidence 
for this notion leads us to question it. \\-e 
believe that differential risk of ~redation 
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and allornetric differences offer Inore like- 
ly alternatives than competition between 
the sexes as an explanation for sexual seg- 
regation" 

H3: Fenzales spatially .sugregate front 
trmles beca~rse of greater water require-
tnents associated with lactation or their 
snzaller body size. Mountair1 sheep living 
in desert en~ironments are pl-iysiologically 
specialized in terms of their water metab- 
olism (Turner 1973, 1979). These sheep 
drink about 4% of their bodv weight in 
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water each day to maintain water balance 
during extreme temperatures in summer; 

however, during winter, forage with 1.5- 
3.0 p1 of preformed water per gram dry 
weight may preclude the need for free wa- 
ter (Turner 1973). Some desert popula- 
tions of mountain sheep persist year-round 
in areas lacking free water (Krausman et 
al. 1985b). During segregation, the mois- 
ture content of forage on areas occupied 
by females in this study was higher than 
for ranges used mostly by mature males 
(Fig. 15). 

Females occurred significantly closer to 
sources of free water during sexual segre- 
gation than did males, and this difference 
was maintained even when we controlled 
for water availability. Although males in 
our study did occur on ranges with a lower 
moisture content of forage during segre- 
gation, females with lambs did not occur 
closer to water than those without lambs. 
Adequate escape cover (steep, rugged ter- 
rain) may limit the distribution of female 
sheep whether or not they have lambs at 
heel. Indeed, when we controlled for ter- 
rain characteristics with ANCOVA, the im- 
portance of fi-ee water to females \vas fur- 
ther highlighted. Most importantly, few fe- 
males visited water sources during the ear- 
ly period of lamb-rearing (Feb-Apr: Fig. 
12), and none of these was accompanied 
by small lambs. 

Differences in the distances males and 
females occurred from water were even 
more pronounced during aggregation, os- 
tensibly because temperatures were ex-
tremely high for about one-half of this pe- 
riod (Fig. 2). We noted no differences in 
distances from water for females with 
lambs versus females without young dur- 
ing either segregation or aggregation. 
Likewise, there was no difference in dis- 
tance from water between smaller-bodied 
Class I1 and larger Class 111 and IV males 
during either period. 

\Tihatever the cause of females being 
closer to water than males, it cannot be 
invoked to explain sexual segregation in 
this population, because the same general 
pattern with respect to &stance from wa- 
ter occurred during both segregation and 
aggregation. Lactational requirements for 
free water in these desert-adapted sheep 



can be rejected as an explanation for sex- 
ual segregation. This hypothesis, however, 
may explain segregation in other species 
(especially those less adapted to arid en- 
vironments) and warrants further consid- 
eration. 

Hq: Spatial separation of the sexes oc- 
curs because mature males, owing to their 
larger body size and strength, are less sus- 
cevtible to vredators than smaller-bodied 
females and young, thereby allozijing these 
males to exploit resources unauailable to 
smaller indiuiduals. Geist (1981) postulat- 
ed for mountain sheep that spatial sepa- 
ration of the sexes occurs because males 
must regularly forage in areas that pro- 
mote horn growth and maximize fitness. 
Conversely, females maximize fitness by 

'3
choosing the best escaDe terrain for their 
young. Hence, females should compro-
mise forage quality in favor of security, 
whereas males should compromise secu- 
rity in favor of forage quality. Geist (1982) 
also applied this hypothesis to elk. This 
idea, however, cannot apply to ungulates 
in general because it does not explain why 
some females occur on better ranges dur- -
ing segregation. 

In our study, male mountain sheep oc- 
curred on ranges with greater forage avail- 
ability, and they obtained a higher quality 
l e t  during the 2 nondrought years than 
did females during sexual segregation. 
These findings are consistent with this hy- 
pothesis; however, the opposite relation- 
ship during the dry third year suggests that 
more years of data are necessarv to deter- 
mine 'if males generally obtai; diets of 
higher quality than females during segre- 
gation, especially during years of poor for- 
age ~roduction 
u L 

Females selected steeper, more open 
habitats than did males, and females with 
lambs occurred in steeper, more rugged 
terrain than females without voung (Table 
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4). Such areas apparently facilitate evasion 
of predators by females and their off-
spring. Likewise, young males used areas 
that were more rugged and open than ar- 
eas used by large males during segregation 
(Table 5).These smaller-bodied sheep also 
apparently used habitats that enhanced 

their ability to evade predators. Three in- 
l c e s  indicated that ~redators were less 
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common on areas inhabited by females 
than males (Fig. 18), and mature males 
(despite their larger body size) predomi- 
nated among lulls made by predators dur- 
ing this study (Bleich 1993:appendix B). 
Wehausen (1980) also noted that females 
with young lambs traded off nutrition for 
apparently safer habitats. Likewise, cari- 
bou may "space away" from areas where 
predators are abundant during parturition 
(Bergerud et al. 1984, Bergerud and Page 
1987). These observations strongly support 
the hypothesis that risk of predation plays 
a major role in sexual segregation. 

Increased risks of predation to males 
could be a function of their using areas 
with higher nutritional quality or greater 
abundance of forage and less-rugged ter- 
rain (Wehausen 1980, Berger 1991, this 
study), but with higher densities of pred- 
ators. Male tule elk (Cereus elavhus nan- 
nodes) foraged in better habitks with a 
higher likefhood of predation by moun-
tain lions than did females (Berbach 
1991), and female moose with calves for- 
aged less efficientlv than females without 
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young, or adult males, in a predator-rich 
environment (Molvar and Bowyer 1994). 
Likewise, male Asian elephants (Elephas 
maximzts) incurred risks while obtaining 
higher quality diets than females (Suku- 
mar and Gadgil 1988). Main and Coblentz 
(1990) argued generally that males and fe- 
males select areas according to different 
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criteria, with females selecting those most " 
suitable for successful gestation and rear- " 
ing of offspring and males selecting areas 
where they can maximize body condition. 

Some studies of sexual segregation, 
however, have reported that females ob- 
tained a higher 4uality diet and occurred 
on better areas than males (Watson and 
Staines 1978, Staines et al. 1982, Beier 
1987, Clutton-Brock et al. 1987, Illius and 
Gordon 1987), and Weckerly and Nelson 
(1990) concluded that both males and fe- 
males obtained diets high in essential nu- 
trients. Measuring just range quality could 
be misleading because variation in popu- 
lation density of ungulates on areas occu- 



pied by males and females may affect per 
capita consumption of nutrients. For in- 
stance, Bowyer (1984) reported that fe- 
male mule deer were segregated onto ar- 
eas with a greater abundance of preferred 
forage than ranges inhabited by males. 
However, when the higher density of fe- 
males was considered, no significant dif- 
ference in forage availability per individual 
was noted. Nonetheless. several studies 
have corrected for differential densities of 
the sexes and still concluded that females 
obtained higher quality forage than males 
during segregation (Watson and Staines 
1978. Clutton-Brock et al. 1987). 

Perhaps females of some species in par- 
ticular environments can maximize intake 
of high quality forage and simultaneously 
minimize risk of predation (Eastland et al. 
1989). If this is correct, then how forage 
and risk of predation are arrayed in the 
environment would have a profound effect 
upon the pattern of sexual segregation and 
quality of forage obtained by males and fe- 
males. It remains unclear, however, why 
males would segregate when females max- 
imize forage quality and simultaneously 
minimize risk of oredation. Such an out- 
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come probably would require invoking 
Hypothesis 2-that allon~etric differences 
contribute to sexual segregation under 
these circumstances. 

The behavior of mountain sheev un-
doubtedly has been influenced by ireda- 
tion throughout their evolutionary history. 
Indeed. in the absence of serious comoe- 
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tition from other ungulates, evolution has 
resulted in a propen& for North Ameri- 
can wild sheep to use rocky terrain when 
faced with dangerous situations (Geist 
1971). hlountain sheep appear to evade 
predation through their exceptional eye- 
sight, climbing ability, and use of open ar- 
eas adjacent to and within rugged terrain 
(FVishart 1978). 

Berger's (1991) review reported that fe- 
male mountain sheep and lambs using 
shallow slopes were more vulnerable to 
predation than when in escape terrain. 
Despite the extensive use of rugged ter-
rain, particularly by females, Murie (1944) 
and Sumanik (1987) described wolves suc- 

cessfully hunting mountain sheep by at-
tacking from above and forcing them to 
flee from steep cliffs to less precipitous 
terrain. Sumanik (1987) concluded, how- 
ever, that in 4 of 6 hunts, proximity to es- 
cape terrain was the deciding factor that 
allowed sheep to evade wolves. 

Among mountain sheep, sexual selec- 
tion (Trivers 1972) has favored large, pow- 
erful males with huge horns (Geist 1971). 
Adequate forage is an important factor 
limiting body arid horn size in these un- 
gulates (Bunnell 1978, Geist 1981, Guthrie 
1990). Indeed, the importa~~ceof maxi-
mizing body condition and size may ex- 
ceed the increased risk of predation asso- 
ciated with foraging on high quality rang- 
es; such risks may be undertaken to en- 
hance reproductive success of males (Kurt 
1974, Geist 1981, Poole and Moss 1981, 
Poole 1987, Prins 1989). Among females, 
selection has been for behaviors that re- 
duce the risk of predation on individuals 
and their offspring, sometimes at the ex- 
pense of nutrient intake. As long as nutri- 
tion is sufficient for ovulation, gestation, 
and lactation, ind~vidual females may max- 
imize their fitness by enhancing their sur- 
vival and that of their young. Females do 
this by occupying areas with lower densi- 
ties of predators and terrain that allows 
greater opportunities to evade these car- 
nivores. Findings from this study are con- 
sistent with the hypothesis that female 
mountain sheep occupy habitats in which 
they and their young are less susceptible 
to predation, but simultaneously sacrifice 
nutrient quality as a trade off for security, 
as reported by W7ehausen (1980) and Ber- 
ger (1991). Indeed, such trade offs may 
affect foraging efficiency and reproduction 
for an array of organisms (Lima et al. 1985, 
Magnhagen 1991, Molvar and Bowyer 
1994). 

CONCLUSIONS 

The evolutionar); significance of sexual 
segregation in mountain sheep is, in all 
probability, best understood as the result 
of differing life-history strategies of males 
and females (Geist 1981, Main and Co- 



blentz 1990, Main et al. 1996). Our find- 
ings support the hypothesis that females 
maximize their Daminian fitness bv min- 
imizing risks of predation, albeit by poten- 
tially compromising nutrient intake. 

Among males, reproductive fitness is 
strongly influenced by body size and con- 
dition (Clutton-Brock et al. 1982, Prins 
1989, Guthrie 1990), and the larger body 
size of mature males and lack of parental 
care may reduce susceptibility to preda- 
tion (Berger 1991), especially by small 
predators such as coyotes and bobcats. 
Hence, risks associated with foraging in 
high quality habitats, which enhance body 
condition, may increase the probabiliq of 
fathering offspring. Miquelle et al. (1992) 
proposed that sexual dimorphism may lead 
to differences between the sexes that re- 
late to risk of reda at ion. constraints on for- 
aging, habita; use, and' even competition. 
Nonetheless, their model for sexual see- 
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regation requires a heterogeneous envi- 
ronment where the sexes can select re-
sources to meet differential costs and con- 
straints. M7e extend their model and suq- 
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gest that the manner in which forage and 
predation risk are arrayed in such a het- 
erogeneous environment is an important 
factor in deter~nining how and why the 
sexes segregate, including which sex moves 
and which obtains a better diet. During 
sexual segregation, males and females may 
be adapted differently for foraging and 
evading predators in their preferred habi- 
tats (Lopez Ornat and Greenberg 1990). 
Thus, sexual segregation might best be 
viewed as a compromise between optimal 
foraging and decreasing predation risk 
(Skogland 1987). 

Main and Coblentz (1990) argued that 
the strategy of maximizing body condition, 
and its resultant increased fitness in males 
of sexually dimorphic species, appears to 
be widespread, if not universal. Females of 
such species likely concentrate on reduc- 
ing the risks of predation on thenlselves 
and their offspring, albeit at the expense 
of nutrient intake in some species (Main 
and Coblentz 1996). We believe such life- 
history strategies are best viewed from the 
perspective of how predation risk, forage 

abundance, and forage quality are distrib- 
uted in a heterogeneous environment. We 
further suggest that this relationship may 
yet provide a general understanding of sex- 
ual segregation among ungulates. 

MANAGEMENT IMPLICATIONS 

Ecological differences between male 
and female mountain sheep have impor- 
tant implications for conservation. Man- 
agement of mountain sheep in desert eco- 
systems has centered on the construction 
of artificial watering devices (Bleich 1983a, 
Bleich and Pauli 1990) in the belief that 
both sexes will benefit (Turner and T.T7eaver 
1980). Females occurred significantly clos- 
er to water (an index to its importance) 
than males during segregation and aggre- 
gation, even when we controlled for the 
availability of water. This observation sug- 
gests that water developments may be of 
greatest value if they are constructed in 
areas used predominantly by females and 
their offspring (Seegmiller and Ohmart 
1982). 

During sexual segregation, males and 
females used habitats that were distinc-
tively different. Generally, females used 
areas that were characterized by steep, 
open, and rugged terrain with low avail- 
abilities of annual and perennial vegeta- 
tion. In contrast, males used areas that 
were less steep, less rugged, and with 
greater availabilities of such vegetation. 
Areas used by males during sexual segre- 
gation were associated with rolline hills " " 
(and sometimes flats) and not the steep 
terrain traditionally considered to be hab- 
itat for mountain sheep. These less steep 
habitats must be recognized as imvortant 
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to mountain sheep populations, as empha- 
sized previously by Schv~artz et al. (1986) 
and Bleich et a1.*(1990a). During segre- 
gation, such areas provide better oppor- 
tunities for mature males to obtain high 
quality forage than do the steep, rugged 
terrain used primarily by females. 

Grazing by cattle occurs throughout 
much of the Southwest. Althou~h distri- a 
butional overlar, and resultant comvetition 
between cattle and mountain sheep may 

0 



not be an important limiting factor in 
some areas (Dodd and Brady 1986, Dodd 
1987), cattle may alter vegetation (partic- 
ularly cover of grasses) in habitats used by 
mountain sheep (J. D. M'ehausen, Demo- 
graphic studies of mountain sheep in the 
Mojave Desert: report IV, Calif. Dep. Fish 
and Game, Sacramento, Final Rep. 
FG9239, 54pp., 1992). Allocations for live- 
stock often are based on the amount of 
ephemeral vegetation occurring on less 
rugged areas under the assumption that 
mountain sheep seldom use areas away 
from steep slopes. Male mountain sheep, 
however. often make extensive use of areas 
that are grazed heavily by cattle. More- 
over, ephemeral plants are important in 
the diets of male sheep. If grazing by cattle 
results in competition with mountain 
sheep for forage, there may be a reduction 
in suitable habitat for males and possibly 
the population. 

In the eastern Mojave Desert, mountain 
sheep may be prone to predation by 
mountain lions. In the Granite Mountains, 
located approximately 40 km south of our 
study area, h e a ~ y  predation on females has 
had severe consequences for that popula- 
tion (J. D. M'ehausen, Demographic stud- 
ies of mountain sheep in the Mojave Des- 
ert: report IV, Calif. Dep. Fish and Game, 
Sacramento, Final Rep. FG9239, 54pp., 
1992). During our study, however, con-
firmed losses of sheev to mountain lions 
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were restricted to males because such nre- 
dation occurred only in habitats used pre- 
dominantly by that sex. Consequently, lion 
predation has not significantly affected the 
reproductive base of our study population. 
Predation by mountain lions may not have 
generalized demographic implications for 
mountain sheep, unless females are preyed 
uvon heavilv. 
L i 

Aerial surveys are an important method 
of obtaining demographic data for popu- 
lations of large ungulates, particularly 
mountain sheep (Bleich et al. 1990d, 
1994). Because of the wronounced differ- 
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ences in the ways that males and females 
use habitats and space, demographic sur- 
veys conducted during sexual segregation 
may lead to biased conclusions if survey 

effort is not properly dstributed. Aerial 
surveys to estimate population size and 
composition should coincide with the pe- 
riod of sexual aggregation when adult 
males and females are most likely to be in 
close proximity to each other. Surveys con- 
ducted during sexual segregation must en- 
compass large areas and incorporate the 
range of habitats used by males and fe- 
males during that period (Schaller and 
Junrang 1988) to decrease the possibility 
of biased demographic data. 

Finally, mountain sheep may use widely 
separated parts of their home ranges on a 
seasonal basis. These animals, particularly 
the males. move from some mountain 
ranges to others within our study area; 
males join females during periods of ag- 
gregation and cross Kelbaker Road to do 
so. Movement to and from female ranges 
located west of Kelbaker Road (Fig. 1)ne-
cessitates that those males cross that right- 
of-way at least twice annually. Kelbaker 
Road currentlv receives little use. but traf- 

i 

fic is expected to increase substantially 
with the anticipated National Park Service 
administration of our study area. Proposals 
to fence this thoroughfare to decrease the 
likelihood of vehicle collisions with live- 
stock or feral asses are vrobable. If Kel- 

I 

baker Road is fenced, an important inter- 
mountain corridor (Bleich et al. 1 9 9 0 ~ )  
will be eliminated, with potential land-
scape-level implications (Schwartz et al. 
1986) for mountain sheen. Movements re- 
sulting from sexual segregation, as males 
travel to and from female ranges, will be 
impeded and negative effects will occur at 
both the population and metapopulation 
level (Bleich et al. 1996). 
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ABSTRACT Understanding colonization is vital for managing fragmented populations. We employed mitochondrial DNA haplotypes

and 14 microsatellite (nuclear DNA) markers to infer the origins of newly established populations of desert bighorn sheep (Ovis canadensis

nelsoni) and to assess loss of genetic diversity during natural colonizations. We used haplotype distribution, F-statistics, Bayesian population

clustering, and assignment tests to infer source populations for 3 recent colonies and identified a previously undetected colonization from

multiple source populations. Allelic richness declined in 3 of 4 colonies in comparison to the primary source populations, but not as much as has

been reported for translocated populations. Heterozygosity declined in only one colony. We also demonstrated that both native and translocated

desert bighorn sheep have naturally recolonized empty habitats and suggest that colonization may partially offset population extinction in the

region as long as connectivity is maintained. Genetic techniques and mitochondrial DNA haplotypes we described will allow managers to

determine the origins of future colonizations by bighorn sheep in California, USA, and prioritize protection of linkages between known sources

and colonies.

KEY WORDS assignment test, California, colonization, metapopulation, microsatellites, mitochondrial DNA, Ovis canadensis,
translocation.

Colonization of empty habitat is required to offset high
population extinction rates for species with fragmented
distributions (Levins 1970). Understanding colonization
could help wildlife managers identify and protect key
linkages between habitat patches, prioritize translocations
when natural colonization rates are thought to be inade-
quate, predict range expansions, and respond appropriately
to newly discovered populations of unknown origins.
Colonization processes also can affect loss or retention of
genetic diversity, which has been linked to individual fitness
and population performance (Vila et al. 2003, Hogg et al.
2006). However, studying colonization usually requires
either repeated surveys in all potential habitat patches or
long-term monitoring of many individuals (Ims and Yoccoz
1997).

Population genetic data offer alternative means to track or
identify recent colonizations (e.g., Eldridge et al. 2001,
Scribner et al. 2003, Latch et al. 2006b). Emigration of a
few individuals to new habitat results in a founder event that
is analogous to a population bottleneck and, therefore, is
predicted to affect genetic structure and diversity in 2 ways.
First, because of the underrepresentation of rarer alleles in
emigrants, genetic diversity is expected to be lower in the
colony than in the source population (Nei et al. 1975).
Second, although allele frequencies in colony and source(s)
are expected to diverge after a founder event (e.g., Mock et
al. 2004, Hawley et al. 2006), the identity and frequency of

alleles in a recent colony should be more similar to those in
the source population(s) than to other nearby populations.
The largest changes in allele frequencies and genetic
diversity are expected when there are few founders, the
colony remains small, and if there is no subsequent gene
flow between colony and source (Nei et al. 1975, Keller et al.
2001). Those changes are also influenced by time since the
founder event (see Cornuet and Luikart 1996). Changes in
genetic structure and loss of genetic diversity resulting from
population reintroductions or translocations (e.g., Mock et
al. 2004, Whittaker et al. 2004), invasions (e.g., Hufbauer et
al. 2004, Hawley et al. 2006), or rare long-distance natural
recolonizations (e.g., Onorato et al. 2004, Hedmark and
Ellegren 2007) have been well-described. Effects of local-
scale colonizations on genetic structure and diversity in a
metapopulation may be less predictable because the size of
the founding population is rarely known and gene flow
between source and colony may continue after colonization.

Bighorn sheep favor mountainous habitat that is often
naturally discontinuous, resulting in natural metapopula-
tions (Schwartz et al. 1986; Bleich et al. 1990, 1996; Epps et
al. 2003). In the 19th and 20th centuries bighorn sheep
suffered dramatic range reductions, many of which were
attributed to disease and human exploitation (Buechner
1960). In the California, USA, deserts, however, extinctions
were a more recent phenomenon of the mid–20th century
(Wehausen et al. 1987, Wehausen 1999, Epps et al. 2004).
In part because colonization was considered unlikely,
bighorn sheep have been translocated extensively through-
out the western United States (Ramey 1993). However,
unaided colonization of empty habitat patches has now been
well-documented (Bleich et al. 1996, Singer et al. 2000,
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Epps et al. 2003). We define colonization as emigration of
individuals of both sexes to an empty habitat patch, with
subsequent reproduction. We examined recent colonizations
by desert bighorn sheep (Ovis canadensis nelsoni) in
California to determine 1) whether source populations
could be confidently identified using standard tests for
genetic structure and population assignment, and 2) whether
significant reductions in genetic diversity (i.e., allelic
richness) and heterozygosity occurred during natural
colonizations.

STUDY AREA

We conducted our study in the Mojave and Sonoran Desert
regions of California (Fig. 1), where desert bighorn sheep
typically inhabited small mountain ranges isolated by flat
desert with little water and limited forage. More than 50
native and reintroduced populations totaled approximately
4,200 bighorn sheep (O. c. nelsoni), but about half of
those populations contained ,50 individuals (Epps et al.
2003), making them vulnerable to genetic drift and loss of
genetic diversity. Gene flow among those populations was
affected by distance, topography, and human-made barriers
such as fenced interstate highways (Epps et al. 2005, 2007).
Due to frequent extinction of bighorn sheep populations
in the 20th century, uninhabited mountain ranges occur

throughout the study area (Wehausen et al. 1987,
Wehausen 1999).

Although population monitoring often was sporadic
(Wehausen 1999), radiotelemetry and population surveys
identified 3 recent colonizations (or recolonizations). The
South Bristol Mountains (SB; Fig. 1) were uninhabited
(Torres et al. 1994) until 3 females radiocollared in the
nearby (5 km) Marble Mountains (MA; Fig. 1) traveled to
SB in 1993. By the late 1990s, a small but rapidly increasing
population was established; a 2007 survey resulted in a
mark–resight estimate of 68 individuals (J. D. Wehausen,
White Mountain Research Station, personal communica-
tion). The second colonization occurred in the Iron
Mountains (IR; Fig. 1). Observations at the sole known
water source in IR indicated no resident sheep in 1993 (G.
Sudmeier, Society for the Conservation of Bighorn Sheep,
personal communication) but we observed males, females,
and juveniles in 2001–2003. Historical evidence of move-
ment by male and female bighorn sheep between the Old
Woman Mountains (OW; Fig. 1) and IR, as well as
movements between those ranges by radiocollared males,
suggested OW was the likely source (Bleich et al. 1990; A.
Pauli, California Department of Fish and Game, personal
communication). The third apparent colonization occurred
when emigrants from an unknown source founded the

Figure 1. Relief map of southeastern California, USA, showing the 27 populations of desert bighorn sheep we sampled in 2000–2004, as well as the
translocated population in the Sheephole Mountains (SH). Population polygon coloring represents results of BAPS clustering analysis; we clustered like-
colored populations by genetic similarity, indicative of recent or current gene flow. We defined population identification codes in Appendix A; human-made
dispersal barriers including fenced highways, fenced canals, and urban areas are mapped in black with interstate highways indicated as, for example, ‘‘I-15.’’
We inferred colonization of the Coxcomb Range (CO; dashed black arrow) from SH because CO individuals were assigned genetically to the Old Dad (OD)
population. Old Dad was the source of the bighorn sheep translocated to SH (dashed white arrow).
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Cushenbury population (CU; Fig. 1) in the 1980s (J. Davis,
California Department of Fish and Game, personal
communication), which at the time of our study was
estimated at 25–50 individuals (Epps et al. 2003).

METHODS

Genetic Data Collection
We used previously published microsatellite genotypes and
mitochondrial DNA (mtDNA) sequence data for 397
individuals from 27 populations of desert bighorn sheep in
southeastern California (Fig. 1), collected from fecal and
blood samples obtained during 2000–2004 (Epps et al.
2005). We restricted analyses to unique individuals that
were successfully genotyped at all 14 microsatellite loci; 515
nucleotides near the beginning of the mtDNA control
region were sequenced for 394 of these samples. Mean
sample size per population was 15 individuals (range 5 6–
29).

Where sex identification was necessary, we determined sex
of each individual sampled using the SE47 and SE48 sex
identification primers (Yamamoto et al. 2002), which
amplify fragments of different sizes on the X and Y
chromosomes. We used 20 mL PCR (Polymerase Chain
Reaction) with the following reaction conditions: 13 PCR
Buffer I (Applied BioSystems, Foster City, CA), 0.16 mM
dNTPs, 10 mg bovine serum albumin (New England
BioLabs, Ipswich, MA), 2.25 mM MgCl2, 80 nM each
primer, 0.7 units of Amplitaq GoldTM DNA polymerase
(Applied BioSystems), and 1 mL of extracted DNA. We
used an initial heating cycle of 95u C for 7 minutes and 30
seconds, followed by 40 cycles of 95u C for 30 seconds, 54u
C for 45 seconds, and 72u C for 30 seconds. We visualized
the SE47 and SE48 amplification products on 2% agarose
gels, prestained with ethidium bromide. We repeated
amplifications until we observed the male-specific PCR
fragment or we observed the single female band in 3
replicates.

Analyses
We applied common analytical techniques for describing
genetic structure and diversity among populations to
confirm (SB and IR) or infer (CU and other) source
populations for recent colonizations and to test for
population bottlenecks and decreased genetic diversity in
colonies. Because most gene flow in this system occurred
between populations ,15 km apart (Epps et al. 2005), we
evaluated potential source populations ,30 km from each
colonized population. To infer the source of females for each
colony, we mapped distribution of mtDNA haplotypes
(maternally inherited) in potential source populations.
Female movements probably limited colonization because
female bighorn are more philopatric than males (Festa-
Bianchet 1986, Singer et al. 2000).

We evaluated whether genetic distance (FST; Wright
1921, Weir and Cockerham 1984) was significantly lower
between colony and source in comparison to other nearby
populations. Interpreting gene flow from FST is problematic
unless populations are assumed to be in drift–migration–

mutation equilibrium, which is unlikely in recent coloniza-
tions, but FST provides a useful relative estimate of
population similarity (Neigel 2002). We used FSTAT
(Goudet 1995) to calculate FST with bootstrap 95%
confidence intervals from the microsatellite data between
all population pairs. We also estimated FST from the
mtDNA sequence variation and haplotype frequency
(ARLEQUIN Version 3.11, http://cmpg.unibe.ch/software/
arlequin3/; accessed 30 Jun 2008).

To distinguish clusters of populations linked by high gene
flow, we grouped all 27 study populations by genetic
similarity using Bayesian clustering methods employed by
BAPS (Corander et al. 2003). We set burn-in time to
10,000, chain length to 50,000, thinning to 5, and ensured
these values were sufficient to achieve convergence of
estimates (Corander et al. 2003). We reported only clusters
with posterior probabilities .0.95.

Individual-based assignment tests such as STRUCTURE
(Pritchard et al. 2000) are often used to identify migrants or
determine population origins (e.g., Mock et al. 2004). We
used STRUCTURE to evaluate whether colonies had single
or multiple origins. We combined all individuals from all 27
populations into one data set with no information on sample
origin and estimated the likely number of clusters (k) of
genetically similar individuals by running 10 simulations for
each k from 1 and 30, using a burn-in of 500,000 chains
followed by 1,000,000 chains for each run. We assumed that
individuals were of admixed ancestry and allele frequencies
were correlated (l set at 1), and we allowed STRUCTURE
to infer the degree of admixture. We identified the best
value of k (kbest) as that where the second-order rate of
change in the log-likelihood values for different k was
maximized (Evanno et al. 2005). Program STRUCTURE
fractionally assigns each individual to each cluster based on
an assignment index (q) that sums to 1 across all clusters; we
assigned individuals to the single most likely cluster based
on the maximum value of q (qmax) estimated at kbest and
defined individual assignments at qmax . 0.5 as high
confidence.

Methods that assign individuals to a priori populations
(e.g., mountain ranges) with high gene flow may split
assignment probabilities among those populations. Alterna-
tively, methods that assign individuals to clusters deter-
mined post hoc from genetic structure (e.g., STRUC-
TURE) may be hard to interpret or evaluate statistically,
especially if assignment indices are low. To address both of
those problems, we used GENECLASS2 (Piry et al. 2004)
to assign 1) recently colonized populations to potential
source populations (all other populations sampled) by
ranked likelihood scores using the Bayesian classification
method of Rannala and Mountain (1997) and an assign-
ment threshold of 0.01, and 2) individuals from recently
colonized populations to potential source populations (all
other populations sampled) based on ranked likelihood
scores. We then interpreted assignments to individual
populations in the context of population clusters with high
gene flow as identified by BAPS.
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After identifying the most likely sources for each colony,
we tested whether genetic diversity declined sharply during
natural colonizations. We estimated allelic richness (A;
average allelic diversity corrected for differences in sample
size) at each locus for source and colony with FSTAT
(Goudet 1995) and estimated unbiased heterozygosity (He;
Nei 1987). After examining distribution of differences for
normality, we used a 1-tailed paired sample t-test across loci
to determine whether A and He in each colony were lower
than in the respective sources (Zar 1999). For populations
with clear evidence of mixed origins (see Results), we tested
for differences in A and He via 2-tailed paired sample t-tests.
We checked for population bottlenecks by testing for shifted
modes in allele frequencies in each population (Luikart et al.
1998) using BOTTLENECK (Cornuet and Luikart 1996)
because Mock et al. (2004) found that test to be most
effective in detecting founder events.

RESULTS

We detected 19 mtDNA haplotypes in 27 populations
(Appendix A; GenBank accession no. AY903993-
AY904012, AF076912). The SB and IR colonies contained
a subset of mtDNA haplotypes detected in their respective
source populations (MA and OW; Appendix A). However,
NE (.80 km W of SB; Fig. 1) also contained the 2
haplotypes found in SB (Appendix A). The CU colony
(unknown source) contained only one haplotype (N), also
found in SG, and found elsewhere only in the more distant
QU, LS, EALP, and RG complex of populations (Appendix
A; Fig. 1). We detected none of the NE haplotypes in CU,
implying that SG was the most likely source of colonizing
females. Genetic distance values calculated from mtDNA
values accurately linked IR–OW and supported CU–SG
(Table 1) but conflicted with other data in one case:
FST-mtDNA 5 0 for NE–SB, whereas FST-mtDNA 5 0.11
for MA–SB (the likely source–colony pair based on
radiotelemetry and microsatellite analyses; Table 1). Genet-
ic distance estimates (FST) from microsatellite data generally
corroborated known source–colony pairs, although wide
confidence intervals precluded confident distinction of the
source population for SB (Table 1). Despite identical
mtDNA haplotypes in NE and SB, microsatellite markers
did not support NE as a population of origin (Table 1).
Genetic distance between CU and NE was 5 times higher
than that between CU and SG, implying that male as well as
female colonizers originated in SG (Table 1).

Bayesian population (not individual) clustering via BAPS
from the microsatellite data resulted in 13 population
clusters (Fig. 1). Although BAPS may overestimate cluster
number (Latch et al. 2006a), the observed number of
clusters was less than determined by STRUCTURE
(below). Program BAPS grouped MA with SB and grouped
OW with IR (Fig. 1). The CU population was linked to SG
rather than NE. A population previously considered to be
native (CO) was grouped with PR, HA, WO, and PI
.95 km north rather than with other nearby populations
(Fig. 1).

Using the Evanno et al. (2005) method for identifying
cluster number with STRUCTURE, all 397 individuals
were grouped into 14 genetic clusters (kbest 5 14) from the
microsatellite data. Individual assignments across replicate
runs at same k were consistent, although q for each
individual varied slightly; therefore, we present only the
results of the first run at k 5 14. Most individuals were
grouped in clusters that matched source–colony pairings
determined by other methods (Appendix B). Previously
known colonies appeared to be of single origin with one
possible exception: 13 of 14 individuals from SB were
assigned to the same cluster as 23 of 29 individuals from
MA (cluster c5; Appendix B), but the 14th individual,
determined via SE47 and SE48 to be female, was assigned
at low confidence (q , 0.5) to cluster c4, which included
mostly individuals from other populations to the north
(Appendix B; Fig. 1). All 11 individuals from the IR were
assigned to cluster c8 at high confidence (q . 0.5), which
also included 23 of 26 individuals from the OW population
(22 at q . 0.5) but only one individual from TU (q . 0.5)
and none from the CO, EABZ, and RG populations.
Finally, all 15 of the CU individuals were assigned at q .

0.5 to cluster c9, to which none of the NE but all 17 of the
SG individuals were also assigned at q . 0.5 (Appendix B).

Because of the counterintuitive clustering of CO with
populations .95 km away by BAPS, we also examined
individual assignments for CO after determining their sex
with SE47 and SE48. Four males and one female were
assigned (4 of 5 at q . 0.5) to the same cluster as 25 bighorn
sheep sampled at OD (c4; Appendix B); those 5 sheep also
had OD-type mtDNA haplotypes D or I (Appendix A).

Table 1. Genetic distance (FST) values for microsatellite (with 95% CIs)
and mitochondrial DNA (mtDNA) markers for 4 recently colonized
populations and potential source populations of desert bighorn sheep we
sampled in 2000–2004 in California, USA. See Appendix A for explanation
of population codes.

Population
pair

FST (microsatellite markers)

FST

(mtDNA)
Point

estimate
95% CI

(lower lim)
95% CI

(upper lim)

SB–MAa 0.039 0.019 0.061 0.112
SB–GR 0.111 0.057 0.171 0.336
SB–NE 0.189 0.110 0.274 20.005
SB–KD 0.118 0.079 0.157 0.802
SB–OD 0.152 0.091 0.220 0.767
SB–PR 0.140 0.093 0.196 0.384
SB–CL 0.069 0.046 0.097 0.589
IR–OWa 0.048 0.023 0.075 0.0346
IR–TU 0.212 0.161 0.273 0.946
IR–RG 0.212 0.105 0.237 0.872
IR–CO 0.157 0.094 0.214 0.596
CU–SGa 0.069 0.035 0.102 0
CU–SL 0.374 0.274 0.471 1
CU–LS 0.197 0.133 0.260 0.768
CU–QU 0.233 0.169 0.301 0.387
CU–NE 0.372 0.276 0.459 0.850
CO–ODa 0.059 0.026 0.096 0.320
CO–EABZ 0.110 0.042 0.191 0.686
CO–IR 0.157 0.092 0.214 0.596
CO–RG 0.103 0.051 0.160 0.470

a Known or inferred comparison between source population and colony.
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The remaining 2 males were assigned at q . 0.5 to the same
cluster as many of the bighorn sheep from the nearby
EABZ, EALP, LS, QU, and RG populations (c12;
Appendix B); those 2 individuals had mtDNA haplotype
F, which was commonly found in those nearby populations
but unknown at OD (Appendix A).

At the population level, GENECLASS2 grouped SB with
MA, IR with OW, and CU with SG at likelihood scores of
100%. CO was grouped with GR (a population N of
Interstate 40 and connected to OD with moderate gene
flow; likelihood score 5 91%) and OD (source of the
translocated individuals in the SH population N of CO,
likelihood score 5 9%). At the individual level, GENE-
CLASS2 assigned 12 of 14 individuals from SB to MA at
likelihood scores .96%, one to CL (61%) and MA (39%),
and the same female distinguished by STRUCTURE to
OD north of Interstate 40 (90%). Ten of 11 individuals
from IR were assigned to OW at scores .95%, and the 11th
was assigned to OW at 51% with remaining assignment
score percentage apportioned among the closely linked
EALP, EABZ, LS, and QU populations (Fig. 1). All 15
individuals from CU were assigned to SG (13 at .99%, 1 at
93%, and 1 at 89%). Lastly, the 2 male individuals in CO
with Haplotype F were assigned to QU with scores .99%
(part of a BAPS cluster including the more likely EABZ;
Fig. 1), whereas the other 5 individuals with OD-type
mtDNA were assigned to OD (3 at .96%, 1 at 93%) and
GR (1 at 89%).

In comparison with each inferred source, allelic richness
(A) was lower for all 3 colonies primarily of single origin
(Table 2; MA–SB t1,13 5 3.10, P 5 0.004; OW–IR t1,13 5

1.83, P 5 0.045; SG–CU t1,13 5 2.06, P 5 0.030).
Estimates of A in CO did not differ from OD (Table 2; t2,13

5 1.79, P 5 0.097) or EABZ (Table 2; t2,13 5 0.58, P 5

0.284). Heterozygosity in CU was 17% lower than in SG
(Table 2; SG–CU t1,13 5 3.15, P 5 0.004) but He did not
decline for any other single-origin colony (Table 2; MA–SB
t1,13 5 1.48, P 5 0.081; OW–IR t1,13 5 1.35, P 5 0.100).
Estimated He for CO did not differ from OD (Table 2; t2,13

5 1.05, P 5 0.273) or EABZ (t2,13 5 1.51, P 5 0.170). We
detected shifted modes in distribution of allele frequencies,
indicative of recent population bottlenecks (Luikart et al.
1998), in MA and SB and CU but not SG. We did not
detect shifted modes in IR, OW, CO, OD, or EABZ,

although the sample size for CO was less than the
recommended minimum (Table 2).

DISCUSSION

As expected given the philopatric and social nature of
female bighorn sheep in particular (Festa-Bianchet 1986,
Singer et al. 2000), the 3 previously known colonies (SB,
IR, and CU) appear to have originated primarily from
single source populations (MA, OW, and SG). Nearly all
analyses agreed, although we detected 2 ambiguities: 2
possible source populations for SB had identical mtDNA
haplotypes (Fig. 1; Appendix A), and one female in SB
was assigned by STRUCTURE and GENECLASS2 to
populations north of Interstate 40 rather than MA.
Because that assignment was not at high confidence, that
individual could be, rather than a migrant, the offspring of
a migrant.

We also identified a possible cryptic colonization (CO;
Fig. 1) with males originating in multiple source popula-
tions. Population clustering (BAPS) demonstrated that
bighorn in CO were closer genetically to populations north
of Interstate 40 (Fig. 1). Population CO is near the SH
population, which was reestablished or augmented by
translocation of desert bighorn sheep from population OD
in 1984 and 1985 (Bleich et al. 1990, 1996). The FST

estimate between CO and OD was 50% lower than the
lowest estimate between CO and any other population
(Table 1). Because the 1 female and 4 of 6 males sampled in
CO had OD-type mtDNA haplotypes that could only have
originated in SH, and because those same individuals were
also assigned using nuclear DNA markers by both
STRUCTURE and GENECLASS2 to OD or other
distant northern populations, we hypothesize that females
and males from SH recently recolonized CO after an
unobserved extinction and were then joined by males from
other nearby populations. Although neither mtDNA data,
FST values, nor population assignments clearly indicated
whether the 2 males with local haplotypes originated in
EABZ, RG, or even QU to the west of EABZ (Table 1;
Appendices A, B), the close proximity of the EABZ to CO
and the presence of a fenced canal between the CO and RG
imply that EABZ was the likely origin (Fig. 1). Because
mtDNA and nuclear DNA assignments matched, little
interbreeding appears to have occurred yet between the SH

Table 2. Sample size (n), differences in average allelic richness at 14 loci (A, corrected for the smaller sample size within each comparison) and average
unbiased heterozygosity (He) as inferred from 1-tailed Wilcoxon paired-sample tests (except where noted), and shifted mode in allele frequencies test for
population bottlenecks in source populations and colonies of desert bighorn sheep in California, USA, 2000–2004.

Source–colony

n A He Bottleneck

Source Colony Source Colony Source Colony Source Colony

MA–SB 27 14 4.1 3.6* 0.65 0.60 yes yes
OW–IR 26 11 3.5 3.1* 0.51 0.46 no no
SG–CU 17 15 3.1 2.7* 0.54 0.45* no yes
OD–CO 25 7 3.1 3.6a 0.52 0.58a no nob

EABZ–CO 17 7 3.8 3.6a 0.65 0.58a no nob

a 2-tailed Wilcoxon paired-sample test.
b Sample size below recommended min. of 10 individuals.
* P , 0.05.
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(OD-derived) individuals and EALP–EABZ–RG-derived
individuals present in CO.

The genetic structure and loss of genetic diversity that we
detected for these colonizations demonstrate that bighorn
sheep of both sexes will move substantial distances across
unsuitable habitat, but only occasionally (Tables 1, 2).
Although founding population sizes and the degree of
subsequent gene flow between colony and source are still
unclear, decreased A in the colonies (Table 2) implied that
founder effects occurred and, thus, the size of the founding
population was small. However, we did not observe declines
in He except in CU (Table 2). Studies of translocated
populations and long-distance colonizations have typically
detected declines in A (e.g., Mock et al. 2004) but not always
in He (e.g., Hicks et al. 2007), especially when founder
numbers are high (e.g., Hufbauer et al. 2004). Expected
heterozygosity is predicted to decline more slowly than A
after a bottleneck, particularly if the colony or bottlenecked
population grows rapidly (Allendorf 1986).

Direct comparisons of genetic diversity between source
and colony were more informative than results of the
bottleneck test; although we detected a bottleneck in CU
but not SG, as might be expected after a founder event, we
did not detect a bottleneck in IR or OW. Because we
detected a bottleneck in MA, it is unclear whether the
bottleneck detected in SB resulted from the founder event or
reflects the bottleneck in the source population. Divergence
(Table 1) and loss of genetic diversity (Table 2) was greatest
in the SG–CU colonization, which also occurred over the
greatest distance. Thus, ongoing gene flow may be an
important mechanism for maintaining higher genetic
diversity in the other less isolated colonies (i.e., OW–IR
and MA–SB). For instance, radiocollared males made
repeated movements between IR and OW during monitor-
ing in 2001–2003, but no radiocollared individual in CU has
returned to SG (J. Davis, personal communication).

Employing multiple analytical approaches strengthened
inferences about source populations. Although FST esti-
mates from mtDNA could not always determine population
of origin (Table 1), mapping mtDNA haplotypes provided
useful inferences on female dispersal and may provide
sufficient resolution if strong genetic structure is suspected
(e.g., Latch et al. 2006b). Comparing FST estimates from
microsatellite markers identified the same source popula-
tions as other analyses but did not completely exclude one
nearby nonsource population (Table 1; SB–GR) and did not
distinguish multiple source populations for CO. Population
clustering methods using BAPS (Fig. 1) and GENE-
CLASS2 demonstrated isolating effects of both distance
and human-made dispersal barriers such as fenced canals,
interstate highways, and urban areas (Fig. 1) and identified
the cryptic colonization of CO from SH.

Individual-based assignment tests (STRUCTURE,
GENECLASS2) were useful for evaluating whether
colonies had multiple origins but are difficult to summarize
and interpret for large data sets. Counterintuitive results are
common, such as an assignment at q . 0.5 for one
individual in OW to the same cluster as SL (Appendix B,

c3), which is .250 km distant. Therefore, we stress that
interpreting assignment tests for individual animals requires
great caution. Nonsensical assignments may result from
homologous mutations, genotyping errors, or poor ability to
distinguish clusters among areas of high gene flow (e.g.,
Worley et al. 2004). We had greater confidence in
assignments of CO individuals to different populations
because mtDNA haplotype matching to sources corre-
sponded exactly. The weak assignment of one individual in
SB to OD is more difficult to interpret.

Wildlife managers are sometimes confronted by newly
discovered populations or stray individuals of unknown
origin (e.g., Onorato et al. 2004, Latch et al. 2006b).
Determining the origin may be critical to identifying the
appropriate response. For instance, did the strays originate
from a population of high conservation value? In California,
where an Endangered Species Act (ESA)–listed subspecies
(Sierra Nevada bighorn sheep [O. c. sierrae]) and an ESA-
listed distinct population segment of desert bighorn sheep in
the Peninsular Ranges occur in close proximity to unlisted
populations of desert bighorn sheep, population genetic data
may provide the best means for determining origin quickly.
For instance, 2 small groups of bighorn sheep were
documented in 2005 at the western edge of the Coso
Range, where they have been absent for half a century
(Wehausen 1999). Using DNA from fecal pellets collected
in the vicinity of those sheep, microsatellites to distinguish
individuals, and sequencing of mtDNA control region, 2
individuals with mtDNA haplotype E were identified (J. D.
Wehausen, unpublished data). Haplotype E is common in
the OD population (Fig. 1; Appendix A), which was the
source of a reintroduction to the Argus Range immediately
east of the Coso Range in 1986 (Bleich et al. 1990). Clearly,
the newly detected individuals in the Coso Range were
descendents of animals introduced into the Argus, rather
than endangered Sierra Nevada bighorn. Similarly, Latch et
al. (2006b) applied the mtDNA protocols we described here
to determine that a newly detected population of bighorn
sheep in Arizona originated from Rocky Mountain bighorn
(O. c. canadensis) rather than desert bighorn populations.

Our findings demonstrate that translocations of bighorn
sheep into habitat within 10–15 km of established
populations may not always be necessary in the absence of
other dispersal barriers. Translocation is expensive, some-
times unsuccessful, and comes at the biological cost of the
individuals removed from the source population (Bleich et
al. 1996). However, colonizations of CO and the Coso
Range (above) suggest that translocated individuals may
help maintain populations in nearby habitat patches and
could help offset high population extinction rates.

Natural colonizations in this system have lower genetic
diversity, like translocations described elsewhere (e.g.,
Hedrick et al. 2001, Whittaker et al. 2004). However,
although A decreased in 3 of 4 and He declined in 1 of 4
colonizations that we examined (Table 2), genetic diversity
still exceeded values reported in translocated populations of
bighorn sheep in other locations (Gutierrez-Espeleta et al.
2000, Hedrick et al. 2001). For instance, using a different
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set of 11 loci and samples sizes of 10–23 individuals/
population, Whittaker et al. (2004) reported 2.2–2.4 alleles/
locus and much lower He estimates (0.32–0.39) in
translocated populations in Oregon but comparable esti-
mates of 3.8 alleles/locus and He 5 0.57 in one native
population in Nevada, USA. Because natural colonization
can result in continued interaction, genetic diversity may not
decline as severely as after a translocation. For instance, we
did not detect declines in He in the 2 cases where we
observed radiocollared individuals traveling repeatedly
between the source and colony (SB and IR). Thus, when
human-made barriers threaten to block bighorn sheep
dispersal (e.g., Flesch et al. 2010), translocation is less likely
to be a successful strategy for mitigating loss of genetic
diversity than maintaining natural connectivity.

MANAGEMENT IMPLICATIONS

Our data and data from Boyce et al. (1999) and recent
extensive sampling in the northern desert from Death
Valley to the Sierra Nevada (J. D. Wehausen, unpublished
data) describe 42 unique mtDNA control region haplotypes
among nearly all known bighorn sheep populations in
California. These, coupled with microsatellite data, could
be used to determine populations or regions of origin for
future bighorn sheep colonizations. The colonizations we
described and detected demonstrate that natural recoloni-
zation still helps maintain bighorn sheep across this region
despite high rates of population extinctions (Epps et al.
2004). We recommend that populations described as
extinct in previous surveys be resurveyed more frequently
to determine whether recolonization has occurred. Popu-
lations reestablished by translocation served as sources for
natural recolonizations of other nearby mountain ranges in
2 cases (SH and Argus), implying that translocation is an
important tool for metapopulation management. However,
because genetic diversity in colonizations did not decline as
severely as has been reported for population translocations
(e.g., Hedrick et al. 2001), we recommend maintaining
connectivity and the potential for recolonization by
avoiding disruption of natural dispersal routes and bridging
anthropogenic barriers rather than relying solely on
translocation. Known linkages between source populations
and colonies should be protected.
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