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Last year I was recruited (some might 

say pursued) by the Desert Bighorn Council 

(Council) Technical Staff to assume 

editorship of the Desert Bighorn Council 

Transactions (Transactions) after a failure of 

responsibility resulted in a lapse of the 

publication of the 2023 issue.  Albeit 

unfortunate, it validated the importance of 

Transactions for communicating science and 

management. Volume 57 (2023) has been 

completed and this issue (Volume 58) brings 

Transactions up to date. 

I am very much a pragmatist, having 

spent my entire professional career with the  

California Department of Fish and Game 

(CDFG) and during which I gained an 

appreciation for the importance of  applied 

and basic research. Since 1992 I have held 

adjunct or research professorships at eight 

universities, co-chaired 3  graduate 

committees (1 MS, 2 PhD), and served on the 

graduate committees of 17 additional 

students (9 MS, 8 PhD). During these 

opportunities, I built on my understanding of 

and appreciation for the importance of 

contributions  from the academic community 

and applied research. Publication of results, 

observations, or ideas regardless of oneôs 

affiliation or job description is  important to 

the advancement of knowledge and, 

especially, to the conservation challenges that 

many species of wildlifeðincluding bighorn 

sheep (Ovis canadensis)ðare facing. 

If results are to be of value, the 

information should have meaningful 

implications from the standpoint of theory or 

application, and ideally for both. Results that 

do not originate from the correct scientific 

protocol, regardless of how well presented, 

cannot be fixed and should not appear in the 

professional literature. Conversely, poor 

writing or the ineffective presentation of  

science can be corrected, and part of the 

responsibility for doing so lies with the 

editor-in-chief (EIC) of any journal. 

Consulting editors and reviewers having 

special expertise in the subject matter bear 

the primary responsibility for evaluating the 

quality and presentation of the science. 

Layout editors or format editors possess 

technical skills and talent that some EICs, 

including me, depend on to produce a 

professional product that authors and readers 

will be satisfied with. The EIC, however, 

bears the ultimate responsibility for 

acceptance of a manuscript and for the final 

presentation and editorial details in the 

penultimate version of a journal submission. 

During manuscript review the 

prospective contribution must be openly and 

honestly evaluated. Every member of the 

editorial team shares in the responsibility for 

ensuring the best quality product in a paper 

accepted for publication. Because the 

ultimate responsibility for acceptance of a 

manuscript rests with the EIC, he or she will 

occasionally override recommendations of  

the consulting editors, reviewers, or 

production staff. I served 6 years as EIC for 

California Fish and Game, a quarterly 

journal with worldwide circulation; prior to 

that, I had served as Associate Editor for 19 
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years. During that period, I learned that every 

decision has the  potential to draw  some 

criticism from one source or another. 

Although both assignments sometimes were 

stressful, I aways believed they were 

rewarding. In part, that is why I agreed to 

serve the Council as EIC for Transactions. As 

a previous EIC for California Fish and Game 

warned me, however, ñThere will never be a 

perfect issue, and not everyoneðamong 

them the authors, associate editors, 

reviewers, format editors, and even the 

previous editor(s)ðwill always be happy 

with your decisions.ò The sometimes 

difficult, albeit necessary, decisions made the 

job almost thankless at times but resulted in 

better contributions to science. The 

opportunity to return Transactions to a 

schedule of regular publication also has been 

rewarding, although it has been infinitely 

more challenging than I  anticipated. 

The EIC also has a responsibility to 

encourage submission of appropriate 

manuscripts. This philosophy revolves 

around maintaining high standards of criteria 

for acceptance, and involves encouraging 

authors to submit manuscripts they might not 

initially consider to be important enough to 

warrant publication in a professional journal 

yet may help provide a framework for future 

investigations. Nevertheless, peer review is 

the widely accepted standard for the unbiased 

evaluation of scientific work, and the process 

helps weed out unscientific, erroneous, or 

meaningless conclusions. Potential authors 

need to recognize that peer review helps 

assure reliable scientific results are 

published, and does not exist simply to 

undervalue your research. 

Many papers published in 

Transactions have played prominent roles in 

our understanding of management or 

conservation, and in the advancement of 

knowledge about bighorn sheep (Krausman 

et al. 2023, Torres 2023, Torres et al. 2025). 

Manuscripts submitted for consideration as 

Technical Reports have been subjected to the 

peer-review process since the late 1970s 

(Krausman et al. 2023). Moreover, the value 

and importance of memorializing historical 

information accurately and in an easily 

retrievable format is becoming increasingly 

recognized (Diaz and Corti 2025), and 

Transactions have been a sound scientific 

publication since the founding of the Desert 

Bighorn Council (Krausman et al. 2023, 

Torres 2023, Torres et al. 2025). Although 

Transactions historically have included state 

status reports, notes, case reports. case 

histories, and commentaries (Krausman 

1992), I have elected to include all of these in 

a single section that will appear in this and 

(hopefully) future volumes.  

As noted recently by numerous 

scientists, the very foundations of our 

profession are based on experiences or 

observations made under field conditions, 

and the need to share or communicate those 

observations and other scientific findings 

widely and effectively has been emphasized 

(Leopold 1933, Hansen 1967). Nonetheless, 

the perceived relevance of such contributions 

increasingly is being ignored (Bleich and 

Oehler 2000, Bleich 2018, Berger et al. 2024, 

Torres et al. 2025), and with the result that, 

ñNothing will destroy the science and 

mission of conservation biology faster than a 

generation or two of biologists raised on dead 

facts and technology and lacking direct, 

personal experience with Natureò (Noss 

1996:2). 

The same caveat applies to the field 

of wildlife biology, perhaps because an 

increasing trend toward fascination with new 

technology often deemphasizes the 

importance of the query, ñWhat ecological 

questions will be addressed and answered?ò 

(Latham et al. 2015:144). An absence of 

critical forethought or planning all too often 

has occurred and resulted in advanced 

technology being employed simply because it 

was available, rather than necessary, to meet 



2025 DESERT BIGHORN COUNCIL TRANSACTIONS: VOLUME 58 

 

Bleich Å Insights from the Editor 

an objective (Nichols and Williams 2006, 

Hebblewhite and Haydon 2010). Moreover, 

simply assuming that use of advanced 

technology can be a substitute for rigorous 

fieldwork can be dangerous (Elbroch et al. 

2017) and is a concern with which I and 

others have concurred for many years (Bleich 

2018). 

As conveyed by Maurice Hornocker 

(2023:91), ñ...remote sensing and all the 

gadgets  and  gizmos  of  the  digital  era  have  

made the study of secretive species less 

challenging and the collection of quantitative 

data much easier. But the technology tends to 

focus solely on the specific target species, not 

the environmental forces that can and do alter 

behavior. The researcherôs immersion into 

the target animalôs environment, I maintain, 

leads to a better understanding of the animal 

and its world.ò Additionally, there is ñ... more 

and more evidence that some individuals 

would rather ... view information transmitted 

directly ... to a video display, than expend 

time and energy in a field setting...ò (Bleich 

2023:2).  Moreover, an increasingly common 

strategy employed by researchers is to obtain 

data gathered yearsðor even decadesð

earlier by other investigators and ñofferò to 

analyze it. Incredibly sophisticated software 

then is used by the investigator(s) to create 

innumerable models that potentially explain 

(1) what might have occurred back then; or 

(2) what might be occurring at the present 

time; or (3) what might occur in the future 

(make your choice) hundreds of kilometers 

from the comfort of their office (Bleich 

2023:2), perhaps without ever encountering 

the species of interest or absent any 

familiarity with the area wherefrom the data 

were collected (Krausman 2021). These 

individuals frequently are referred to as 

ñkeyboard warriorsò (Bleich 2023:2) or 

machine scientists (Guimera et al. 2020, 

Belikov et al. 2022). 

The rampant rise in the availability 

and use of image processing, remote sensing, 

technological advances in data processing, 

and artificial intelligence (AI) will strongly 

influence the ways that science has been 

explored or pursued, how articles are 

developed for publication, how management 

is conducted, whether a priori hypotheses are 

considered, and how results are interpreted 

(Guimera et al. 2020; Krausman 2023; 

Conroy 2023a, 2023b, 2023c; Stokel Walker 

2023). I concur with Barnas and Fisher 

(2025) that ecological inferences derived 

from processed data will depend on a firm 

grasp of natural history and species-specific 

biology, but I anticipate a downward trending 

interest in that expectation. Through a 

renewed realization that many observations 

or conditions encountered under field 

conditions may be of tremendous value to 

future investigators, Transactions will 

continue to welcome scientific contributions 

that may not involve the latest technological 

advancements but still adequately address 

questions of interest. As long as the methods 

are sound, the system will continue to be of 

value; once methods are corrupted, the 

scientific method fails.  

Confusing tools with solutions puts 

technology before biology, and can result in 

poorly thought-out questions (Hebblewhite 

and Haydon 2010), and reinventing programs 

that previously were highly successful can be 

especially problematic or even counter-

productive to conserving bighorn sheep. 

ñWhen wildlife biologistsðwhether 

experienced or newly mintedðdid not or do 

not grasp óEcology 101ô pursuit of the bright, 

shiny object seems more likely. It is 

necessary to understand the culture of 

conservation and history of work 

accomplished to date in the location of 

interest because failure to do so exacerbates 

the tendency to óignore what has been done 

beforeô and ... rarely is there adequate 

consideration of the long-term research 

required to inform questions appropriate to 

conservation and management of large 
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mammalsò (Bleich 2018:544). Further, the 

current emphasis on sometimes questionable 

metrics, such as numbers of downloads, H-

scores, citation scores, or impact factors 

likely will compel a lesser interest in basic 

understanding and more on the application of 

technology, albeit at the expense of many of 

the questions that require answers. Moreover, 

the upward trend in the use of AI will 

encourage movement away from science as it 

has been known and influence the ways that 

that science is pursued, research is 

conducted, articles are developed, results are 

perceived, and how management is 

conducted. All of these cause me great angst 

because, ñThe proliferation of AI tools in 

science risks introducing a phase of scientific 

enquiry [sic] in which we [will] produce 

more but [we will] understand lessò (Messeri 

and Crockett 2024:49). Enough said. 

Over the years, Transactions have 

served managers, researchers and, most 

importantly, the conservation of bighorn 

sheep well. Additionally, the pervasive loss 

of institutional memory (i.e., generational 

amnesia; Fisher 2021), in our profession has 

been unfortunate. Publishing in Transactions 

will ensure the availability of meaningful and 

potentially important observations or results 

to future investigators, and will encourage 

others to do so, while simultaneously 

providing a respected outlet for more 

advanced approaches to problem solving. As 

EIC, I hope that wildlife managers and 

scientists involved with bighorn sheep will 

increase submissions to be considered for 

publication, with the result that Transactions 

will be increasingly recognized as a 

meaningful and important professional 

journal. A close working relationship 

between members of the Councilôs 

Publications Committee, Technical Staff, 

reviewers, and the EIC will improve the 

visibility and scientific value Transactions 

and increase interest in publishing therein, 

and are objectives that I will pursue. 
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As an avid reader, I have made an 

earnest effort to read as much as I can find 

time for, and of  particular interest to me are 

what I would call ñclassicsò in the wild sheep 

world. From Honess and Frostôs 1942 

bulletin A Wyoming Bighorn Sheep Study to 

Dwight Smithôs 1954 The Bighorn Sheep in 

Idaho, Iôve read many accounts about Rocky 

Mountain bighorn sheep in the western U.S. 

and Canada. Having spent most of my career 

working with and managing bighorn sheep in 

the northern Rockies, Iôve tried to broaden 

my portfolio to include the desert bighorn 

sheep and northern thinhorn sheep literature, 

soaking up as much information and intel as 

I can from authors who know their subject 

matter so well. 

Following my 30-year career with the 

Wyoming Game and Fish Department, and 

now having spent 15 years on the 

Conservation Staff of the Wild Sheep 

Foundation, and as I approach the half-

century mark as a wildlife biologist and wild 

sheep conservationist, I sincerely appreciate 

the invitation and opportunity to address the 

Desert Bighorn Council at our 2025 Biennial 

Meeting. This yearôs conference theme, 

Management of Desert Bighorn Sheep in a 

Changing Landscape: Challenges and 

Opportunities, is focused on the 

contemporary issues of the day. I have 

learned much about desert bighorn sheep 

from many of you in the room today, and also 

from so many who arenôt able to be with us 

today. I appreciate and acknowledge the 

guidance and perspectives of my desert 

bighorn sheep colleagues over these many 

decades. 

In anticipation of this address, I 

scoured multiple sources of information 

about desert sheep management over the past 

century. Robert M. Andersonôs excellent 

book, Rimrock Man: The Early Life of W.B. 

Carson (1907ï1946), was a fascinating read 

for me, as Anderson relayed the stories and 

perspectives of Burch Carson, a true 

pioneering sheep biologist in west Texas. 

Combined with Carsonôs 1941 Bulletin No. 

21 from the Texas Game, Fish, and Oyster 

Commission titled, Man: The Greatest 

Enemy of Desert Bighorn Mountain Sheep, 

these candid Trans-Pecos accounts identified 

some of the threats to desert sheep nearly a 

century ago. Carson felt that, before 1900, the 

primary cause of declining desert bighorn 

numbers was the influx of miners and 

railroad workers. Compare and contrast 

Carsonôs views and those of John Russoôs 

1956 observations of Arizona desert bighorn 

sheep with contemporary analyses on 

impacts to desert bighorn sheep from high-

speed rail lines (e.g., Brightline West in the 

Mojave Desert), large ore-hauling trucks 

(e.g., the mine at Morenci, Arizona), and the 

risk of being killed on modern roads or 

highways. 
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According to Carson, by 1903 desert 

bighorn in the Trans-Pecos were practically 

eliminated, and sheep hunting seasons were 

closed. Further, Carson noted, ñébighorn 

sheep were further decimated when ranchers 

began stocking domestic sheep, which spread 

diseaseéò, speculating in 1945 that ñéthere 

will be none if they are not fenced inside a 

large refuge, away from domestic sheep and 

their diseaseséò. This warning is often 

repeated, and unfortunately, often ignored 

today. In his 1960 Wildlife Monograph, The 

Bighorn Sheep of the United States, Helmut 

K. Buechner estimated 6,700ï8,100 desert 

bighorn sheep remained in Arizona, New 

Mexico, Texas, Nevada, and California, for 

many of the reasons weôll get to shortly.  

At the initial Desert Bighorn Council 

meeting held in Las Vegas in 1957, in what 

certainly today would not be appropriate, 

Desert Game Range Refuge Manager 

Winston E. Banko welcomed, ñéall the 

bighorn menéò who gathered to share ideas 

and information, with the hope ñthat if all 

could take one good idea home with them, 

this would be a worthwhile meetingò. An 

interesting observation is that nearly 70% of 

the attendees at the 1957 DBC meeting 

worked for federal agencies; contrast that 

with todayôs audience, where Iôd guesstimate 

less than 10% of the attendees work for 

federal agencies, no doubt an indication of 

the fiscal uncertainty, travel restrictions, and 

prevailing political climate affecting many 

federal agencies and their employees.  

In what can only be viewed as a d®j¨ 

vu moment, presenters at the first DBC 

meeting identified restrictive fencing along 

the international boundary with Mexico as an 

impediment to desert bighorn sheep 

movements, along with competition for 

forage and other impacts resulting from feral 

horses, cattle, domestic goats, and deer. 

Nearly 75 years later, wild sheep managers 

have heightened and significant concerns 

with restrictive fencing along the border, 

while desert bighorn conservationists have 

advocated stridently for overpasses in 

Nevada, Arizona, and along the I-15 corridor 

in California), or for other means  to mitigate 

impacts from high traffic volumes and to 

reduce vehicle-animal collisions. If 

ñnecessity is the mother of inventionò, one 

must recognize the technological advances 

(e.g., real-time GPS tracking collars, GIS 

mapping, CircuitScape and RSF analyses, 

movement simulation modeling) that have 

been developed  and deployed to better 

quantify impacts to desert bighorn sheep.  

While managed livestock grazing on 

many desert sheep public-land ranges is more 

closely regulated now than it was 75 years 

ago, overgrazing still occurs in places. Feral 

horse and burro numbers have exploded since 

passage of the Wild Free-Roaming Horses 

and Burros Act of 1971, and with substantial  

impacts on desert bighorn sheep and their 

habitats.  

In the days of Compound 1080 and 

other widely used toxicants, predation was 

largely considered to be a minor influence on 

desert bighorn sheep numbers. Waterholes 

(presumably naturally occurring) were 

identified as potential bobcat or coyote 

predation ñhotspotsò, while little mention 

was made of mountain lion predation on 

desert bighorns, but noted on mule deer. 

More recently, mountain lion predation on 

desert bighorn sheep has been identified as an 

important factor by Eric Rominger and others 

working in the southwestern United States 

and limiting desert bighorn sheep numbers 

and distribution in the southwest. As a result, 

implementation of strategic, targeted 

mountain lion control has yielded increases 

in desert bighorn sheep populations in several 

jurisdictions. Contrast the current social 

pushback and criticism of agency lion-

control programs against what 75 years ago 

was quite likely very limited public criticism, 

few if any legal challenges, and a near 

absence of anti-hunting rhetoric.  



2025 DESERT BIGHORN COUNCIL TRANSACTIONS: VOLUME 58 

 

Hurley Å Keynote Address 

It is unlikely that the DBC founders 

and participants in the 1957 inaugural DBC 

conference could have ever imagined what 

modern-day solar-energy arrays, massive 

wind-energy developments, spider-webbed 

transmission lines and communication 

networks, foothill subdivisions, and 

extensive suburban sprawl would look like. 

Nonetheless, those early desert bighorn 

managers certainly mentioned human 

encroachment and disturbance as factors 

impacting desert bighorn sheep populations 

and their habitats. 

Presenters at the 1957 DBC inaugural 

conference, including Warren Kelly and Dick 

Weaver, also identified the withdrawal of 

public lands and access restrictions to 

military lands as impediments to desert 

bighorn surveys, data collection, and active 

management. While collaboration between 

state and federal desert bighorn management 

agencies and various branches of our military 

have improved in some jurisdictions and in 

some locations, there continue to be 

differences of opinion regarding access to 

and management of desert bighorn sheep and 

their habitat, as evidenced by the Desert 

National Wildlife Refuge. Prior to passage of 

the Wilderness Act of 1964 (and its 

subsequent addenda), restrictions on active 

desert bighorn sheep management in what 

would become designated wilderness areas 

rarely appeared on any managerôs radar. In 

recent decades, however, it is my opinionð

and that of many othersðthat selective 

application by some individuals and agencies 

of what Iôd label as ñpurist wildernessò 

values, mores, and restrictions has hindered 

and adversely influenced desert bighorn 

sheep management.  

The oft-cited Winston Churchill 

quote, ñThose who do not learn history are 

doomed to repeat itò is certainly applicable to 

modern-day desert bighorn sheep 

management. I urge DBC attendees and 

desert bighorn stakeholders to read not only 

recent literature, but to spend time reading (or 

re-reading) some of the classic, natural 

history-oriented accounts of early challenges 

to the management and conservation of 

desert bighorn sheep. In my opinion, there are 

many valuable and still-applicable take-home 

messages left to us by our predecessors. Here 

are a few thoughts Iôd like to share and leave 

with todayôs attendees, and subsequent 

readers of the DBC Transactions, and that I 

refer to as ñSome Humble Recommendations 

to Address Challenges and Opportunities for 

Desert Bighorn Sheep.ò  

 

1. Recognize, give credit, and learn 

from the mistakes, successes, and efforts of 

the desert bighorn sheep managers and 

researchers that came before us. Read, 

critique, and benefit from their (hopefully) 

published work(s), and carry forward some of 

their many ñcommon-senseò, field-based 

strategies and tactics to restore and enhance 

desert bighorn sheep populations and their 

ever-dwindling habitats.  

 

2. Continue and improve inter-personal 

and inter-agency communications by wildlife 

scientists and managers focused on desert 

bighorn sheep. In my opinion, the originators 

of the Desert Bighorn Council more than 70 

years ago clearly saw the benefits of 

information- and data-sharing and, frankly, 

recognized then, and now, that 

disagreements, difference of opinions, 

spirited debate, and critical evaluation of 

then-perceived evidence-based outcomes 

would all shape, hone, influence, and 

motivate creative desert bighorn sheep 

problem-solving, leading to better 

management outcomes.  

 

3. Continue and amplify the need for 

scientifically based management of feral 

horses and burros in desert bighorn sheep 

range. With worsening chronic and acute 

drought conditions, increasing 
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anthropomorphic pressures and human 

footprint on fragile desert bighorn ranges, 

and the need (and opportunity) to ñcontrol the 

controllablesò, the feral horse and burro issue 

has gone far off the rails, straying far from the 

biologically based population objectives (i.e., 

Appropriate Management Level [AML]) 

identified more than 55 years ago. Congress 

created the current feral horse and burro 

problem, and Congress needs to candidly and 

promptly address this issue. As many 

Nevadans are pushing, ñGet Back to the Actò 

is a sincere and much-needed mantra and 

direction that responsible politicians, horse-

lovers, and resource managers must pursue. 

Even if the 1971 AML could be attained, 

there would still be acute land, water, and 

vegetation resource issues and decisions that 

unfortunately have been neglected for the 

past 55 years. 

 

4.    Recognition must be given to the 

ñdouble-edged swordò that desert bighorn 

sheep connectivity wields, namely caution 

and critical evaluation of the trade-offs 

between important genetic exchange versus 

heightened transmission and sharing of 

respiratory pathogens, often with naµve 

ñrecipientò desert bighorn herds.  

 

5. Defend and grow the ñConservation 

Permitò strategy employed by most desert 

bighorn sheep state wildlife agencies and 

tribal bighorn managers, which has been 

soundly supported and advanced by non-

governmental desert bighorn conservation 

stakeholders over the past several decades. 

Recognize the inarguable and limited 

revenue streams to support desert bighorn 

sheep conservation from hunting license 

sales. There will never be enough hunting 

licenses issued to meet the ever-increasing 

costs of desert sheep management on western 

public, tribal, and military lands but hunters, 

as they have for decades, will continue to 

underwrite desert bighorn conservation 

through their generosity beyond the purchase 

of a hunting license.  

 

6.   State desert bighorn management 

agencies should, and must, work with federal 

land-management agencies and both 

ñwilderness-watchdogsò and ñwilderness-

advocatesò to heighten and acknowledge the 

need for management intervention, water 

development, habitat enhancement, and the 

ability to access and proactively manage 

desert bighorn sheepðincluding trapping 

and translocation operations where necessary 

and appropriate. There is a pressing, tangible, 

and urgent need to revisit and update the 2006 

Policies and Guidelines for Fish and Wildlife 

Management in National Forest and Bureau 

of Land Management Wilderness, to which 

many current desert bighorn sheep managers 

likely have limited access,  or may not be 

unaware of. 

  

7.  Continue and expand strategic water 

development(s) in desert sheep range, 

acknowledging the accrued benefits to other 

desert-dwelling wildlife (both vertebrate and 

invertebrate). As more and more agencies 

rely on non-governmental organizations and 

their volunteer manpower to fund, build, 

maintain, and monitor well-designed guzzler 

and pipeline projects, expand the use of 

satellite technology to monitor water levels 

remotely to better inform water-hauling 

methodologies and frequencies, and 

minimize impacts of stochastic catastrophic 

events (e.g., mudslides, flash floods), to help 

avoid the drying up of important seasonal 

water sources. 

 

8.     As desert bighorn sheep populations and 

habitat qualities or quantities wax and wane, 

elevate collaboration between and among 

desert sheep managers on translocating 

surplus animals from over-crowded habitats 

to bolster struggling desert bighorn herds, but 

again, while keeping a keen eye on the 
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ramifications of physically moving desert 

bighorn and their pathogens. 

 

 9.   Recognizing the opposing views of 

many, strategically enact large carnivore 

control efforts to benefit desert bighorn 

sheep, particularly in advance of desert 

bighorn translocations or population 

augmentation efforts. Also, please recognize 

that predator control will likely (and 

thankfully) never return to the wide-scale 

application of toxicants on the landscape. 

Prophylactic predator control to benefit 

desert bighorn sheep needs to be spatially-

targeted, time-limited, and followed up with 

appropriate and rigorous evaluation of 

tangible benefits, economic costs, and 

biological realities. 

 

10. Recognize and proactively implement 

programs and strategies to address and 

reduce the biological impacts of exotic 

ungulates (e.g., aoudad) on desert bighorn 

sheep habitat and populations. Realizing the 

complex land-ownership patterns and 

differential access for aoudad management in 

some jurisdictions (e.g., Texas), proactively 

develop and implement protocols to respond 

to dispersal and unplanned establishment of 

aoudad in arid, more public-land states (e.g., 

Nevada, Arizona) where desert bighorn 

habitat is already experiencing biotic and 

abiotic pressures.  

 

11. Ramp up federal land-management 

agency regulations and protocols to limitðor 

ideally, to decreaseðthe risk of contact 

between domestic sheep or domestic goats 

with desert bighorn sheep. Recognizing the 

political heat that temporal and spatial 

separation generates, continue to recognize 

and educate various publics regarding the 

importance of effective separation in aiding 

long-term desert bighorn sheep population 

persistence on western landscapes. 

Unintended consequences from accidental 

contact between pathogen-bearing domestic 

animals (e.g., pack goats) may still adversely 

affect desert bighorn herd health and 

viability.  

 

In closing, I appreciate the opportunity to 

address the 2025 Desert Bighorn Council, to 

share some of my perspectives and 

observations gleaned over the past nearly 50 

years of my professional career. My sincere 

thanks to not only the organizers of the Desert 

Bighorn Council more than 70 years ago, but 

to all of those who have kept the Desert 

Bighorn Council functioning and highly 

relevant for those 7 decades. Keep going! 

Iôll end with two of my favorite 

quotations of all time and in my opinion 

touch the center of this yearôs DBC meeting 

theme. As Jack Ward Thomas, the first 

wildlife biologist ever to sit as Chief of the 

U.S. Forest Service said in a message to The 

Wildlife Society, ñédo not look around for 

someone else to leadélook at 

yourselveséfor better or for worse, weôre 

itéand it is our opportunity, and our 

obligation, to lead the wayéò. Whether you 

are ready or not, it is up to the folks in this 

room, and our desert bighorn colleagues that 

could not be present today, to embrace this 

challenge and continue to lead the way for 

desert bighorn sheep conservation.  

 

And lastly, as famed anthropologist 

and naturalist Margaret Mead profoundly 

stated, ñNever doubt that a small group of 

thoughtful committed citizens can change the 

world; indeed, it is the only thing that ever 

has.ò Thank you for what you have done, and 

will no doubt continue to do, to benefit desert 

bighorn sheep conservation in the West!
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ABSTRACT   In Arizona, bacterial pneumonia associated with Mycoplasma ovipneumoniae has 

caused population declines in desert bighorn sheep (Ovis canadensis nelsoni, O. c. mexicana), 

prompting routine disease surveillance during capture operations. Owing to the limited and 

irregular intervals of captures, the authors initiated the collection of nasal swabs from hunter-

harvested rams at mandatory hunter check-ins by the Arizona Game and Fish Department starting 

in 2020 to enhance monitoring coverage and frequency. This study compared detection rates and 

agreement of M. ovipneumoniae between bilateral deep nasal swabs collected by the hunters at 

harvest and by biologists at check-in during the 2023 and 2024 hunting seasons. Paired hunter-

biologist samples from 32 individual bighorn sheep were analyzed in 2023, and 68 were analyzed 

in 2024, revealing moderate agreement between methods, with hunter-collected samples showing 

slightly higher detection rates than those collected at check-in. 

 

KEY WORDS  Arizona, desert bighorn sheep, hunter, hunter-harvest, Mycoplasma 

ovipneumoniae, Ovis canadensis  

 

 

Bighorn sheep (Ovis canadensis; 

BHS) are an iconic North American species 

that faced substantial population declines in 

the late 19th century. These declines have 

been attributed to unregulated hunting, 

livestock competition, and disease (Brewer et 

al. 2014). Since the 1960s, conservation 

efforts have primarily focused on 

translocating BHS from stable populations in 

efforts to augment or re-establish herds in 

historical habitat (Krausman and Bleich 

2013, Whiting et al. 2023). Arizona is home 

to the Rocky Mountain bighorn sheep (O. c. 

canadensis) and two subspecies of desert 

bighorn sheep: Nelsonôs  (O. c. nelsoni)  in 

the northern region and Mexican (O. c. 

mexicana) in the central and southern regions 

of the state. Through sustained efforts in 

translocation and population augmentation 

over several decades, Arizona has 

successfully increased bighorn populations to 

unprecedented levels across their native 

habitats, following near-extirpation events 

similar to those experienced in other western 

states during the early twentieth century. 

Since 1955, the Arizona Game and Fish 
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Department (AZGFD) has captured and 

released approximately 1,400 desert bighorn 

sheep. Although desert bighorn populations 

exhibit fluctuations, there has been an overall 

increase in numbers. The statewide 

population now exceeds 5,600, and with 

substantial growth observed in the Kofa 

Mountains, where the estimated population 

increased from 404 in 2012 to 941 in the 2021 

based on aerial survey results. 

Many threats persist, however, 

among which are drought, predation, habitat 

loss, and multibacterial respiratory disease 

(Brewer et al. 2014). Mycoplasma 

ovipneumoniae (Movi) has been identified as 

one of the principal pathogens causing 

pneumonia in BHS. Mycoplasma 

ovipneumoniae can lead to high mortality 

rates, create Movi carrier animals, and 

severely reduce lamb recruitment for 

multiple years, thereby posing risks for 

smaller BHS populations (Cassirer et al. 

2018). In Arizona, desert bighorn sheep 

populations have been notably affected by 

Movi. For example, an all age mortality event 

occurred in the Black Mountains of 

northwestern Arizona in 2015, resulting in a 

53% decline of individual BHS observed 

during surveys.  

The AZGFD initiated active Movi 

surveillance during capture events in 2009. 

Mortalities of BHS also were investigated 

and tested for Movi. These surveillance 

efforts had several limitations. Capture 

events require substantial resources. Risks 

are involved when capturing and handling 

animals for both staff and BHS. The BHS 

populations also must meet specific criteria 

for them to be selected, such as geographic 

location, disease status, and population 

quality. These factors result in infrequent and 

irregular intervals of specific populations 

being selected, which leads to limited and 

biased surveillance.  

During live captures, blood, bilateral 

deep nasal swabs, and oropharyngeal swabs 

were collected. The nasal and oropharyngeal 

swabs were immediately placed in cryovials 

containing tryptic soy broth (TSB) with 20% 

glycerol. Blood samples were refrigerated, 

and the swabs were either refrigerated or 

frozen prior to diagnostic testing at the 

Washington Animal Disease Diagnostic 

Laboratory. These samples were tested for 

Movi cELISA, Movi real-time polymerase 

chain reaction (PCR), and aerobic bacterial 

culture. 

The authors planned to expand the 

surveillance methodology by including 

hunter-harvested animals. The goal was to 

incorporate populations that were not part of 

the Department captures and to increase the 

frequency of monitoring. In Arizona, a 

mandatory check-in at the AZGFD 

headquarters or at a regional office is 

required following the successful harvest of 

any BHS. Hunters are required to bring the 

head, including the horns of the harvested 

animal, to the check-in station. The purpose 

of the mandatory check-in is to gather 

hunting and biological data to aid future 

management, as well as placement of a metal 

pin to show that this animal was harvested 

legally. This process is completed by a 

Department staff member, often a biologist. 

Successful hunters have up to 3 days after the 

end of the hunt to complete the check-in 

process.  

Beginning in 2020, the authors 

instituted nasal swab collections for Movi 

PCR by Department staff during the 

mandatory check-in. Post-mortem BHS 

could be maintained under highly variable 

ambient conditions and time frames by the 

time of sample collection. For example, we 

have received both refrigerated heads with 

soft tissues attached within 48 hours of 

harvest, and frozen heads with soft tissues 

completely removed more than two weeks 

after harvest. We were interested in 

evaluating whether the samples collected 

during mandatory check-in under various 



2025 DESERT BIGHORN COUNCIL TRANSACTIONS: VOLUME 58 

 

Fan and Justice-Allen Å Sampling Hunter Harvested Bighorn Sheep 

 

conditions would be comparable to freshly 

sampled nasal swabs at the time of harvest. 

  

METHODS 

 

For 2023 and 2024, hunters with BHS 

tags were mailed a sampling kit with 

instructions. The kit included a polyester 

swab, a cryovial containing tryptic soy broth 

(TSB) with 20% glycerol, and a small 

envelope for the cryovial. Hunters were 

instructed to use the swab to perform deep 

nasal swabs bilaterally of freshly harvested 

BHS. The swab was to be placed into the TSB 

vial immediately, and the vial kept on ice and 

then frozen as soon as possible. Hunters were 

asked to bring the vial containing the swab 

with them to the mandatory check-in. 

During the check-in, Department staff 

took an additional swab using the same 

method; vials were labeled to indicate 

Department versus Hunter collection. The 

TSB vials were kept frozen until submitted to 

the Washington Animal Disease Diagnostic 

Laboratory (WADDL) for Movi polymerase 

chain reaction (PCR). At WADDL, 16S 

Movi PCR was performed on all samples 

submitted, and cycle threshold (CT) values 

Ò36 were considered detected. If Movi  was 

detected, strain typing was subsequently 

performed. 

We compared the results of Movi 

detection between department- and hunter-

sample sources for the years 2023 and 2024. 

The relationships were calculated using 

Cohenôs Kappa and interpreted according to 

Cruz and Koch (2004). 

 

RESULTS 

 

For 2023, there were a total of 152 

BHS harvested. Total samples tested were 

112, including 62 staff-collection samples 

and 50 hunter-collection samples. Within 

these, we tested 32 pairs (i.e., the same 

animal with both hunter and staff 

collections). Among the 32 pairs, 24 pairs 

were in agreement, with 4 positive from both 

methods of collection, and 20 negative from 

both collections. Five of the pairs were 

positive from staff collection but negative 

from hunter collection; 3 were positive from 

hunter collection, but negative from staff 

collection. The total number of Movi 

detections was 7 in hunter collections and 9 

in staff collections within the paired samples. 

This resulted in a Kappa value of 0.337 (i.e., 

fair agreement; Cruz and Koch 2024).  

For 2024, there was a total of 152 

BHS harvested. Total samples tested were 

158, including 81 staff samples and 77 hunter 

samples. A total of 68 pairs was tested. 

Among these, hunter detection was 13 and 

staff detection was 8. Sixty-one pairs were in 

agreement, with 7 positive from both hunter- 

and staff-collections, and 54 negative from 

both types of collection. One of the pairs was 

positive from the staff collection but negative 

from hunter collection; 6 were positive from 

hunter collection, but negative from 

department collection (Kappa=0.61), 

suggesting substantial agreement (Cruz and 

Koch 2004). 

Combining paired samples from 2023 

and 2024 yielded moderate agreement 

(Kappa=0.503) between the two methods. 

Hunter collections showed a higher detection 

rate at 20% compared to 17% of the staff 

samples, but a lower percentage of 

indeterminate samples (5%) compared to 

staff samples (7%). In addition to Movi 

detections, two new Movi strains, BHS-0024 

and BHS-132, were identified among the 

hunter-collected samples. 

  

DISCUSSION 

 

Hunter participation was very good 

for this study, with approximately 63% of the 

hunters returning the swabs. For 2023, the 

envelopes were not pre-labeled in the kits. 

Therefore, we received some partially or 
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incorrectly labeled envelopes and cryovials. 

In 2024, hunters were provided with pre-

labeled kits with the hunterôs name and hunt 

number, which improved the process when 

sorting samples and minimized the chance of 

labeling errors.  

The results demonstrated that hunter- 

and staff-collected samples both could be 

useful for detecting Movi, with slightly 

superior results (i.e., higher detection rate, 

lower percentage of indeterminate samples) 

among hunter-collected samples. The authors 

successfully expanded our surveillance 

efforts for Movi by using the hunter-

harvested BHS. These samples broadened the 

distribution of geographic locations and 

included populations of BHS not previously 

sampled, and we were able to include BHS 

from game management units with 

previously unknown status during both years. 

Increasing access to populations and 

geographic locations with lesser-known 

status aids in the (early) detection of Movi. 

Further, in addition to new populations and 

geographic locations, we detected two new 

strains of Movi through this method. This 

was a significant finding and could increase 

our understanding of local disease ecology 

and improve management actions.  

Based on these results, we 

recommended the Arizona Game and Fish 

Department continues its effort in raising 

awareness of Movi among hunters by 

emphasizing the importance of Movi 

surveillance, and providing pre-labeled 

sampling kits to the hunters by mail or during 

workshops. Department staff will only 

collect swabs during check-ins if the hunters 

do not provide their swabs. We also 

recommend testing be performed on selected 

samples based on population history and 

geographic location, or if the hunters report 

evidence of respiratory distress or had 

observed interactions between BHS and  

domestic sheep or goats. 
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ABSTRACT  Animals translocated to new habitats often face substantial challenges in adjusting 

to their new environments. Adaptation to the physical characteristics and climatic conditions of 

their original habitat may not align with the demands of the new location, necessitating varying 

degrees of ecological and physiological adjustment. Failure of translocated individuals to adapt to 

new areas can undermine the success of repopulation efforts leading to high mortality or failure to 

thrive, and raising ethical concerns among the public. In 2020, 30 bighorn sheep (25 females, 5 

males) were successfully translocated to North Dakota. To investigate conditions of successful 

translocations, we quantified selection of resources relative to timing of parturition by adult female 

Rocky Mountain bighorn sheep (Ovis canadensis canadensis) in a source population in Montana 

(n=7), and animals from that population that were translocated to North Dakota (n=68) during 

2020ï2023. We hypothesized that selection of resources, in both areas, would be affected by 

topography and biomass of herbaceous vegetation. Further, because females adjust selection of 

resources relative to timing of parturition, we tested the hypotheses that in the last month prior to 

parturition, adult females, in both study areas, select for areas with high biomass of herbaceous 

vegetation. We also hypothesized that during the month following peak parturition females in both 

study areas would select areas that facilitate safety of young over nutritional needs of mothers. We 

used resource selection functions to investigate differences in selection of resources prior to and 

following parturition in each of the study areas, and compared those results between the source 

population in Montana and that in North Dakota from 2020 to 2023. In support of our hypothesis, 

adult females in Montana and in North Dakota selected for similar resources by using steep, rugged 

slopes with access to high biomass of herbaceous vegetation prior to parturition, but shifted away 

from those areas following parturition, when most females were provisioning dependent young. 

Our results are consistent with the prevailing notion that similarities between habitats at source 

locations and release sites may improve the success of bighorn sheep translocations.   

 

KEYWORDS   bighorn sheep, Ovis canadensis, resource selection, translocation, pre-parturition, 

post-parturition 

 



2025 DESERT BIGHORN COUNCIL TRANSACTIONS: VOLUME 58 

 

McCain et al. Å Resource Selection in Bighorn Sheep 

Bighorn sheep (Ovis canadensis) 

declined throughout western America, 

Canada, and Mexico during the era of 

European colonization because of introduced 

diseases, habitat loss or modification, and 

overharvest (Lula et al. 2020, Whiting et al. 

2023). In efforts to restore the species to its 

historic range, wildlife agencies began 

translocating bighorn sheep from extant 

populations to areas where they had been 

extirpated in the early 20th century (Donovan 

et al. 2020). Unfortunately, many 

translocations resulted in low recruitment or 

limited range expansion, and some were 

unsuccessful (Whiting et al. 2023). Some 

investigators have implicated a failure to 

consider local adaptations to environmental 

conditions (e.g., ecotype) as a factor limiting 

success of translocations, but research 

examining region-specific environmental 

factors has been limited (Wiedmann and 

Sargeant 2014, Bleich et al. 2018). 

Historical records of translocations of 

bighorn sheep suggest limited 

methodological continuity among states 

(Jahner et al. 2019, Barbosa et al. 2021, 

Whiting et al. 2023). Early efforts were 

hindered by a multitude of factors including, 

locations of domestic sheep herds, 

landownership, and uncertainties regarding 

the taxonomic classification of bighorn sheep 

(Ramey 1993, Brewer et al. 2014, Bleich et 

al. 2018). The desire to preserve genetic lines 

was sometimes outweighed by the 

convenience of using readily available stock 

(Whiting et al. 2023). Consequently, some 

translocations were of the suitable putative 

subspecies and others were not. The result 

was the incongruous distribution of 

subspecies to habitats that were more suitable 

for another subspecies. The translocation of 

desert bighorn sheep (O. c. nelsoni) from the 

River Mountains in southern Nevada to the 

Stillwater Range in northern Nevada, where 

the habitat may have been more suitable for 

Rocky Mountain bighorn sheep (O. c. 

canadensis) (Berger 1990, Wiedmann and 

Sargeant 2014, Jahner et al. 2019) is such an 

example. Similarly, California bighorn sheep 

(formerly O. c. californiana) were 

translocated throughout the western United 

States from low-elevation areas to some 

high-elevation mountain ranges, or to 

badland habitats (Wiedmann and Sargeant 

2014, Jahner et al. 2019, Barbosa et al. 2021). 

Many conservation practitioners have since 

transitioned to a translocation model that 

prioritizes the matching of ecotypes with 

appropriate habitats (Bleich et al. 2018). In 

the context of bighorn sheep, an ecotype is a 

subpopulation of animals that have expressed 

behavioral or phenotypic adaptations to 

specific environmental conditions (Turesson 

1922, Wiedmann and Sargeant 2014).   

Timing of parturition is influenced by 

local phenological patterns and forage quality 

(Rubin et al. 2000). An existing challenge, 

when translocating bighorn sheep, is a 

mismatch in the timing of seasonal forage 

production in their new environment and 

parturition, which may have deleterious 

effects on lamb survival, body condition, and 

adult fitness (Whiting et al. 2011). Recently 

translocated females may experience reduced 

fitness resulting from asynchronous timing of 

parturition with plant productivity and forage 

quality as the population adapts (or fails to 

adapt) to its new environment (Whiting et al. 

2011). Nonetheless, bighorn sheep in 

translocated populations have been shown to 

shift both timing and synchrony of parturition 

to align with environmental conditions at 

release sites (Whiting et al. 2011). Bighorn 

sheep that are naïve to new areas, may be 

more vulnerable to predation as well as 

malnutrition until they are familiar with 

locations of forage and escape terrain from 

predators (Conner et al. 2018, Whiting et al. 

2023). Such a scenario may have occurred 

following the early translocations of the 

California bighorn sheep ecotype from 

British Columbia, Canada, to western North 
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Dakota, where the population struggled to 

adapt to the environmental characteristics of 

the Little Missouri River watershed 

(Wiedmann et al. 2024).  

Although little information exists on 

factors influencing translocation outcomes, 

habitat mismatch is likely an influential 

factor in the long-term success or failure of 

recently translocated populations. Further, a 

review of historical translocations suggests 

that environmental and ecotypic differences 

in translocation stock are rarely considered 

by agencies when translocating bighorn 

sheep (Whiting et al. 2023). The success of 

the reintroductions in North Dakota and 

mixed results of translocations in Nevada add 

to a growing body of evidence that 

translocated individuals may better adapt to 

their environment if they come from source 

populations inhabiting conditions that closely 

resemble the target environment (Bleich et al. 

2018, Whiting et al. 2023, Lutz and Bleich 

2026).   

Few studies have simultaneously 

compared habitat selection of source and 

release populations, however; the recent 

translocations of bighorn sheep from 

Montana to North Dakota provided a unique 

opportunity to explore this relationship. 

Therefore, we compared selection of 

resources by bighorn sheep at Rocky Boys 

Reservation in Montana (source population) 

with that by bighorn sheep translocated to 

North Dakota. We hypothesized that adult 

females in Montana and North Dakota would 

exhibit similar shifts in selection of resources 

prior to and following parturition and that 

selection would be affected by topography 

and biomass of herbaceous vegetation. 

Therefore, we hypothesized that prior to 

parturition adult females would select for 

high biomass of vegetation to provide 

nutritional support for mothers. We predicted 

that females prior to parturition would select 

areas with greater herbaceous biomass, but 

potentially greater predation risk. Following 

parturition, we hypothesized that adult 

females would shift selection of resources to 

areas associated with increased safety for 

dependent young. We predicted that 

following parturition adult females would 

select areas with rugged terrain and steep 

slopes that facilitate survival of young over 

nutritional needs of mothers. 

 

STUDY AREAS  

 

In 2006, biologists from the North 

Dakota Game and Fish Department (NDGF) 

began augmenting the struggling populations 

of California bighorn sheep in the Little 

Missouri National Grassland with the Rocky 

Mountain ecotype obtained from the 

Missouri River Breaks in north-central 

Montana (Bleich et al. 2018). The Rocky 

Mountain ecotype is thought to be well-

adapted to western North Dakota because it 

occupies an environment with topography, 

climate, and vegetation and at similar latitude 

to western North Dakota. The addition of 39 

(8 Male, 31 female) individuals from the 

Missouri River Breaks, Montana, led to 

increased recruitment and population 

abundance throughout much of the Little 

Missouri National Grassland (Wiedmann and 

Sargent 2014, Bleich et al. 2018). In 2020, the 

Three Affiliated Tribes Fish and Wildlife 

Division collaborated with NDGF to 

translocate and reintroduce 30 (25 female, 5 

male) Rocky Mountain bighorn sheep from 

Rocky Boyôs Reservation in Montana to Fort 

Berthold Reservation in western North 

Dakota. Those reintroduced bighorn sheep 

have demonstrated strong population growth 

following translocation (Wiedmann et al. 

2024). 

Our study areas included Rocky 

Boyôs Reservation in northern Montana (444 

km2), the Little Missouri National Grassland 

(4,160 km2), and Fort Berthold Reservation 

(3,990 km2) in western North Dakota, and 

surrounding public and private lands (Figure 
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1). Little Missouri National Grasslands and 

Fort Berthold Reservation both are in the 

watershed of the Little Missouri River 

(Figure 1). Bighorn sheep in North Dakota 

primarily occupied steep, rugged terrain 

proximate to the Little Missouri River, which 

spans lands managed by the Bureau of Land 

Management (BLM, 5%), United States 

Forest Service (USFS, 50%), National Park 

Service (NPS, 10%), Three Affiliated Tribes 

(5%), state land (5%), and private land (25%) 

(Wiedmann and Sargeant 2014, Wiedmann et 

al. 2024).  

Bighorn sheep within the Montana 

study area occupied the mountainous terrain 

of the western Bears Paw Mountains, with 

grassland prairies at 800 m rising to the peak 

of Baldy Mountain at 2,108 m (Figure 1). The 

climate is similar to central Montana, with 

long, semi-arid and snowy winters extending 

from November through April. Summers are 

punctuated by occasional summer 

rainstorms, ranging from 27.5 to 51.2 cm 

annually. Autumn rains transition to snow in 

November, which ranges from 55 to 254 cm 

annually (climateengine.org). High elevation 

grasslands dotted with patches of green ash 

(Fraxinus pennsylvanica) and sagebrush 

(Artemisia spp.) occur near 1,000 m, and 

slope steeply down to narrow riparian 

floodplains with intermittent stands of aspen 

(Populus tremuloides). Riparian corridors 

with minimal slopes also contain patches of 

Rocky Mountain juniper (Juniperus 

scopulorum), silver buffaloberry (Shepherdia 

argentea), and snowberry (Symphoricarpos 

occidentalis). Except for narrow riparian 

valleys, steep slopes are sparsely vegetated. 

Shadscale (Atriplex confertifolia), rubber 

rabbitbrush (Ericameria nauseosa), and little 

bluestem (Schizachyrium scoparium) occupy 

patches of silt and bentonite clay between 

rocks, boulders, and erodible soils (Feist 

1997, Jensen 1988). 

In North Dakota, topography within 

the Little Missouri River watershed, which 

includes both Fort Berthold Reservation and 

Little Missouri National Grasslands, consists 

largely of riparian flatlands sloping steeply 

up to prairie grassland mesas at elevations of 

about 1,000 m. Long, cold winters 

(November ï January) with temperatures in 

January ranging from -8 to -15° C during the 

years 2020ï2024 (climateengine.org).  Short, 

semi-arid summers (June ï August) with 

mean temperatures ranging from 19° to 23° C 

in July, during the years of our study (2020ï

2024; climateengine.org). During winter, 

most precipitation fell as snow, ranging from 

130 to 416 cm annually during the years of 

our study; Desert Research Institute and 

University of Idaho 2024). Precipitation 

during the warm season (May ï October) as 

rain is bimodal, occurring during May and 

June, and again in September and October, 

ranging from 28.6 to 48.3 cm annually 

(climateengine.org). 

Vegetation composition of both study 

areas is similar and is typical of the northern 

Great Plains. The growing season for annual 

forbs and grasses begins after snowmelt in 

March and April, followed by perennial forbs 

and grasses in April and May (Montana 

Natural Heritage Program 2017, Jensen 

2020). Prairie grasslands contain a mix of 

annual and perennial grasses, sedges (Carex 

spp.), and forbs such as western wheatgrass 

(Agropyron smithii), needle and thread (Stipa 

comata), and prairie coneflower (Echinacea 

angustifolia). Vegetation on steep (15ï40%), 

north-facing slopes consists largely of little 

bluestem, prairie sandreed (Calamovilfa 

longifolia), and Rocky Mountain juniper. 

South-facing slopes often support sagebrush, 

shadscale, and rubber rabbitbrush. Sandy, 

riparian floodplains contain green ash, Rocky 

Mountain juniper, and silver buffaloberry 

(Montana Natural Heritage Program 2017, 

Jensen 2020).   

Both study areas are host to a suite of 

predators that were capable of killing bighorn 

sheep, including mountain lions (Puma 
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concolor), coyotes (Canis latrans), bobcats 

(Lynx rufus), and golden eagles (Aquila 

chrysaetos) (Jensen 2020, Bleich et al. 2018, 

Wakeling et al. 2026). No effort was made to 

manipulate predator populations during this 

study. 

 

 
 

FIGURE 1. Rocky Boy's Reservation, Montana, (source population), Little Missouri National Grasslands, and Fort 

Berthold Reservation, North Dakota, USA (translocated population), where we evaluated selection of resources by 

adult female Rocky Mountain bighorn sheep (O. c. canadensis) 2020ï2023. The study area boundary was delineated 

using a 99% kernel density estimate with a 1-km buffer generated from GPS locations of 7 adult bighorn sheep in 

Montana and 68 adult bighorn sheep in North Dakota.
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METHODS 

 

Study Populations   

 

For this study, we used data provided 

to us from NDGF, which were generated 

from adult female bighorn sheep in the 

translocated population in North Dakota from 

Fort Berthold Reservation (n=25) and from 

Little Missouri National Grasslands (n=43), 

and adult females (n=7) from the source 

population in Montana (Figure 1). We only 

used data from adult females in our analyses. 

Iridium GPS collars (Telonics Inc., Mesa, 

Arizona, USA) at both study areas were 

applied to adult females, and were 

programmed to record a single daily location 

at 0600 Mountain Standard Time. We 

removed locations with a Horizontal Dilution 

of Precision (HDOP) > 9.9 to reduce location 

error (Dôeon and Delparte 2005). Twenty-

eight collars did not generate an HDOP or 

other horizontal error measurement and we 

were unable to determine positional error for 

these collars. We then visually examined 

locations in ArcGIS Pro (ArcGIS 10.8, 

Environmental Systems Research Institute 

[ESRI], Redlands, California, USA) and 

eliminated obvious spatial outliers and points 

generated while personnel were handling 

collars.   

To account for the known trade-off 

between nutritional needs of adult females 

and safety of dependent young following 

parturition (Blum et al. 2023), and to better 

understand how bighorn sheep respond to 

changes in vegetation biomass throughout the 

growing season, we focused on the spring 

growing season (early Marchïmid-June). 

Pregnancy of adult females and recruitment 

of young by individuals were not recorded in 

this population, but prior to parturition adult 

females exhibit relative risk-prone behavior 

using habitats that may be in greater risk of 

 

 

predation (Blum et al. 2023). Following 

parturition, females with dependent young 

may shift to a more risk-averse strategy that 

favors safety of young over nutritional 

requirements of the mother (Blum et al. 

2023). In North Dakota, neonates have been 

observed from about 8 April (ordinal day 98) 

to mid-September, but peak birthing occurs 

during May (Wiedmann et al. 2024). 

Therefore, we selected the average peak-

parturition time (early May; ordinal day 128) 

for bighorn sheep in North Dakota as 

described by Wiedmann et al. (2024). Using 

this date as our signpost, we chose a time 

period representing females in the final 

trimester of pregnancy and prior to when 

parturition would occur (ordinal days 65ï96) 

(Figure 2). That time period reflected our best 

estimate of when pregnant females were still 

engaging in ñrisk-proneò behavior and most 

females were likely pregnant; we refer to this 

interval as the pre-parturition period (Figure 

2). Additionally, we chose a time interval 

following the peak of parturition to represent 

a time period when most females would be 

provisioning dependent young (ordinal days 

129ï160); we refer to this interval as post-

parturition. Those dates were used in 

developing models for North Dakota and 

Montana (Figure 2). Our analyses were 

conservative because there was the potential 

that not all females provisioned young 

throughout the post-parturition period. If 

females were not pregnant, gave birth to 

stillborn young, or if mortality of young 

occurred, how they selected resources during 

the interval following the peak of parturition 

may have reflected acquisition of resources 

for the individual rather than to protect 

vulnerable young; this likely would result in 

greater variation among individuals during 

that time period.
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FIGURE 2. Biomass of herbaceous vegetation (kg/ha) relative to date and timing of our analyses 

for female Rocky Mountain bighorn sheep (Ovis canadensis canadensis) in western North Dakota 

and central Montana, USA, 2020ï2023. Time periods for modeling selection of resources were 

pre-parturition season (ordinal days 65ï96) and post-parturition season (ordinal days 129ï160), 

denoted with gray shading. Note that the pink shading denotes the estimated timing of mean annual 

parturition timing as determined by Wiedmann et al. (2024). Biomass of perennial forbs and 

grasses in Montana are represented by the black line and annual forbs and grasses by the red 

line. Biomass of perennial forbs and grasses in North Dakota are represented by the yellow line 

and annual forbs and grasses by the gray line.

 

Selection of Resources 

 

All of the radio locations were 

generated from collars that only collected a 

single location per day at 0600 MST; 

therefore, our results reflect selection of 

resources during early morning. We used 

resource selection functions (RSF) in a used 

versus available framework at the third order 

scale of selection (Johnson 1980, Manly et al. 

2002). To characterize availability of 

resources, we generated utilization 

distributions (UDs) for each individual using 

a 99% kernel density estimate (KDE) based 

on locations collected during the spring, 

using R Statistical Software (Signer et al.  

 

 

 

2019, R Core Team 2026, Wickham et al. 

2023). We used random locations within the 

utilization distribution of each individual to 

quantify available resources (Fieberg et al. 

2021). We identified the appropriate ratio of 

used-to-available locations by generating one 

available point per used point and increasing 

the ratio until model coefficients stabilized 

(Northrup et al. 2013, Osterhout et al. 2024). 

Further, we generated available locations 

within each utilization distribution at a 1:20 

ratio for North Dakota and a 1:100 ratio for 

Montana to characterize availability of 

resources (Signer et al. 2019).  
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We extracted slope (º), elevation (m), 

and aspect (º) from a 30-m resolution digital 

elevation model (DEM) and transformed 

aspect to Cartesian coordinates (0ï2 radians) 

using sine (east-west) and cosine (north-

south) (Table 1; Stewart et al. 2002, Zar 

2010, U.S. Geological Survey 2024). We 

computed a localized version of the vector 

ruggedness measure (VRM) to represent an 

index of ruggedness of terrain with the 

Topography Toolbox for ArcPro using a 3x3 

neighborhood (Dilts et al. 2023, Dilts 2025; 

Blum et al. 2023; ESRI, Redlands, 

California, USA). The localized version of 

the vector ruggedness measure removes 

confounding influences of folded 

topography, ridgelines and drainages, which 

tend to inflate values in the original VRM 

(Dilts et al. 2023). We initially included 

elevation in our analysis, but later excluded it 

after we determined that ruggedness, slope, 

and aspect were likely to represent direct 

factors influencing selection of resources 

whereas elevation is more of a proxy for a 

collection of site-specific factors that 

influence selection of resources. We 

downloaded vegetation layers at 30-m 

resolution from the Rangeland Analysis 

Platform (RAP; U.S. Department of 

Agriculture 2024), which included 

aboveground biomass productivity over 2, 

16-day periods for perennial forbs and 

grasses and annual forbs and grasses. We 

created a time-varying covariate that 

corresponded with the 16-day mean biomass 

estimates for annual and perennial forbs and 

grasses at each location obtained from the 

RAP (Allred et al. 2021, U.S. Department of 

Agriculture 2024).  We extracted the values 

of each raster layer at each GPS location 

(used and available) for the applicable time-

varying covariate. Additionally, we included 

annual time-varying estimates of cover for 

shrubs and trees (Allred et al. 2021, U.S. 

Department of Agriculture 2024]). All 

vegetation and topography layers were 

projected to NAD 83 Zone 13N and aligned 

using the Align Rasters Toolbox for ArcGIS 

Pro (ArcGIS 10.8, Environmental Systems 

Research Institute, Redlands, California, 

USA; Dilts 2023).  Prior to analyses, we 

standardized all continuous variables to 

represent standard deviations from the mean 

(Zar 2010). We computed pairwise Pearson 

correlation coefficients for all covariates (Zar 

2010), and none exceeded our predetermined 

correlation threshold (0.7; Arnold 2010). In  

addition, our variance inflation factor (VIF) 

analysis indicated no issues with 

multicollinearity (all VIF values <2), and we 

retained all covariates for analysis (Arnold 

2010, Zar 2010).  

 
TABLE 1.  Descriptions of covariates used in 

modeling selection of resources for female Rocky 

Mountain bighorn sheep (Ovis canadensis 

canadensis) in north-central Montana (MT) and 

western North Dakota (ND), USA, 2020ï2023. 

 

 
 

We used generalized linear mixed-

effects models (GLMM) to assess habitat use 

intensity as a function of covariates. 

Following standard resource selection 

function (RSF) modeling procedures, we 
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used a binomial error distribution with a 

logit-link function (Gillies et al. 2006; Bolker 

et al. 2009; Long et al. 2014; Harrison et al. 

2018). We included random intercept and 

slope terms to allow resource selection 

patterns to differ among individual females in 

our study (Gillies et al. 2006, Muff et al. 

2020). We used interaction terms to 

accommodate differences in resource use 

between the pre-parturition and post-

parturition periods (i.e., the 32-day periods 

prior to and immediately following the peak 

parturition period). 

All statistical analyses and 

visualizations were performed in the R 

environment for statistical computing (R 

Core Team 2026). We fit RSFs using the 

package ñglmmTMBò (Brooks et al. 2017). 

We used Akaikeôs Information Criterion for 

small sample sizes (AICc; Burnham and 

Anderson 2002) to select top candidate 

models. We assessed model goodness of fit 

using the Dharma package in Program R to 

test for outliers, overdispersion, and 

uniformity of simulated quantile residuals 

(Hartig 2022). We visualized the effect of 

each covariate on log relative selection 

strength (log-RSS), holding all other 

covariates at their mean values and using the 

mean available habitat characteristics as a 

benchmark for comparison (Avgar et al. 

2017). We also used our fitted RSF models to 

generate predictive maps representing log 

relative selection strength (log-RSS) relative 

to mean available habitat conditions for each 

study area (Avgar et al. 2017).  

 

RESULTS ꜡ 

 

Between January 2020 and December 

2023, we used 1,890 GPS locations, 

generated from 7 female bighorn sheep (387 

± 110 [mean ± SD] locations per individual) 

in the source population on Rocky Boyôs 

Reservation  in  Montana  (Table 2).  Initially

 we separated the populations at Fort 

Berthold Reservation (n=25 collars) and 

Little Missouri Grasslands (n=43 collars), but 

after thorough investigation, we concluded 

that covariate values between Fort Berthold 

Reservation and Little Missouri National 

Grassland were similar, and we combined the 

datasets in our final model for North Dakota.  

Therefore, we used 10,979 GPS locations 

from North Dakota, generated from 68 

female bighorn sheep (237 ± 101 [mean ± 

SD] locations per individual) (Table 2).    

When examining our final RSF 

models for both Montana and North Dakota, 

no other model was within 2 ȹAIC of the top 

model, so in both cases we chose the top 

model (Table 3). Our most supported models 

for both study areas included: tree cover (%), 

biomass of annual and perennial forbs and 

grasses (kg/ha), ruggedness, North-South and 

East-West aspects (rad), and slope (º) (Table 

3). During the period prior to parturition, 

bighorn sheep in Montana selected for 

moderately rugged terrain and steep, west-

facing slopes (Table 4, Figure 3). We 

observed strong population-level selection 

for annual forbs and grasses, strong 

avoidance of tree cover, and moderate 

avoidance of perennial forbs and grasses 

during the period prior to parturition (Table 

4, Figure 3). During the post-parturition 

period, females reduced selection of 

perennial forbs and grasses, but showed little 

variation in selection of annual forbs and 

grasses (Figure 3).  Females selected for 

more rugged terrain during the post-

parturition period, compared with the period 

prior to parturition (Table 4, Figure 3). We 

observed minor shifts in selection for west-

facing aspect and slopes between 25% and 

31% between time periods (Figure 3). During 

both time periods, we observed variation 

among individuals in how they selected 

resources, especially for aspect and tree cover 

(Figure 3, Figure 4).
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TABLE  2. Descriptive statistics for continuous variables of all used (n=10,979 [ND]; n=1,890 

[MT])  and available locations (n=219,580 [ND]; n=189,000 [MT]) for adult female Rocky 

Mountain bighorn sheep (Ovis canadensis canadensis) in western North Dakota (n=68) and north- 

central Montana (n=7), USA, 2020ï2023. 

 

 
1All covariates included interaction terms to represent parturition period.  

Model1   AICc  ŭAICc  ɤi  

North Dakota     

{AFG, PFG, North-South Aspect, East-West Aspect, 

Slope, Ruggedness, Tree} 

  2312.698  0  0.857  

{AFG, PFG, North-South Aspect, Slope, Ruggedness, 

Tree, Shrub} 

  2316.282  3.584322  0.143  

{AFG, PFG, Slope, Ruggedness, Tree}      2330.236  17.53772  0.000  

{AFG, PFG, Slope, Ruggedness, Tree, Shrub}   2331.806  19.10806  0.000  

{AFG, PFG, North-South Aspect, East-West Aspect, 

Slope, Ruggedness, Tree,  Shrub}  

  2332.531  19.83293  0.000  

{AFG, North-South Aspect, Slope,  Ruggedness, 

Tree}   

     2341.024  28.32597  0.000  

Montana          

{AFG, PFG, North-South Aspect, East-West Aspect, 

Slope, Ruggedness, Tree} 

  14291.74  0  1  

{AFG, PFG, North-South Aspect, Slope, Ruggedness, 

Tree, Shrub} 

  14659.18  367.4471  0.000  

{AFG, PFG, Slope, Ruggedness, Tree, Shrub}   14670.04  378.3054  0.000  

{AFG, PFG, Slope, Ruggedness, Tree}      14694.99  403.2547  0.000  

{AFG, North-South Aspect, Slope, Ruggedness, 

Tree}    

  14815.96  524.2248  0.000  

{AFG, PFG, North-South Aspect, East-West Aspect, 

Slope, Ruggedness, Tree, Shrub}  

  15697.18  1405.439  0.000  
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TABLE 3. Ranked models for resource selection functions for 7 adult female bighorn sheep in north-central 

Montana, USA, and 68 adult female Rocky Mountain bighorn sheep (Ovis canadensis canadensis) in 

western North Dakota, USA, 2020ï2023. All models were fit with random intercepts and slopes to 

accommodate among-individual variation. All covariates were fitted separately for the pre- and post-

parturition periods via interaction terms. 

 

 
1All covariates included interaction terms to represent parturition period. 

Model1   AICc  ŭAICc  ɤi  

North Dakota     

{AFG, PFG, North-South Aspect, East-West Aspect, 

Slope, Ruggedness, Tree} 

  2312.698  0  0.857  

{AFG, PFG, North-South Aspect, Slope, Ruggedness, 

Tree, Shrub} 

  2316.282  3.584322  0.143  

{AFG, PFG, Slope, Ruggedness, Tree}      2330.236  17.53772  0.000  

{AFG, PFG, Slope, Ruggedness, Tree, Shrub}   2331.806  19.10806  0.000  

{AFG, PFG, North-South Aspect, East-West Aspect, 

Slope, Ruggedness, Tree,  Shrub}  

  2332.531  19.83293  0.000  

{AFG, North-South Aspect, Slope,  Ruggedness, 

Tree}   

     2341.024  28.32597  0.000  

Montana          

{AFG, PFG, North-South Aspect, East-West Aspect, 

Slope, Ruggedness, Tree} 

  14291.74  0  1  

{AFG, PFG, North-South Aspect, Slope, Ruggedness, 

Tree, Shrub} 

  14659.18  367.4471  0.000  

{AFG, PFG, Slope, Ruggedness, Tree, Shrub}   14670.04  378.3054  0.000  

{AFG, PFG, Slope, Ruggedness, Tree}      14694.99  403.2547  0.000  

{AFG, North-South Aspect, Slope, Ruggedness, 

Tree}    

  14815.96  524.2248  0.000  

{AFG, PFG, North-South Aspect, East-West Aspect, 

Slope, Ruggedness, Tree, Shrub}  

  15697.18  1405.439  0.000  
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TABLE  4. Mean coefficient estimates (ɓ), 95% confidence interval lower and upper limits for 

environmental and topographic variables used in modeling resource selection by adult female 

Rocky Mountain bighorn sheep (O. c. canadensis) in north-central Montana and western North 

Dakota, USA, 2020ī2023. Covariates in which P<0.05 are denoted by an asterisk (*).   

 

Variable         Pre-parturition           Post-parturition   

   ɓ            CI    ɓ      CI  

North Dakota             

Annual forbs & grasses (kg/ha)   0.98*  0.668 ï 1.290    - 0.13*  -0.194 ï -0.058  

 Perennial forbs & grasses (kg/ha)   -0.05    -0.330 ï 0.239    -0.76*  -0.842 ï -0.676 

North-South aspect (rad)   -0.35*  -0.437 ï -0.268    -0.28*  -0.364 ï -0.1933 

East-West aspect (rad)   -0.21*  -0.265 ï -0.157    -0.05  -0.108 ï -0.004  

Slope (Á)   0.90*  0.837 ï 0.957    0.84*  0.775 ï 0.899  

Ruggedness   0.51*  0.454 ï 0.562    0.55*  0.496 ï 0.606 

Tree cover (%)   -2.58*  -2.823 ï -2.331    -2.04*  -2.279 ï -1.801 

Montana            

Annual forbs & grasses (kg/ha)   1.53*  1.391 ï 1.667    0.52*  0.471 ï 0576  

 Perennial forbs & grasses (kg/ha)   -1.12*  -1.535 ï -0.712    -0.74*  -1.99 ï -1.37  

 North-South aspect (rad)   -0.11  -0.253 ï - 0.037    -0.04  -0.119 ï 0.193 

East-West aspect (rad)   -0.72*  -0.845 ï -0.585    -0.31*  -0.450 ï -0.174 

 Slope (Á)   1.04*  0.921 ï 1.150    0.87*  0.742 ï 0.989  

Ruggedness   0.17*  0.210 ï 0.557    0.41*  0.115 ï 0.704  

Tree cover (%)   -2.08*  -2.677 ï -1476    -2.17*  -2.811 ï -1.526  

 

For the population in North Dakota, 

observed trends in selection for steep slopes 

and rugged terrain were relatively consistent 

between the pre- and post-parturition periods 

at the population level; we observed 

substantial variation, however, among 

individuals in use of rugged terrain during 

both time periods (Table 4, Figure 5). We 

observed selection for northwest-facing 

slopes during the period prior to parturition, 

which weakened during the post-parturition 

period, but we observed substantial variation 

among individuals in use of aspect during 

both periods (Table 4, Figure 5). During the 

period prior to parturition, we observed 

strong relative selection for areas with high 

biomass of annual forbs and grasses. 

Although most females avoided that 

vegetation type during the post-parturition 

period there was large variation among 

individuals ranging from strong selection to 

avoidance (Figure 5). Despite seasonal 

increases in biomass of perennial herbaceous 

plants, bighorn sheep showed little to no 

selection for perennials prior to parturition, 

although they exhibited strong avoidance of 

perennial forbs and grasses during the post-

parturition season, which contrasts with their 

strong selection for annual herbaceous 

biomass prior to parturition (Figure 5).  
During the pre-parturition season, our 

predictive maps showed greater predicted use 

of landscapes farther away from riparian 

areas, but more predicted use of rugged 

terrain during the post-parturition season 

(Figures 6 and 7).
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FIGURE 3.  Partial-dependence plots representing relative strength of selection (log transformed) for 

environmental covariates from resource selection functions for female Rocky Mountain bighorn sheep 

(Ovis canadensis canadensis) in north-central Montana, USA, 2020ï2023. The green dashed line 

indicates the 0 line of no selection or avoidance, where values above the line indicate selection and 

values below represent avoidance. Light gray lines represent individual-level responses; black lines 

represent population-level responses, and orange shading represented 95% confidence intervals. Note 

that the scale on X and Y axes varies among plots. The left column (A) represents the predicted 

intensity of selection of resources during pre-parturition, and the right column (B) represents the 

predicted intensity of selection of resources post-parturition. 
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FIGURE 4. Prediction maps, log-transformed Relative Strength of Selection (logRSS), 

illustrating the spatially explicit habitat use intensities for female Rocky Mountain bighorn 

sheep (Ovis c. canadensis) in north-central Montana, USA, 2020ï2023. Pre-parturition 

selection is shown in the top panel (A), and post-parturition shown in the bottom panel (B). 
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FIGURE 5. Univariate plots representing individual covariates from resource selection functions for 

female Rocky Mountain bighorn sheep (Ovis canadensis canadensis) in western North Dakota, USA, 

2020ï2023. The green dashed line indicates the 0 line of no selection or avoidance, where values above 

the line indicate selection and values below represent avoidance. Light gray lines represent individual-

level responses; black lines represent population-level responses, and orange shading represent 95% 

confidence intervals. Note that the scale on X and Y axes varies among plots. The left column (A) 

represents the predicted intensity of selection of resources during pre-parturition, and the right column 

(B) represents the predicted intensity of selection of resources post-parturition. 

 

DISCUSSION 

 

Our primary objective was to identify 

how female bighorn sheep selected resources 

relative to timing of parturition at Rocky 

Boyôs Reservation in Montana, and in a 

population translocated from Rocky Boyôs  

 

 

Reservation to western North Dakota. Prior  

to peak parturition, we hypothesized that 

adult females in both areas would select 

resources associated with higher biomass of 

vegetation with shallow slopes and low 
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ruggedness, but shift to selection of more 

rugged terrain and lower selection for 

vegetation biomass in the post-parturition 

season. Supporting our hypothesis, bighorn 

sheep in both study populations engaged in 

similar tradeoffs between selection for annual 

forbs and grasses prior to parturition, which 

was lower in Montana and avoided in North 

Dakota during the post-parturition period. 

Additionally, in Montana sheep moved to 

more rugged terrain during the post 

parturition period, supporting our hypothesis 

that females moved to more rugged terrain to 

increase safety of young. The translocated 

population in North Dakota showed similar 

selection for topographic characteristics prior 

to and following parturition, in contrast to our 

hypothesis that selection would shift to more 

rugged terrain following parturition. Sheep in 

both study areas were fairly similar in how 

they shifted use of herbaceous vegetation, 

aspect, and topography, which suggests that 

the translocated populations were able to 

select resources similarly to their original 

locations in Montana. 

 

 

 

 
 

FIGURE 6. Prediction maps, log-transformed Relative Strength of Selection (logRSS), illustrating 

the spatially explicit probabilities for female Rocky Mountain bighorn sheep (Ovis canadensis 

canadensis) in the Little Missouri National Grassland (A and B) and Fort Berthold Reservation (C 

and D), North Dakota, USA, 2020ï2023. Pre-parturition selection of resources is represented by 

the two panels on the left (A and C), and post-parturition is represented by the panels on the right 

(B and D). 
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The substantial increase in available 

biomass of herbaceous annual and perennial 

vegetation in Montana and North Dakota 

between pre- and post-parturition time 

periods indicated that with greater 

herbaceous biomass, and presumably greater 

forage availability, adult females may not 

need to be as selective of those forage types. 

If a resource is readily available bighorn 

sheep would be less dependent on that 

resource, and selection for that resource 

could become less intense even if a tradeoff 

between nutrition and safety does not occur. 

Conversely, we would predict that selection 

would become more intense as a resource 

becomes scarcer on the landscape. If nutrient 

content is adequate in available forage in 

areas used by females where predation risk is 

lower, they may not need to tradeoff maternal 

nutrition for safety of young. An optimum 

strategy would occur in instances where 

females were not forced to make tradeoffs 

between forage availability and safety of 

young. Similarly, Heffelfinger et al. (2020) 

observed that mule deer (Odocoileus 

hemionus) in the Mojave Desert were able to 

use areas with high forage availability while 

remaining close to sources of water without 

having to tradeoff nutritional needs of 

lactating mothers with safety of young. 

The topography of areas used by 

bighorn sheep in North Dakota was inverted 

compared to that of Montana, because rugged 

terrain and steep slopes occupied by bighorn 

sheep were associated with canyon walls of 

the Little Missouri River rather than 

mountain tops occupied by bighorn sheep in 

Montana. Although biomass of vegetation 

was greatest on flat mesas above rugged 

terrain, and in some instances near treeless 

riparian areas, those areas were used only 

occasionally by bighorn sheep, probably 

because of higher perceived risk of predation 

on young. Females in North Dakota, were 

more strongly selective of rugged terrain and 

steep slopes during both seasons with little 

change between them, which may result from 

some naiveté of the new study area and that 

sheep remained close to known escape 

terrain. Even when using those flat mesas, 

females remained close to steep, rugged 

terrain. During both time periods, adult 

females appeared to prioritize proximity to 

safe terrain in smaller pockets of rugged 

habitat near cliffs, rather than on top of mesas 

with more abundant herbaceous vegetation.  

Moreover, larger group sizes, especially in 

open areas, have been associated with 

decreased risk of predation in bighorn sheep 

and other ungulates (Berger 1978, Kie 1999; 

Childress and Lung 2003). Possibly adult 

females were more likely to use those flat 

mesas when group sizes were larger, but we 

have no information on group sizes of 

bighorn sheep. Additionally, bighorn sheep 

strongly avoided tree cover in both study 

areas, possibly because areas with high tree 

cover may be perceived to have greater risk 

of predation. Similar avoidance of tree cover 

has been observed in other studies of Rocky 

Mountain and desert bighorn sheep, and 

sheep have been suggested to avoid high tree 

cover because they rely on vision to detect 

approaching predators (Risenhoover and 

Bailey 1980, Geist et al. 1999, Blum et all 

2023). 

Although, bighorn sheep in Montana 

shifted to more rugged terrain during the 

period following parturition, they selected for 

somewhat more shallow slopes. Conversely, 

in North Dakota, sheep showed little change 

in selection for slopes and ruggedness 

between time periods. This lack of strong 

changes in use of ruggedness and slope 

following parturition may be due, in part, to 

some of the limitations of our study. Our 

dataset for Montana was limited to only 7 

adult females, which may result in some bias 

associated with small sample size. In both 

study areas, we were only able to collect 

locations of individuals at 0600 MST each 

morning, which limited our inference to 
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selection of resources during early morning 

hours. Moreover, we were unable to 

determine pregnancy status, provisioning of 

lambs, or loss of lamb, which may result in 

greater variation in selection of resources by 

individuals primarily during the post-

parturition period. Indeed, we observed 

substantial variation among individuals in 

selection of resources, which may be a result 

of not all individuals provisioning young 

early during the post parturition season.  

Unfortunately, we were unable to separate 

sheep into those that recruited young and 

those that were not pregnant or lost young 

early. Blum et al. (2023) reported that desert 

bighorn sheep in central Nevada shifted use 

to steeper and more rugged terrain when 

provisioning dependent young, but 

individuals that were not pregnant or lost 

young closely following parturition did not 

show the same behavior. Rachlow and 

Bowyer (1998) observed similar shifts to 

steeper and more rugged terrain by Dallôs 

sheep (Ovis dalli) while they were 

provisioning young in Denali National Park 

and Preserve, Alaska. During the post-

parturition time period in Montana, we 

observed little to no shift in use of steep 

slopes between time periods. Shifting to 

steeper slopes may be useful for adult 

females to evade predators, but may be less 

advantageous for females accompanied by 

dependent young. In contrast, rugged terrain 

was selected strongly during the post-

parturition period in both populations, which 

might provide greater concealment for lambs. 

The distinction between rugged terrain versus 

steep terrain was first noted by Sappington et 

al. (2007) and inspired the first use of the 

vector ruggedness measure to investigate 

effects of rugged terrain rather than just slope 

or elevation in bighorn sheep studies. Our 

findings also suggest a functional difference 

between steep versus rugged terrain for 

Rocky Mountain bighorn sheep (e.g., Riley et 

al. 1999).  

Although greater biomass of 

herbaceous vegetation was located on 

elevated mesas, these areas offered limited 

protection from predators. In the Little 

Missouri and Upper Missouri River 

watersheds, tree cover primarily consisted of 

green ash in gullies and intermittent streams, 

along with dense stands of aspen, which 

commonly occurred along riparian valleys. 

These tree dominated vegetation 

communities may have been perceived as 

high-risk areas because of limited visibility 

with increasing cover of trees (Sayre 1996, 

Bleich et al. 2018).  Additionally, Rocky 

Mountain juniper often dominated north-

facing slopes of our study area (Feist 1997, 

Ciuti et al. 2014). Dense stands of Rocky 

Mountain juniper reduce sunlight availability 

at the forest floor, which may reduce the 

quality and quantity of forage plants for 

bighorn sheep as well as reducing visibility 

of approaching predators (Coultrap et al. 

2009, Cuiti et al. 2014, McIver et al. 2022). 

That reduction in herbaceous biomass also 

likely resulted in reduced quality and 

availability of forage for bighorn sheep 

(Coultrap et al. 2009, Wiedmann et al. 2024). 

The effect on vegetation productivity and 

increased predation risk resulting from 

reduced visibility may explain the strong 

avoidance of tree cover we observed in our 

study areas.  

Phenology also may play an 

important role in habitat selection and, 

ultimately, individual fitness (Renaud et al. in 

press). During our study, perennial and 

annual forbs and grasses did not become 

widely available until late into the pre-

parturition period, which in part may explain 

high selection for annual forbs and grasses 

pre-parturition and reduced selection post-

parturition because forage availability may 

have exceeded demand during the latter 

period. We attempted to account for shifts in 

productive forage selection by including the 

16-day biomass estimates for perennial and 
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annual forbs and grasses, but those vegetation 

classes were likely too broad to capture the 

selective foraging of bighorn sheep. An 

examination of forage availability and quality 

for bighorn sheep combined with a dietary 

analysis may elicit stronger selection patterns 

that our broad vegetation categories were 

unable to capture. Preference for annual 

grasses and forbs pre-parturition in both 

study areas suggests that female bighorn 

sheep were maximizing consumption of these 

types of vegetation when they first became 

available (Marshall et al. 2008).  

Historically, bighorn sheep 

translocations in the United States have 

resulted in mixed outcomes. Some early 

translocation efforts had limited information 

regarding appropriate habitat and ecotypes to 

use as criteria for guidance and resulted in 

failed introductions or many years of 

augmentations to supplement lackluster 

population increases (Singer et al. 2000, 

Whiting et al. 2023). Translocation strategies 

have seen continuous improvements, 

culminating in the use of modern genomics, 

greater consideration of advantages 

associated with phenotypes or morphotypes 

in the selection of source stock, and the use 

of resource selection functions to identify 

characteristics that influence long-term 

population growth between source and target 

environments, and all of which are apt to 

enhance success (Jahner et al. 2019, Flesch et 

al. 2020, Whiting et al. 2023, Lutz and Bleich 

2026). We observed some variation in 

selection of resources between the source 

population in Montana and the translocated 

population in North Dakota, where bighorn 

sheep appeared to be more strongly tied to 

steep slopes and rugged terrain with little use 

of areas with greater availability of 

herbaceous vegetation during both time 

periods. Similarities in selection of 

vegetation biomass during both parturition 

seasons in both Montana and North Dakota 

may suggest that translocating bighorn sheep 

from central Montana was an appropriate 

match for western North Dakota. We suggest 

that further evaluation of selection of 

resources combined with demographic and 

diet information will provide further 

evidence of the appropriateness of 

translocating Rocky Mountain bighorn sheep 

to western North Dakota. Our results are 

consistent with the prevailing notion that 

consideration of similarities between habitats 

at source locations and release sites may 

improve the success of bighorn sheep 

translocations.   

 

MANAGEMENT IMPLICATIONS  

 

When considering translocations as a 

conservation strategy, preference should be 

given to source populations that are best 

adapted to the habitat to which they are being 

translocated (Wiedmann and Sargeant 2014, 

Bleich et al. 2018, Wiedmann et al. 2024). 

While we were limited to a single location per 

day for each individual, it would be 

advantageous to have locations of individuals 

on the landscape across the 24-hour day. 

Additionally, we recommend sampling 

forage availability and quality in both areas 

to help quantify responses to vegetation and 

the level of tradeoff, if any, that females with 

dependent young might engage. Combining 

information on selection of resources with 

demographic data is likely to provide 

additional evidence that use of appropriate 

source stock is important, which can be 

implemented when translocations occur. Our 

data indicated that sheep were able to find 

escape terrain, steep slopes and rugged 

terrain, and used herbaceous vegetation in 

those areas while reducing use of terrain that 

may have represented an increased risk of 

predation. Bighorn sheep avoided tree cover 

in both areas, and in North Dakota many of 

the areas with high tree cover consisted of 

Rocky Mountain Juniper, our findings may 

support some removal of juniper trees to 



2025 DESERT BIGHORN COUNCIL TRANSACTIONS: VOLUME 58 

 

McCain et al. Å Resource Selection in Bighorn Sheep 

increase visibility and availability of 

herbaceous forage for bighorn sheep. 

Collecting demographic data combined with 

data on selection of resources to compare 

source and translocated populations, will 

provide additional evidence that bighorn 

sheep are using available habitat for survival 

and reproduction and may help to improve 

success of translocations. 
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ABSTRACT  This report focuses on the six states that are inhabited by desert bighorn sheep, and 

that also have burros, horses, or both species of these feral equids on public lands (Arizona, 

California, Colorado, Nevada, New Mexico, and Utah). The report therefore doesnôt include Texas 

or Mexico. Burro and horse management are closely related in several important ways, so this 

report includes information on both species. 
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At a national level, as of March 2025, 

the Bureau of Land Management (BLM) 

reported that there were 73,130 horses and 

burros combined on BLM-administered Herd 

Management Areas (HMAs) and Herd Areas 

(HAs), far exceeding the Appropriate 

Management Level (AML) of 25,556 

animals (https://www.blm.gov/whb). This 

similar pattern is observed at the state level, 

with each of the six states included in this 

report exceeding AML for either horses 

or/and burros on BLM-administered HMAs 

(Table 1; https://www.blm.gov/whb). 

It is important to note that the 

numbers shown in Table 1 are only those 

reported by the BLM for BLM-administered 

HMAs and HAs. In many areas, horses and 

burros have spread outside these boundaries 

to lands that are rarely or never surveyed by 

the BLM. In addition, horses and burros are 

also found on 34 active Horse and Burro 

Territories  on U.S. Forest Service (USFS) 

lands, with 24 of these jointly managed with 

the BLM (https://www.fs.usda.gov/wild-

horse-burro/territories/index.shtml). The  

combined horse and burro AML on these 

USFS territories is 2,253 animals, while the 

most recent available estimate (2014) 

indicated 6,483 animals. Finally, the above 

referenced numbers donôt include Tribal 

lands, some of which are inhabited by large 

numbers of burros and horses. For example, 

based on surveys conducted in 2016, there 

were an estimated 38,223 horses and an 

unidentified number of burros on the Navajo 

Nation alone (Wallace et al. 2021). In 2020, 

the number of feral horses on all Tribal lands 

combined was estimated to be 117,384 

(Schoenecker et al. 2021). 

The BLM continues to remove horses 

and burros from the range each year. For 

example, 16,140 (13,154 horses and 2,986 

burros) were removed in 2024. Some of these 

animals were adopted, but 65,189 horses and 

burros were being cared for in off-range 

facilities as of March 2025, representing a 

huge financial burden for the BLM. The 

BLMôs 2024 expenditures for the Wild Horse 

and Burro Program totaled $153 million and 

66% of this ($101 million) was spent on care 

of animals in off-range pastures and corrals. 
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TABLE 1. Appropriate Management Levels (AML) 

and estimated 2025 numbers of burros and horses on 

BLM-administered HMAs in states occupied by desert 

bighorn sheep. 

 

 
 

The BLM and other organizations 

have also continued to research fertility 

control methods, but the effectiveness of 

fertility control has not been evaluated on a 

large scale. In recent years, continued 

removals have resulted in a slight decrease in 

on-range numbers, particularly for horses 

(Figure 1). Although the number of horses on 

range is slowly declining, the number of 

burros on the range continues to increase 

(Figure 1). In addition, and despite these 

efforts, the number of horses and burros on 

the range still far exceeds AML (Figure 2). 

Burros exceed AML most notably in Arizona 

and California, while horses exceed AML 

primarily in Nevada and Utah (Figure 3). 

Current numbers are continuing to threaten 

native wildlife and the habitats they rely on. 

If nothing changes, the BLM estimates there 

could be >2.8 million horses and burros on 

BLM-administered HMAs by 2040 (BLM 

2020).

 

 

 
FIGURE 1. Annual Bureau of Land Management estimates of total horses and burros on Herd 

Management Areas and Herd Areas,2001ï2025. 

 

 

Location 

High AML 

Burros 

2025 Burro 

Estimate 

High AML 

Horses 

2025 Horse 

Estimate 

     

Arizona 1,436 10,447 240 233 

California 465 4,124 1,735 3,023 

Colorado 0 0 827 1,516 

Nevada 824 4,408 11,987 30,732 

New Mexico 0 0 83 85 

Utah 170 282 1,786 4,125 
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FIGURE 2. Annual Bureau of Land Management estimates, total horses and burros combined, and 

combined Appropriate Management Level on Herd Management Areas and Herd Areas 2001ï

2025. 

 

 

The negative consequences of too 

many horses and burros are numerous and 

include overgrazing, damage to vegetation, 

competition with native species, human 

safety (e.g., via collision with vehicles), and 

inhumane conditions for the horses and 

burros themselves. Many herds are 

increasing by 15ï20% each year, and this 

level has been determined to not be 

sustainable and to have negative effects on 

ecosystems as well as the animals themselves 

(National Academy of Sciences 2013, Rubin 

et al. 2024). A detailed summary of these 

impacts is beyond the scope of this report; 

however, the movie ñHorse Rich and Dirt 

Poorò (https://youtu.be/q6h242vy_q8), 

which was supported by the Desert Bighorn 

Council, provides a good summary of the 

challenges and the dilemma. Readers are also 

encouraged to carefully read recent literature 

that promotes burros as being beneficial to 

wildlife  (Lundgren  et  al. 2021),  and  the  

 

critiques questioning that contention (Bleich 

et al. 2021, Rubin et al. 2021). 

The negative effects that uncontrolled 

populations of horses or burros have on 

ecosystems and native species will only 

become more serious the longer those 

populations are allowed to grow. The Wild 

Sheep Working Group of the Western 

Association of Fish and Wildlife Agencies 

(WAFWA) noted the negative effects that 

overabundant horses and burros have on wild 

sheep, and emphasized effective 

management of feral horses and burros as an 

important strategy (Brewer et al. 2014). The 

Wildlife Society also has commented on the 

need to manage feral horses and burros 

(Leopold 2010) and has developed an issue 

statement calling for the reduction of horse 

and burro numbers, including the use of 

euthanasia as a possible tool (Wildlife 

Society 2016). In addition, WAFWA adopted 

a resolution in 2017, calling for the removal 

https://youtu.be/q6h242vy_q8
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of appropriations language that restricts 

BLMôs ability to use all management tools 

provided by the Wild and Free-Roaming 

Horse and Burro Act, and urging the BLM to 

use all available tools to remove animals 

outside of established HMAs (WAFWA 

2017).

 

 

 
 

FIGURE 3.  Burro and horse abundance during 2001ï2025, and combined Appropriate 

Management Level on BLM-administered Herd Management Areas and Herd Areas, by state.
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ABSTRACT   Accurate estimation of home range size and movement metrics is fundamental to 

understanding the spatial ecology of large mammals. Most studies quantify home range area, 

movement rates, and distances to resources using planimetric (map-based) measurements that do 

not account for topographic complexity, potentially underestimating space use in rugged terrain. 

We evaluated differences between traditional planimetric metrics and surface-area (topographic) 

measurements for 37 adult female desert bighorn sheep (Ovis canadensis mexicana) monitored 

with GPS collars from 2002ï2005 on the Cabeza Prieta National Wildlife Refuge (CPNWR), 

Arizona, USA. We calculated seasonal minimum convex polygon (MCP) and fixed-kernel (95% 

and 50%) home ranges, movement rates, and distances to perennial water sources using 

planimetric and surface-based approaches. Estimates of home ranges, movement rates, and 

distance to water sources that incorporated topography were 6ï18% larger than planimetric 

estimates, with larger discrepancies occurring in more rugged terrain. These discrepancies are 

biologically meaningful and have implications for studies of habitat selection, resource 

availability, bioenergetics, and conservation planning for mountain-dwelling ungulates. 

Incorporating surface-based measurements provides a more realistic representation of space use 

and energetic costs in rugged landscapes. 

 

KEY WORDS   comparisons, density, energetics, home range, metrics, movement rates, Ovis 

canadensis, planning 

 

 

Estimating home range size and 

movements is integral to research on many 

aspects of large mammal ecology. Home 

range estimates are commonly used in studies  

 

of habitat selection and use (Tufto et al. 1996, 

Owen-Smith and Cain 2007, Jerina 2012, 

Killeen et al. 2014, Reddell et al. 2023, Chui 

et al. 2024), habitat productivity in relation to 
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space use (Relyea et al. 2000, Oehler et al. 

2003, Herfindal et al. 2005), and 

bioenergetics (Parker et al. 1984, Dailey and 

Hobbs 1989). Additionally, researchers 

interested in habitat selection are often 

interested in distance between animals or 

animal locations, or distance to key resources 

(e.g. water; Cain et al. 2008, Harris et al. 

2020, Krausman 2026) or anthropogenic 

disturbance (e.g. roads; Leblond et al. 2013).  

Use of GPS collars allows for precise 

collection of a large amount of location data 

over an extended time, allowing researchers 

to investigate animal movements and spatial 

ecology in greater detail than was feasible 

with VHF telemetry collars. Home range 

boundaries have been historically estimated 

using minimum convex polygons (MCP; 

Jennrich and Turner 1969), kernel density 

methods (KDE; Worton 1989, 1995), or 

nonparametric local convex hull methods 

(Getz et al. 2007). Both kernel and convex 

hull methods are improvements over MCPs 

because they can be used to assess intensity 

of use and are less sensitive to outlying 

locations. More recent developments, such as 

the Brownian Bridge Movement Models and 

autocorrelated kernel density estimators, 

represent significant improvements to 

movement metrics because they incorporate 

movement-based probability to predict 

animal space use. These approaches account 

for the temporal structure and autocorrelation 

of GPS data (Horne et al. 2007, Fleming et al. 

2015).  

Most home range estimates and 

animal movement metrics, however, use 

planimetric measurements and do not 

explicitly address topography when 

quantifying movement distances or home 

range sizes. For species in areas with minimal 

topographic variation, such as American 

pronghorn (Antilocapra americana), there is 

likely little difference in distances or area 

metrics estimated with planimetric and 

topographical measurements (Monterroso et 

al. 2013). For species that occupy rugged, 

mountainous terrain, omitting topography 

from movement and home range estimates is 

liable to underestimate home range area and 

movements. To date, a few studies have 

assessed home range topography (Stone et al. 

1997, Castleberry et al. 2001, Campbell et al. 

2004, Greenberg and McClintock 2008). Use 

of planimetric measurements can 

underestimate home range size, ranging from 

negligible differences <1% up to 38% with 

differences being largest in mountainous 

terrain (Oli et al. 1997, Monterroso et al. 

2013, Heit et al. 2021).  

While some researchers have 

assessed home range using topographical 

measurements, most studies use planimetric 

measurements to estimate movement rates, 

distances to resources, and home range area. 

Our goal was to assess differences in home 

range areas, distance to water, and movement 

rates of adult female desert bighorn sheep 

(Ovis canadensis mexicana) using traditional 

planimetric measurements and compare them 

to measurements that incorporated 

topography (i.e., surface area). Because there 

is seasonal variation in movements and use of 

areas with varying terrain ruggedness (e.g., 

lambing season), we also evaluated variation 

in topographical versus planimetric 

measurements seasonally. 

 

STUDY AREA 

 

The Cabeza Prieta National Wildlife 

Refuge (CPNWR) encompassed 3,480 km2 

along the international border between the 

United States and Mexico in southwestern 

Arizona, USA. Topography was a series of 

rugged mountain ranges separated by wide 

valleys with elevation ranging from 200ï900 

m. Our specific study sites were the Sierra 

Pinta and the Cabeza Prieta Mountains on the 

western side of CPNWR.  

Annual precipitation was bimodal, 

with peaks during summer and winter; long-
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term mean annual precipitation in the area 

(1969ï2005, Tacna, Arizona, ~ 64 km north 

of the study area) was 107 mm with high 

interannual variability (CV = 56%). Range in 

average summer temperatures was 22.3° C to 

>45° C (Western Regional Climate Center 

2026). Mean daily high and low temperatures 

during winter were 21.1° C and 2.6° C, 

respectively. Based on long-term climate 

data, we defined 1 Januaryï31 March as 

winter, 1 Aprilï30 June as early summer, 1 

Julyï30 September as late summer, and 1 

Octoberï31 December as autumn.  

Vegetation in the valleys was 

characterized by creosote bush (Larrea 

tridentata), white bursage (Ambrosia 

dumosa), and ocotillo (Fouquieria 

splendens) with ironwood (Olneya tesota), 

and blue palo verde (Parkinsonia florida) as 

canopy species. Vegetation within desert 

bighorn habitat in the mountains was 

characterized by ironwood, catclaw acacia 

(Senegalia greggii), foothill palo verde 

(Parkinsonia microphyllum), white bursage, 

ratany (Krameria spp.), brittlebush (Encelia 

farinosa), and Wrightôs buckwheat 

(Eriogonum wrightii) also present. Prevalent 

grasses and forbs included three-awn 

(Aristida spp.), grama (Bouteloua spp.), big 

galleta grass (Pleuraphis rigida), globe 

mallow (Sphaeralcea spp.), indian wheat 

(Plantago patagonica), and lupine (Lupinus 

spp.). The most common succulents included 

giant saguaro (Cereus giganteus), barrel 

cactus (Ferocactus spp.), fishhook cactus 

(Mammillaria spp.), teddy bear cholla 

(Cylindropuntia bigelovii), buckhorn cholla 

(C. acanthocarpa), and chain fruit cholla (C. 

fulgida). 

 

METHODS 

 

We captured 37 adult, female bighorn 

sheep with a net-gun fired from a helicopter 

(Krausman et al. 1985) from 2002 to 2005 

and maintained 6ï10 radio-collared animals 

in each mountain range (Cain et al. 2008). All 

animals were fitted with a GPS telemetry 

collar (900 g; models 440 and 3580, Telonics, 

Mesa, Arizona) programmed with a 13-hour. 

fix interval; data were transmitted every 3 

days via the Argos (Service Argos, Largo, 

Maryland, USA) satellite system. Our 

capture and handling methods were approved 

by the University of Arizona Animal Care 

and Use Committee (Protocols 01-191 and 

04-180). 

We assessed the differences in 

movement rates, distances, and home range 

areas using the planimetric measurements 

commonly used in wildlife studies and these 

same measurements incorporating surface 

area, thus accounting for topography. We 

used the animal movements extension for 

ArcView (Environmental Systems Research 

Institute 2000, Hooge and Eichenlaub 1997) 

to estimate seasonal minimum convex 

polygon (MCP) home ranges for each animal 

and seasonal 95% and 50% fixed kernel 

home ranges (Worton 1989, 1995; Seaman 

and Powell 1996) using least-squares cross 

validation to select the smoothing parameter 

(Worton 1989, Seaman and Powell 1996, 

Seaman et al. 1999). To determine the 

seasonal movements of desert bighorn sheep 

we connected all consecutive GPS locations 

for each animal with a straight line using the 

animal movements extension for ArcView. 

Topography, vegetation, and animal behavior 

can influence GPS fix success rates of GPS 

telemetry collars (Moen et al. 2001, DôEon et 

al. 2002, Cain et al. 2005). To adjust our 

distances to account for missing GPS 

locations, we converted our movement 

distances to movement rates (m/hour) by 

dividing the distance between consecutive 

locations by the elapsed time between them. 

To estimate distance between bighorn 

locations and perennial water sources, we 

calculated the distance between each location 

and the nearest perennial water source. 

We modeled the surface of our study 



2025 DESERT BIGHORN COUNCIL TRANSACTIONS: VOLUME 58 

 

Parikh et al. Å Topographic Home Ranges and Movements of Bighorn Sheep 

area using a 10-m × 10-m United States 

Geological Survey digital elevation models 

(DEM).  We then calculated the surface area 

(km2) of all MCP and kernel home ranges 

using the surface areas and ratios extension 

for ArcView (Jenness 2002, 2004). We used 

the surface tools for points, lines, and 

polygons extension for ArcView (Jenness 

2005) and the seamless 10-m × 10-m DEM 

of our study area to calculate the surface 

distance between bighorn sheep locations and 

the nearest perennial water source, and the 

surface distance between consecutive 

locations and calculated movement rates by 

dividing the surface distance by the number 

of hours elapsed between GPS fixes. 

We modeled home range area, 

movement rates, and distance to waters using 

a linear mixed effects model with season, 

range, year, and measurement type (i.e., 

planimetric or topographic) as factors. To 

account for repeated observations on 

individual animals within and across seasons 

and years, we included animal ID as a 

random intercept in all models in R (R Core 

Team 2022). We included season and year as 

factors because we expected that home range 

size and movements of female bighorn sheep 

would change annually due to precipitation 

related changes in forage conditions and 

would change seasonally due to parturition 

and lambing. In addition, there were 

differences in the topography of each 

mountain range that warranted including 

mountain range as a factor. To determine if 

differences in area, distance or movement 

rates were consistent across seasons and 

mountain range, we included interaction 

terms between measurement type and season 

and measurement type and range. Finally, we 

modelled the magnitude of the difference 

between planimetric and surface area metrics 

as a function of the distance or size of the 

planimetric measurement to determine if 

longer distances or larger home ranges were 

more or less prone to underestimation when 

not accounting for surface area. We 

considered a difference in home range area, 

distance to water and movement rate > 5% to 

be biologically significant and determined 

statistical significance at P = 0.10 for all 

analyses. 

 

RESULTS 

 

Home ranges that incorporated 

topography were larger than planimetric 

home ranges. The 95% kernel home ranges 

that incorporated topography were on 

average 12.8% larger (Table 1) than 

planimetric home ranges (ɓ = 1.67, SE = 

0.91, t = 1.84, P = 0.067). Interaction terms 

between measurement type and season (ɓ = -

0.014, SE = 0.846, t = -0.017, P = 0.986) and 

measurement type and range (ɓ = -0.93, SE = 

0.182, t = -0.512, P = 0.609) indicated that 

the differences between 95% kernel home 

range estimates that incorporated topography 

and planimetric areas were consistent across 

ranges and seasons. At the 50% core area 

scale, topographical home ranges were 

17.6% larger than planimetric home ranges (ɓ 

= 0.33, SE = 0.16, t = 2.03, P = 0.043; Table 

1). Interaction terms between measurement 

type and season (ɓ = -0.001, SE = 0.15, t = -

0.007, P = 0.994) and measurement type and 

range (ɓ = -0.15, SE = 0.32, t = -0.47, P = 

0.640) indicated that the differences between 

estimates that incorporated topography and 

planimetric areas were consistent across 

ranges and seasons. The magnitude of the 

difference between kernel home range 

estimates incorporating surface area versus 

planimetric area increased with increasing 

size of the planimetric area for both 95% 

kernel home ranges and 50% core areas 

(Figure 1). For a given planimetric home 

range size the magnitude of the difference 

between surface area and planimetric area 

was higher in the Sierra Pinta than in the 

Cabeza Prieta mountains (Figure 1).
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TABLE 1.  Mean (± standard error) seasonal 50% core area and 95% kernel home range area (km2) estimated 

using planimetric area (2D) and surface area (3D) for female desert bighorn sheep on the Cabeza Prieta 

National Wildlife Refuge, Arizona, USA, 2002ï2005. 

 

 
 

 
 

FIGURE 1.  Differences between seasonal (circles = winter, triangles = early summer, squares = late 

summer, crosses = fall) home range estimates (50% top, 95% bottom) for female desert bighorn sheep that 

incorporate surface area (3D) versus only planimetric (2D) estimates as a function of planimetric home 

ranges area size in the Sierra Pinta (pink) and Cabeza Prieta (blue) mountains, Cabeza Prieta National 

Wildlife Refuge, Arizona, USA, 2002ï2005. Shaded bands are 95% confidence intervals. 

  

Overall  Early summer Late summer  Fall Winter  

50% 2D 1.88 ± 0.12  2.06 ± 0.24 1.70 ± 0.17 2.09 ± 0.31 1.66 ± 0.21 

 

3D 2.21 ± 0.13 2.40 ± 0.28 1.98 ± 0.20 2.45 ± 0.36 2.01 ± 0.25 

95% 2D 13.01 ± 0.70 14.19 ± 1.37 11.74 ± 1.01 14.34 ± 1.88 11.89 ± 1.33 

 

3D 14.68 ± 0.76 15.91 ± 1.50 13.21 ± 1.10 13.21 ± 1.11 13.63 ± 1.49 
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Estimates of MCP home ranges that 

incorporated surface area were on average 

12.9% larger than planimetric home ranges, 

but the main effect of measurement type was 

not significant (ɓ = -1.62, SE = 1.74, t = -

0.933, P = 0.351; Table 2). The interaction 

term between measurement type and range 

was not significant (ɓ = -1.22, SE = 1.39, t = 

-0.87, P = 0.383) and indicated that the 

differences between estimates that 

incorporated topography and planimetric 

areas were consistent across ranges. The 

differences between measurement type and 

season, however, indicated that the difference 

between estimates that incorporated 

topography and planimetric areas differed by 

season (ɓ = 1.37, SE = 0.66, t = 2.08, P = 

0.038; Table 2). The magnitude of the 

difference between MCP home range 

estimates incorporating surface area versus 

planimetric area decreased with increasing 

size of the planimetric area for both 95% 

kernel home ranges and 50% core areas 

(Figure 2).

 

 
TABLE 2.  Mean (± standard error) MCP homer range sizes (km2) estimated using planimetric area (2D) and surface 

area (3D) for female desert bighorn sheep on the Cabeza Prieta National Wildlife Refuge, Arizona, USA, 2002ï2005. 

 

  Overall  Early summer  Late summer Fall Winter  

2D 12.82 ± 0.49 13.76 ± 1.09 12.35 ± 0.82 11.41 ± 1.34 13.29 ± 0.61 

3D 14.47± 0.54 15.55 ± 0.93 13.74 ± 0.90 15.88 ± 1.57 12.88 ± 1.07 

 

 
 

FIGURE 2.  Differences between seasonal (circles = winter, triangles = early summer, squares = late summer, 

crosses = fall) MCP home range estimates for female desert bighorn sheep that incorporate surface area (3D) 
versus only planimetric (2D) estimates as a function of planimetric home ranges area size in the Sierra Pinta 

(pink) and Cabeza Prieta (blue) mountains, Cabeza Prieta National Wildlife Refuge, Arizona, USA, 2002ï2005. 

Shaded bands are 95% confidence intervals.



2025 DESERT BIGHORN COUNCIL TRANSACTIONS: VOLUME 58 

 

Parikh et al. Å Topographic Home Ranges and Movements of Bighorn Sheep 

Mean movement rates (m/hour) of 

desert bighorn sheep were 6% higher when 

estimated using surface distances compared 

to planimetric distances (ɓ = 4.89, SE = 1.72, 

t = 2.84, P = 0.005; Table 3). Interaction 

terms between measurement type and season 

(ɓ = -0.210, SE = 0.41, t = -0.506, P = 0.613) 

and measurement type and range (ɓ = -0.98, 

SE = 0.898, t = -1.09, P = 0.275) indicated 

that the differences between estimates that 

incorporated topography and planimetric 

areas were consistent across ranges and 

seasons (Table 3). The magnitude of the 

difference for movement rates estimated 

incorporating surface versus planimetric 

distances increased with increasing 

planimetric distance (Figure 3). For a given 

planimetric movement rate the magnitude of 

the difference between surface rates and 

planimetric rates was higher in the Sierra 

Pinta than in the Cabeza Prieta Mountains 

(Figure 3).

 
TABLE 3. Mean (± standard error) seasonal movement rates (m/hour) estimated using planimetric distance (2D) 

surface distance (3D) for female desert bighorn sheep on the Cabeza Prieta National Wildlife Refuge, Arizona, USA, 

2002ï2005. 

 

 
 

FIGURE 3.  Differences between seasonal (circles = winter, triangles = early summer, squares = late summer, crosses 

= fall) distance to water (km; top) and movement rate (m/hr; bottom) estimates for female  desert bighorn sheep that 

incorporate surface area (3D) versus only planimetric (2D) estimates as a function of planimetric distance in the Sierra 

Pinta (pink) and Cabeza Prieta (blue) mountains, Cabeza Prieta National Wildlife Refuge, Arizona, USA, 2002ï2005. 

Shaded bands are 95% confidence intervals.

 
Overall Early summer Late summer Fall Winter 

2D 37.81 ±0.31 38.93 ± 0.54 37.29 ± 0.56 37.12 ± 0.71 37.66 ± 0.71 

3D 40.70 ± 0.33 41.79 ± 0.57 39.96 ± 0.59 39.80 ± 0.75 41.02 ± 0.77 
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Distance to perennial water was an average 

of 7.8% greater when measured 

topographically than planimetrically (ɓ = 

3.19, SE = 0.041, t = 7.83, P <0.001). 

Differences in distance measurements were 

consistent across seasons (ɓ = 0.006, SE = 

0.009, t = 0.608, P = 0.543; Table 4) but  

differed by mountain range (ɓ = -0.099, SE = 

0.021, t = -4.68, P < 0.001); on average the 

surface distance to the nearest perennial 

water source was 9.3% greater than the 

planimetric distance in the Sierra Pinta 

whereas in the Cabeza Prieta surface distance 

to water was 5.2% higher than the 

planimetric distance (Table 4). The 

magnitude of the difference between distance 

to water estimated incorporating surface 

distance versus planimetric distance 

increased with increasing planimetric 

distance (Figure 3). For a given planimetric 

distance, the magnitude of the difference 

between surface distance and planimetric 

distance was higher in the Sierra Pinta than in 

the Cabeza Prieta Mountains (Figure 3).

 

 

TABLE 4. Mean (± standard error) seasonal distance (km) to nearest perennial water source 

by mountain range estimated using planimetric distance (2D) and surface distance (3D) for 

female desert bighorn sheep on the Cabeza Prieta National Wildlife Refuge, Arizona, USA, 

2002ï2005 

 

 
 

 

DISCUSSION 

 

Home range areas and movement 

distances are commonly presented in terms 

of planimetric or map area (Jenness 2004); 

however, areas inhabited by desert bighorn 

sheep are steep and rugged, resulting in a 

high degree of topographical variation 

(McCarty and Bailey 1994, Krausman et al. 

1989, Alvarez-Cárdenas et al. 2001, 

Krausman 2026). Similar to other 

assessments comparing planimetric map 

measurements to those that include surface 

area (Oli et al. 1997, Monterroso et al. 2013, 

Heit et al. 2021), our results suggest that 

failure to incorporate topography or surface 

area into estimates of desert bighorn sheep 

home range area, movement distances or 

rates, and distances to point resources will  

 

 

 

result in underestimation of these metrics 

ranging from 6 to 18%. We believe that the 

magnitude of the difference reported in our 

study is biologically significant and can have 

implications for a variety of ecological studies 

on desert bighorn sheep including those on 

resource availability-space use relationships, 

movement ecology, wildlife-habitat 

relationships, and bioenergetics. 

Home range size of terrestrial mammals 

is commonly associated with body size, 

resource requirements, resource availability or 

habitat productivity (Harestad and Bunnell 

1979, Oehler et al. 2003). Larger bodied species 

and those with larger resource requirements 

generally maintain larger home range areas. 

Habitat productivity is also related to home 
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range area, with species that occupy highly 

productive habitats being able to meet their 

resource requirements in a smaller home range 

compared to species occupying less productive 

areas (Jewell 1966, Harestad and Bunnell 

1979). This relationship between habitat 

productivity and home range area has been 

widely reported for ungulates, including desert 

bighorn sheep (Leslie and Douglas 1979, 

Krausman et al. 1989, Tufto et al. 1996, Relyea 

et al. 2000, Oehler et al. 2003, Cain et al. 2008). 

Movement rates of desert bighorn are also 

associated with forage conditions, with higher 

movement rates in areas with poor foraging 

resources (Krausman et al. 1989). Seasonal 

changes in forage resources are associated with 

changes in home range size and movement 

rates, both of which tend to be highest for desert 

bighorn sheep during seasons with low 

precipitation (Warrick and Krausman 1987, 

Alderman et al. 1989, Krausman et al. 1989, 

Cain et al. 2008). 

Our results reveal that bighorn sheep 

home range areas estimated planimetrically 

underestimated actual surface area. Larger 

topographical home range estimates were 

consistent across seasons, years, and between 

mountain ranges. Movements were also higher 

when accounting for topography. Lack of 

variation between topographical and 

planimetric measurements across seasons is 

likely attributed to year-round selection for 

steep, rugged terrain (Simpson et al. 1978). 

Differences in topographical and planimetric 

home range sizes were consistent for both MCP 

and kernel methods. For kernel home ranges, 

the magnitude of the differences between 

planimetric and topographic home ranges 

increased with increasing size of the 

planimetric home range, larger areas had larger 

disparities between estimates. With home 

ranges measured with MCP metrics, however, 

the magnitude of the differences between 

planimetric and topographic home ranges 

attenuated with increases in planimetric MCPs. 

The differences between the kernel and MCP 

home ranges was likely due to larger MCPs for 

desert bighorn sheep typically including 

outlying points, that result in the inclusion of 

more areas with flatter, less steep terrain, where 

planimetric areas more closely approximate 

surface areas. Conversely, the smoothing that 

occurs when estimating kernel home ranges, 

results in the omission of these outlying points, 

resulting in more of the home range or core area 

being in typical desert bighorn habitat. 

Similarly, the magnitude of the difference 

between surface and planimetric measurements 

was higher in the Sierra Pinta than the Cabeza 

Prieta Mountains. We believe this is attributed 

to the structural differences between mountain 

ranges. The Sierra Pinta is a long, fault block 

mountain range with steep ridges and canyons 

oriented perpendicular to the main direction of 

the range, whereas the Cabeza Prieta Mountains 

is a mostly volcanic mountain range complex 

with numerous flat valleys between rugged 

terrain, mountain terrain. These flat valleys are 

narrow enough to be readily crossed by desert 

bighorn sheep and are thus incorporated into 

most home ranges.  

The distribution of animals in relation to 

the location of key non-forage resources, like 

drinking water, is related to the degree of 

dependency on that resource, which can change 

seasonally. The location of desert bighorn sheep 

can be heavily dependent on location of water 

sources, particularly in summer (Leslie and 

Douglas 1979, Alvarez-Cárdenas et al. 2001, 

Cain et al. 2008, Krausman 2026). 

Consequently, use of topographical 

measurements of home range are more likely to 

accurately characterize distance traveled and 

increased energetic costs associated with 

navigating more complex terrain (Walter et al. 

2013). For example, Dailey and Hobbs (1989) 

reported that oxygen demand for mountain 

goats (Oreamnos americanus) and bighorn 

sheep more than doubled when traveling on a 

21° slope versus a flat surface. In our study area, 

the average slope at GPS locations collected by 

telemetry collars was 28.3° (SD = 10.7°) with 
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over 46% of the locations on slopes of 31° (or 

60%; typical definition of escape terrain; J.W. 

Cain, unpublished data). Such steep slopes 

could be associated with significant increases in 

energetic demands that may not be captured if 

we assumed planimetric home range estimates 

are sufficient. Incorporating topography into 

space use measurements for desert bighorn 

sheep more accurately represents distances 

traveled and the resulting increased energetic 

costs associated with movement in 

mountainous or rugged terrain.  

For species located in areas with 

minimal topographical variation, planimetric 

measurements are likely adequate (Castleberry 

et al. 2001, Campbell et al. 2004). However, in 

areas where topographical variation is a 

significant part of the landscape, planimetric 

measurements may underestimate home range 

area (Smith et al. 1989). Because of the 

significant difference between topographical 

and planimetric measurements for desert 

bighorn sheep, however, and likely other 

mountain-dwelling ungulates, inclusion of 

surface area for home range size, movement 

and distance metrics will more accurately 

characterize the energetic consequences of 

movement and habitat selection. The thoughtful 

use of GPS datasets could allow for further 

assessment of energetic expenditure of animals 

traversing their home ranges in such terrain. 

Additionally, researchers might also use these 

findings to determine if there are fitness 

consequences associated with use of home 

ranges with more topographical variation in 

alpine ungulates. A better understanding of 

bighorn sheep ecological needs could also help 

managers identify key habitat for conservation 

activities, and this starts with more realistic 

representation of space use. 
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ABSTRACT  Wildlife management agencies developing water sources for wildlife date to at least 

the 1940s. The earliest sources often consisted of holding tanks as small as 200 liters and targeting 

primarily gallinaceous birds. As desert bighorn sheep managers began to research the importance of 

available free-standing water to these animals, developments began to morph into larger and more 

sophisticated designs. Triggering these changes were key factors that limited the value of these 

sources to desert bighorn sheep and other desert wildlife. Water storage capacity is one of the primary 

reasons that designs were modified, as early designs were small, requiring frequent and costly water 

hauling to refill these facilities. Another consideration was the need to reduce evaporation. In many 

southwestern areas evaporation can be as much as 300 cm per year. The current designs include 

sealing and shading tinajas (natural rock plunge holes), vault and apron tanks (large artificial aprons 

to catch rainwater and underground storage), and buried PVC pipe developments. Designs should be 

used as appropriate to a specific site and purpose and there is no single type that is universally ideal. 

One of the most significant improvements in wildlife water management is the use of remote 

monitoring tools. These devices measure the available water level, but can also detect unusual rates 

of water depletion, and via satellite provide managers real-time alerts when situations warrant a quick 

response. These devices are an essential element of water management, reducing the financial cost 

and human resources needed to maintain water availability for desert bighorn sheep, and other 

wildlife. 

 

KEY WORDS  desert bighorn sheep, efficiency, habitat enhancement, Ovis canadensis, remote 

sensing, safety, techniques, technology 

 

 

Availability of suitable habitat 

determines the distribution and numbers of 

desert bighorn sheep (Ovis canadensis spp.) 

that a given area can support (Brewer et al. 

2014). To meet the requirements of suitable 

desert bighorn sheep habitat, the area must 

contain adequate amounts of forage, escape 

terrain to evade predators, lambing and loafing 

areas, water, and unobstructed movement 

corridors (Hansen 1980, McKinney et al. 

2003). These habitat components must be 

juxtaposed and well-distributed throughout 

desert bighorn sheep ranges to meet their needs 

(Brewer et al. 2014). 

Most descriptions of wildlife habitat 

emphasize the importance of food, water, and 

shelter, and for desert bighorn sheep, free-

standing water sources are a particularly vital 

component of quality habitat. One of the first 

in-depth study of the need for free-standing 
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water for desert bighorn sheep was conducted 

by Turner (1973); based on that study, he 

concluded that desert bighorn sheep could not 

survive extended periods of hot and dry 

conditions without water being available. 

Studies also have shown a close correlation 

between free-standing water and the presence 

of desert bighorn sheep (Bates and Workman 

1983, Cunningham and Ohmart 1986). These 

correlations increase during hot, dry periods 

and particularly during breeding and lactation 

periods (Hansen 1980, Turner and Weaver 

1980).  

There have been few reports of desert 

bighorn sheep living without access to free 

water, with those being in small mountain 

ranges and small populations (Krausman and 

Leopold 1986). Considering the large 

intermountain movements made by some 

desert bighorn sheep, it is possible that even in 

these few cases, the desert bighorn sheep were 

able to access free water found outside of their 

typical home range (Witham and Smith 1979, 

Ough and deVos 1984). 

In one study Cain et al. (2008) used an 

experimental design to evaluate desert bighorn 

sheep response to the removal of available 

water on several behavioral and demographic 

characteristics of desert bighorn sheep in 

southwestern Arizona. As part of this study, 

water sources were managed to ensure that 

water was available to desert bighorn sheep 

and other wildlife for two years. After this 

phase, all available water sources were made 

unavailable for two years during which desert 

bighorn sheep responses were monitored for 

differential use patterns at waters and for 

demographic changes. The pre-treatment 

period was one of severe drought and the post-

treatment was an above average period of 

rainfall, with the researchers concluding that 

the differing climate resulted in their inability 

to measure the desert bighorn sheep response 

to the drying of the available water sources in 

a dry period.  

In a recent assessment of habitat needs 

for desert bighorn sheep, deVos and Lee (in 

press) reported that maintaining or enhancing 

free-standing water was an important action 

for agencies and wild sheep advocacy groups 

to engage in to ensure robust desert bighorn 

sheep populations or to repatriate this 

subspecies back to vacant, historical habitat. 

Those authors summarized that there were 

several impacts to bighorn habitat including 

additional human infrastructure such as 

powerlines and transportation corridors that 

result in isolation of water resources with this 

isolation being a factor that began decades 

before the present time (McQuivey 1975, 

Leslie and Douglas 1979).  

As a result of these and similar impacts, 

Trombulak and Frissell (2000) suggest that it 

is important to maintain metapopulation 

function by ensuring that a smaller segment of 

this metapopulation had available water to 

avoid local extirpation. This concept was 

incorporated in a comprehensive review of 

habitat needs for wild sheep (Brewer et al. 

2014) who also recommend that wildlife 

management agencies and wild sheep 

advocacy groups endeavor to ensure adequate 

distribution of water through protection of 

existing perennial or ephemeral sources and 

provision of wildlife water developments 

when appropriate. 

Various researchers that have 

developed models that predict suitable habitat 

for desert bighorn sheep or to predict the 

potential areas for successful desert bighorn 

sheep translocation areas in vacant habitat, 

typically value water availability as the most 

important parameter (Hansen 1980, Brown 

1983). As the concept of the importance of 

free-standing water for desert bighorn sheep 

was recognized, early projects were typically 

small, often merely modifications to existing 

natural watersðmucking out a natural rock 

plunge hole, perhaps sealing cracks, and 

maybe putting up a shade to reduce 

evaporation (Werner 1989; Figure 1). Later, 

catchment rims were raised, gabions 
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constructed, and steps cut into the rock. Then 

fences or grates were built to exclude use by 

feral and domestic livestock, and in some 

cases, use by predators. Then exclusions were 

built to preclude feral animal use and, in some 

cases to exclude bears (Ursus americanus) and 

mountain lions (Puma concolor). Eventually, 

modern projects became quite large, requiring 

dozens of laborers and heavy equipment 

(except in wilderness areas), with multiple 

9,500-L storage tanks, and remote sensing 

devices to determine water storage levels and 

check for leaks. 

Halloran and Deming (1958) reviewed 

the state of water developments for desert 

bighorn sheep on the Kofa and Cabeza Prieta 

game ranges in Arizona, and the Desert Game 

 

 

 
 

FIGURE 1. Most early developments were 

improvements to existing plunge pools, with 

the improvements being construction of a dam 

to increase storage capacity, as well as sealing 

cracks and removal of materials that have been 

trapped with water flows into the plunge pool. 

 

Range in Nevada. A unique element of water 

development that these authors reported was  

the engineering plans developed by the U.S. 

Fish and Wildlife Service and the Civilian 

Conservation Corps that were used in these 

projects; many previous water developments 

were planned on-site and lacked the structural 

integrity that engineered plans provided. 

Holloran and Deming (1958) also evaluated a 

second type of development: improvements to 

existing tinajas or rock and concrete dams 

placed in water flow channels. Additionally, 

these authors discussed a variety of water types 

developed primarily for livestock or other 

wildlife such as mule deer (Odocoileus 

hemionus) although spring and tinaja were the 

primary developments reviewed. To guide 

development of all types of wildlife waters, a 

planning guide with engineered plans for most 

water developments used in the American 

Southwest (Arizona Game and Fish 

Department 2014) that is revised periodically; 

the most recent version is dated 2024. 

In 1946, the Arizona Game and Fish 

Department (AZGFD) Development and 

Maintenance crew built the first ówildlife 

guzzlerô. Water development continued in the 

1950s with the AZGFD and other state and 

federal wildlife management agencies 

developing waters primarily for quail 

(Callipepla gambelii) and supporting upland 

game bird introductions. One of the first 

developments targeting desert bighorn sheep 

was at Pusch Ridge, Santa Catalina Mountains, 

which was developed in the early 1950s using 

pack animals to transport materials (Figure 2). 

As was the case with most water developments 

in the American Southwest, this project was 

the expansion of an existing, but ephemeral, 

natural plunge hole. 

Over the next five decades, water 

development design, site selection, materials, 

and construction methods have continued to 

evolve. This has resulted in an array of 

catchment types, some functioning well, others 

not, but all contributing to a growing 

maintenance load. Progressing from the  

bedrock tinaja, the next step was the 

development of the ñapron and vaultò 

catchment where an apron was used to catch 

rainfall and funnel it into a vault where 

evaporation was minimized (Figure 3). 
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FIGURE 2. Pack animals were used to transport 

equipment to remote wildlife water 

developments.  One of the first developments 

targeting bighorn sheep populations was this 

project on Pusch Ridge, Catalina Mountains, 

Arizona, in 1951.  Subsequently, helicopters 

and heavy equipment are used to transport and 

place the components of water developments. 

 

As funding and large volunteer 

workforces became more available, improved 

designs continued to evolve and large 

underground storage developments are now 

used in many places. The advantages of this 

type of development are that it has 

exceptionally minimal maintenance 

requirements, has large storage capacity that 

virtually eliminates the need for subsequent 

water hauling to avoid water being 

unavailable, and evaporation is virtually 

eliminated. Evaporation loss is a critical issue 

in managing waters for desert bighorn sheep in  

the Sonoran Desert. For example, evaporative 

loss has been reported to be ~299 cm at Bartlett 

Dam and ~392 cm at Davis Dam, Arizona 

(Western Regional Climate Center 2025). 

 

 
 

FIGURE 3. An apron and vault-type bighorn 

sheep development offered improvements 

from the tinaja water source as evaporation 

was minimized. A disadvantage of this type of 

catchment was that the apron required 

considerable maintenance to ensure 

functionality. 

 

 
FIGURE 4. This type of system, which consists 

of a series of large PVC tubes or pipes that feed 

the drinker virtually eliminates maintenance 

and improves water availability for desert 

bighorn sheep.
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FIGURE 5. Engineered design of the underground PVC vault catchment.  Placed in a downslope 

location, the upper end has small, screened protected water capture tubes that fill the pipes below 

with ground water flows.  At the distal end, the four tubes are combined and feed a single walk-in 

drinker.  The volume of this facility is about 6,000 cubic feet or 24,000 gallons.  An advantage is that 

the system is gravity-fed and is maintenance free.

 

More recently, project design began to 

take advantage of the increasing funding and 

volunteer labor and equipment and very large, 

complex designs evolved. One of the major 

advancements in catchment design has been 

the underground placement of several large 

diameter PVC tubes that are interconnected 

but serve a single drinker. These projects 

require heavy ground moving equipment to dig 

the trough for these tubes and to bury them 

once the system is completed. Although the 

initial cost of this type of development is 

substantial and varies with the price of energy 

(in 2025 the cost was $45,000/unit), the long  

 

life and minimal maintenance costs of this 

system have resulted in this system being 

constructed for desert bighorn sheep (Figure 4, 

Figure 5). We believe that this is one of the 

most useful designs for not only desert bighorn 

sheep but other wildlife species as well, and it 

has the advantage of a very large capacity 

(~90,000 L), virtually eliminates evaporative 

losses, and has proven to have minimal 

maintenance requirements. Depending on the 

objective and anticipated wildlife use, the 

length of the PVC tubes can be varied 

according to predicted demand. 
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Although several types of water 

developments are used to provide water to 

desert bighorn sheep, an important type is the 

use of 9,500-L plastic tanks that can be placed 

above-ground or buried. An advantage of this 

type of development is that the tanks can easily 

be delivered to a remote site by helicopter and 

several can be plumbed together to meet the 

storage objective for a specific site. Life 

expectancy for these facilities can exceed 30 

years and upon failure, can be easily replaced 

by helicopter delivery. Unlike some other 

types of developments, these tanks can be 

placed in the prime areas needed by desert 

bighorn sheep. In many  areas of the American 

Southwest, this type of facility is the most 

used. 

Many key advances in wildlife water 

developments have been documented by the 

AZGFD as the agency developed a guide to 

assist in the design and implementation of a 

wide variety of water developments (AZGFD 

2014, as updated). The 2014 version included 

23 pages of text, 3 pages of engineering 

standards, and 25 pages of technical drawings 

and photos. These standards address: tanks, 

troughs, precipitation collection aprons, tinaja 

sealants, shade structures, gabions, dams, 

fencing, escape passages, membranes (liners), 

evaporation covers, and camouflaged finishes, 

such as artificial rocks, and an awareness solar 

radiation causes some plastics to degrade, with 

contamination of the water source being a 

potential result. We find this document to be a 

great resource for wildlife and land managers 

involved in creating or improving water 

sources for desert bighorn sheep and other 

wildlife. 

An important advancement in 

managing wildlife water sources and 

availability is the use of remote sensing 

devices that allow managers to check water 

levels and detect system failures such as leaks 

in the system remotely. AZGFD has 

experimented with multiple systems and are 

now using a system referred to as the 

Ranchbot, although there are other useful brands. 

These systems have been deployed to check  

open water systems such as tinajas via 

satellite-connected cameras, ring tanks with 

depth detectors, and in closed enclosed water 

systems including large storage tanks (Figure 

6). 

 

 

 
 

FIGURE 6. An example of a remote sensing 

device at a desert bighorn sheep water source.  

Once installed, this system communicates via 

satellite with a monitoring computer, and data 

such as water level and system failures can be 

detected without costly and time-consuming 

field visits. 

 

Arizona Game and Fish Department 

personnel have deployed >100 of these 

remote-sensing units primarily on desert 

bighorn sheep water sources, and there are 

several financial and technical advantages of 

doing so (M Rice, AZGFD, personal 

communication). Among these are the 

following examples. 

 

(1) Time Savings. It takes a 10ï12-hour day to 

check Thompson Tank, Barry M. Goldwater 

Firing Range, which requires access from the 

Air Force since you must cross restricted 

training areas and limits access mostly to 

weekends and federal holidays. Based on an 

average cost per hour of $100, the total cost is 
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approximately $1000. When adding vehicle 

costs to a single trip, which is about $200 trip, 

the cost of checking this water is about 

$1,200/visit. 

 

2. Human Safety. Trigo Tanks in GMU 43B on 

Yuma Proving Grounds, which also poses 

restricted access, involves a 2ï2.5-hr drive one 

way, followed by a 2-km hike one way. Due to 

extreme summer temperatures, which is the 

most crucial time to monitor such facilities, 

water checks in very remote areas require 

hiking in conditions that pose substantial risks 

to personnel. 

 

3. There are currently 5 remote cameras 

deployed that send pre-scheduled weekly 

photos on potholes in southwestern Arizona. It 

is also possible to upload a photo at any time 

which is provided within 15 minutes via 

satellite communication. 

  

4. Satellite or cellular connectivity sends 

water-level data from remote locations to a 

cloud platform, enabling near-real-time alerts 

to text or email when water levels change 

unexpectedly, and is one of the most important 

advances in wildlife water management 

because of immediate   notification when water 

levels are low or drop rapidly due to a system 

failure, enabling a faster response to ensure 

water is available for desert bighorn sheep and 

other wildlife. 

The cost of the initial unit is 

approximately $1,400 and operation requires 

an annual subscription cost of about $300 per 

year, which is quickly recovered when 

comparing the cost of a single monitoring trip 

to Trigo Tank. When personnel cost is 

combined with the vehicle costs, this single 

visit cost is nearly equal to that of the 

placement of a monitoring  unit. If more than 

one visit is required to check this tank, the cost 

of the unit is more than offset by the time and 

travel expenses associated with the important 

task of maintaining water availability.  

Although the cost savings are clear, the 

efficiency of this system provides tremendous 

advantages to the wildlife manager responsible 

for monitoring remote wildlife waters. An 

unexpected malfunction or system leak may go 

undetected for months between physical 

inspections, with the consequence of desert 

bighorn sheep being unable to access surface 

water. These systems, however, have remote 

messaging capabilities that send an alert to the 

person(s)  responsible for monitoring wildlife 

water developments.  

Remote monitoring systems offer 

wildlife managers a particularly useful tool to 

improve reliability and enhance dependability 

of water sources used by a variety of desert-

dwelling wildlife. Given the thousands of 

wildlife waters that exist throughout desert 

bighorn sheep habitat, these systems offer 

agencies and conservation organizations a 

tremendous opportunity for both improved 

water management and substantial savings in 

personnel time that can be used in other 

wildlife management programs. In addition to 

the information from AZGFD, the Utah Wild 

Sheep Foundation (Peterson 2025) which has 

also deployed remote sensing equipment and 

reported substantial advantages to remote 

water sensing from both efficiency and cost-

saving standpoints. 

 

SUMMARY  

 

We suggest that well-designed and 

well-placed water sources are essential for 

healthy and abundant desert bighorn sheep 

populations, and that can be best accomplished 

by considering the following. 

 

(1) The impacts to desert bighorn water 

sources will continue at an increasing rate with 

isolation due to habitat fragmentation and the 

consequences of climate change and the 

resulting difference in the hydrologic cycle 

making an active water development program 

an essential part of agency management and 
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consistency. Schwartz et al. (1986) suggested 

that desert bighorn sheep occur over large 

geographic areas and are comprised of smaller, 

but interconnected groups of animals and 

therefore, a critical action is maintaining key 

wildlife waters within each of these habitat 

components. Without adequate free-standing 

waters, it is likely that this lack will lead to 

local extirpation. 

  

ыΞьШDeveloping close working relationships 
with wild sheep advocacy groups to help 

develop funding for water development and 

with land management agencies to gain 

permission to build wildlife waters is an 

essential component of effective water 

management. It is also important to tap into the 

large labor pool that these non-governmental 

organizations provide. In the late 1960s, the 

Arizona Desert Bighorn Sheep Society was 

one of the first non-governmental 

organizations to start helping with wildlife 

management and land management agencies 

develop waters primarily for desert bighorn 

sheep. This program expanded to major 

development projects with as up to 100 

volunteers: with many of the volunteers having 

construction experience and with dozens of 

projects under their belts. A number of wild 

sheep advocacy groupsðincluding the Wild 

Sheep Foundation and its numerous chapters 

and affiliatesðas well as several other 

independent organizations all raise funds for 

wild sheep related projects, which often are 

water developments. 

  

(3)  For new projects such as mines, roadways, 

and electric transmission lines that adversely 

impact desert bighorn habitat, wildlife 

management agencies and desert bighorn 

sheep advocacy groups should interact with 

the project proponents, the land management 

agencies, and nongovernmental organizations 

to seek adequate mitigation for these impacts. 

 
(4) The advance of remote sensing technology 

creates an opportunity to optimize desert 

bighorn sheep water management while 

creating substantial savings in both operating 

costs and personnel services required to 

physically check these waters as had been the 

case prior to the implementation of this 

capability. 

 
(5) It is important to recognize that although 

there are advances in construction methods and 

differing types of wildlife waters, even the 

oldest type described here are still practical 

and often used. Simply, there is no one-size-

fits-most development types and site-specific 

conditions must play a role in the deployment 

of any water capture and storage system. 

 
(6) There are two prime considerations in any 

water storage system for desert bighorn sheep 

and other desert wildlife. Capacity should be 

as large as practicable and evaporation needs 

to be minimized to ensure that water is 

available to the animals while minimizing the 

need for water hauling or maintenance. 

 
(7) A wildlife water source serves far more 

than just the target speciesðbats, bees, birds, 

and small game all benefit from access to water 

(Rosenstock et al. 1999). Usually, steps or 

ramps are built to allow easy escape for an 

animal. 
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ABSTRACT  Bacterial pneumonia in bighorn sheep (Ovis canadensis) has caused periodic all age 

mortality events and low lamb recruitment in several regions of Arizona. Since 2009, the Arizona 

Game and Fish Department has used strain-typing of Mycoplasma ovipneumoniae (Movi) bacteria 

as part of routine herd health assessments and to guide translocation and management plans. We 

found that Movi strain type patterns varied across the state: in the Black mountains Movi strains 

disappeared from the population and new strains were detected while in the Kofa mountain 

complex multiple strains have consistently been detected in over several years.  

 

KEY WORDS Desert bighorn sheep, Ovis canadensis, Mycoplasma ovipneumoniae, strain typing 

 

 

 

Three subspecies of bighorn sheep 

(Ovis canadenis canadensis, O. c. nelsoni, 

and O. c. mexicana) are managed by the 

Arizona Game and Fish Department. The 

Department has been capturing bighorn 

sheep for research (habitat use and landscape 

connectivity) and population management 

(translocation) for 70 years. During captures, 

samples are collected to assess the health and 

disease status of the population. Since 2009, 

testing for exposure to and infection with 

Mycoplasma ovipneumoniae (Movi) has 

been included.  

Epizootic bacterial pneumonia has 

caused declines in several populations of 

desert bighorn sheep in Arizona (Rominger 

and Goldstein 2007, Wakeling 2007, Justice-

Allen et al. 2016). This disease involving 

multiple bacteria species is initiated by 

infection with Movi (Besser et al. 2013). 

Outbreaks are often associated with the 

incursion of an infected bighorn sheep or 

domestic sheep or goat or with the 

movements of infected bighorn sheep (Besser 

et al. 2012, Cassirer et al. 2018, Justice-Allen 

et al. 2016). The outcome of the introduction 

is dependent upon the pathogenicity of the 

Movi strain, and the disease history of the 

bighorn sheep population including 

immunological naivety to the introduced 

Movi strain (Cassirer et al. 2017, Cassirer et 

al. 2018). We analyzed the temporal and 

geographic distributions of Movi strains as 

identified through multilocus sequence 

typing (MLST, Besser et al. 2019, Kamath et 

al. 2019, Manlove et al. 2019) in relation to 

bighorn sheep mortality events to gain insight 

into Movi epidemiology. 
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METHODS 

 
Live animal sampling: Blood, and 

nasal swabs were collected from bighorn 

sheep at captures from 2009 to 2024. Swabs 

were placed in TSB with 20% glycerol and 

kept cold or frozen until submitted to the 

Washington Animal Disease Diagnostic 

Laboratory (WADDL, Pullman, WA). 

Samples were shipped overnight on gel ice.  

Hunter-harvested ram sampling: 

Nasal swabs were collected from hunter-

harvested rams at check in from 2019 to 2022 

or, in 2023 and 2024, by the hunters 

immediately following harvest. Samples 

were placed in TSB with 20% glycerol and 

frozen until shipped overnight to the 

diagnostic laboratory. 

Diagnostic testing: WADDL 

performed Movi real-time polymerase chain 

reaction (Besser et al. 2019, Manlove et al. 

2019); positive samples were tested via 

MLST at four loci (16-23s intergenic spacer, 

small ribosomal unit 16S rRNA, RNA 

polymerase B, gyrase B); generated 

sequences were aligned via MUSCLE and 

matched to previously identified strains in the 

WADDL database (Cassirer et al. 2017, 

Kamath et al. 2019). When strains differed by 

more than 4 single nucleotide polymorphisms 

(SNPs; Kamatha et al. 2019), a new strain 

type number was assigned. 

 

RESULTS 

 
From 2009 to 2024, 131 samples were 

successfully tested by MLST. Eighteen 

strains were identified according to the 

scheme described by Kamath et al. (2019). 

Strain distribution was delimited temporally 

and geographically (Figure 1, Table 1). The 

variation in the strain type patterns is evident 

in the differences between the Black 

Mountain and Kofa-Yuma metapopulations 

with a series of strains occurring in the Black 

Mountains one after the other and multiple 

strains occurring together in the Kofa/Yuma 

metapopulation. 

 

TABLE 1. Mycoplasma ovipneumoniae strain types identified in Arizona bighorn sheep 

metapopulations. Strain type numbers as identified in Kamath et al. 2019 and as assigned by the 

Washington Animal Disease Diagnostic Laboratory. 

 

 

Strain1 Metapopulation 

BHS-001 Black Mountains 

BHS-002 Black Mountains 

BHS-003 Black Mountains 

BHS-004 Kofa-Yuma 

BHS-005 Gila 

BHS-006 Gila 

BHS-007 Gila, Kofa-Yuma, Bighorn, Cabeza 

BHS-008 Grand Canyon 

BHS-009 Grand Canyon 

BHS-010 Kanab Creek 

BHS-011 Kanab Creek 

BHS-012 Kanab Creek 

BHS-013 
Kofa-Yuma, Southern Black 
Mountains 

BHS-014 Virgin River 

BHS-024 Cabeza 

BHS-096 Grand Canyon 

BHS-097 Grand Canyon 

BHS-099 Southern Black Mountains 

BHS-132 Growlers 
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FIGURE 1. Distribution of Mycoplasma ovipneumoniae strains identified in Arizona bighorn sheep 

populations.  

 

TABLE 2. Temporal pattern of strain types in the Black Mountains, Arizona, USA, 2012ï2024. 

Strain types as identified in Kamath et al. 2019; + indicates strain was detected in the population. 

 
 

  
 Year 

Strain1 2012 2013 2015 2017 2019 2020 2021 2023 2024 

          
BHS-001 + + +       
BHS-002   + +      
BHS-003    + + + + + + 
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The Black Mountain metapopulation 

is a native population of O. canadensis 

nelsoni located in the northwestern portion of 

the state. It has served as a source population 

for translocations in the northern part of the 

state. Movi has been detected in the 

population since 2012 (Figure 1, Table 2). In 

an all age mortality event in 2015 in the Black 

mountains of northwestern Arizona, we 

identified the incursion of a strain (BHS-002) 

initially detected in the Marble Mountains, 

California and the Spring Range, Nevada 

during 2013. This event resulted in a 53% 

decline in the number of bighorns observed 

on survey. This strain was then replaced by 

another strain (BHS-003) of unknown origin 

in 2017, but phylogenetically related to 

strains found in bighorn sheep across western 

Arizona (Kamath et al. 2019). This 

population has not recovered to historic highs 

at this time. In the early 2000s, the Kofa 

Mountains population experienced a decline 

of 50 percent, accompanied by an increase in 

the seroprevalence to Movi. Since then, we 

have detected 3 different strains (BHS-004, 

BHS-007, BHS-013) of Movi in the Kofa 

Mountains (Figure 1, Table 3). 

Seroprevalence and detection of the Movi 

strains by PCR has persisted and yet the 

population has recovered to previous 

numbers without additional management 

actions. This suggests these strains possess a 

low level of pathogenicity as the population 

has recovered to pre-decline numbers.. 

 

TABLE 3. Temporal pattern of strain types in the Kofa Mountains, Arizona, USA, 2012ï2024. 

 

 
 

In contrast to the well sampled areas 

of the Black and Kofa/Yuma 

metapopulations, strain distribution is not 

well understood in the poorly sampled Kanab 

Creek-Grand Canyon metapopulation 

(Figure 1, Table 1). In the early 2005 the 

population experienced a marked decline 

with a loss of 80% of the animals. Disease 

testing in 2006 detected Movi in eight of 

eleven animals (AZGFD unpublished data). 

Several different strains (BHS-010, -011, and 

-012) have been detected animals captured 

for disease testing in subsequent years (2009, 

2015, and 2015, respectively); this 

population continues to be below historic 

numbers.  

In all, 19 strains with distinct 

geographic distributions have been identified 

in Arizona bighorn sheep managed by the 

Department. Management of Movi endemic 

populations remains a challenge for the 

Department. Some endemic populations 

appear to be doing well in the face of the 

pathogen as in the Kofa/Yuma complex. 

However, other populations endemic for 

Movi remain below historic numbers (Black 

Mountains, and Kanab Creek). We cannot be 

certain if this is a result of additional stressors 

on the population such as drought, population 

genetics or the pathogenicity of the Movi. 

Test and remove has demonstrated some 

success (Cassirer and Besser 2025). 

Implementation of this management action in 

Arizona is not being considered at this time. 

An additional complication for bighorn sheep 

population management, especially in 

 Year 

Strain1 2012 2013 2014 2015 2016 2018 2019 2020 2021 2022 2023 2024 

             
BHS-004   + + + +    + + + 
BHS-005     +    +    
BHS-006     +    +    
BHS-007  +  + +  + + + + + + 
BHS-013 +     +  + + + + + 
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northern Arizona are the multiple agencies 

involved. Collar data have demonstrated that 

many Arizona bighorn sheep populations are 

connected to populations managed by other 

agencies (State, Tribal and Federal). In order 

to better manage disease in bighorn sheep, we 

should establish regional data-sharing 

agreements and management objectives for 

bighorn sheep. 
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ABSTRACT  The Desert Bighorn Council (DBC) meetings have been an important forum 

supporting expertise, applied science, communication, mentorship, scholarship, and best 

management practices, and much of this has been conveyed through publications in the Desert 

Bighorn Council Transactions (Transactions). Recent reviews and commentaries on the 

organizational history and accomplishments of the DBC and a critique of shortcomings ended with 

a proposal to examine the partnership between science and management, and to determine how the 

DBC can continue to use or support the application of the best available science to benefit the 

management and conservation of desert bighorn sheep (Ovis canadensis nelsoni). Our objective 

was to examine this important partnership, consider notable scientific and technological junctures 

from 1960ï2025 and how these developments contributed to a better understanding of desert 

bighorn sheep natural history and resulted in updated management practices. This co-evolution of 

science and its resulting application is fundamental for better understanding and for the 

advancement of any field of science, and this has been a primary objective of DBC. We review 

many of the early contributions to knowledge published in Transactions, or from more recent 

articles published in other journals that resulted in a near-immediate action to benefit the 

management and conservation of desert bighorn sheep. There is a continuing need for such actions 

in the context of the advantages of applying current knowledge and contemporary theory to 

conservation efforts, with an emphasis on the wider application of metapopulation dynamics as an 

example.  

 

KEY WORDS  bighorn sheep, conservation, corridor, demography, fragment, landscape, 

metapopulation, mountain sheep, movement, Ovis canadensis, planning, population  

 

 

Desert bighorn sheep (Ovis 

canadensis spp.) conservation and 

management have a broad scope and lengthy  

 

histories and are initially presented herein as 

chronicled through the Desert Bighorn 

Council (DBC) Transactions (Transactions). 
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We also expand to include other scientific 

references in more recent decades in response 

to conservation science, technology, and 

publication forums (Berger et al. 2024) 

across species and landscapes. Although 

Transactions do not provide a published 

record for all science and management 

related to or affecting desert bighorn sheep, 

the DBC has provided an important forum 

through meetings, newsletters, and 

Transactions for researchers and managers to 

discuss new ideas and concepts since 1957. 

Through presentations at its annual (1957ï

2002) and biennial meetings (2003ïpresent), 

investigators made their work known prior to 

formal publication either in Transactions or 

another journal competing for manuscripts to 

be submitted for publication (Berger et al. 

2024).  

State status reports, natural history 

observations, management actions, panel 

discussions, and abstracts of research 

publications have been published as part of 

Transactions since DBCôs founding in 1957. 

These, when combined with the publication 

of more formal research results, provide an 

important record of this past and current 

partnership between science and 

management. State status reports have 

documented respective histories of 

management and other actions. Reviewing 

past and present management practices are 

important to recognize successes, possible 

mistakes, potential opportunities, and future 

needs to ensure the persistence of desert 

bighorn sheep on the landscape.  

Most importantly, the DBC has 

served as a forum for scientists and managers 

to communicate. Part of our motivation for 

this paper was our collective, but 

independent, observations that from 1995 to 

2025 the co-evolution of science and 

management appears to be diverging, with 

management practitioners being slow to 

implement new scientific approaches and 

opportunities. In particular, this is evidenced 

by a continuing absence of metapopulation 

science in contemporary State management 

plans. As highlighted by Torres (2023), self-

reflection and criticism are fundamental to 

the DBC fulfilling its mission. While some 

comments may be critical, challenges and 

debate are an important part of advancing 

conservation and have a long history in 

Transactions. 

This historical review of desert 

bighorn sheep conservation proceeds with an 

acknowledged bias toward (1) population 

assessments, habitat use, distribution, and 

movements; (2) enhancements of technology 

associated therewith; and (3) the scientific 

advancements that have resulted from the 

latter. These tools and data are fundamental 

to framing conservation in a regional 

landscape-level context for desert bighorn 

sheep. Our retrospective commentary will 

conclude with thoughts on current 

conservation challenges and will advocate 

that the DBC continue to support 

collaboration among scientists and managers 

that will enhance opportunities for species 

conservation.  

This history includes the 

simultaneous development of conceptual 

advances and technological enhancements 

that allowed data collection previously not 

available. These are not independent 

histories, in that new opportunities for data 

acquisition can influence scientific questions 

and basic concepts that can be pursued. As an 

example, the ability to extract DNA of 

adequate quality from fecal samples of desert 

bighorn sheep (Wehausen et al. 2004) 

allowed the topic of gene flow between 

populations to be researched, a subject that 

previously would have been ignored because 

of the inability to develop large enough 

sample sizes from what were considered to 

represent neighboring populations. 

Our objectives start with presenting 

key developments in science, technology, 

and management in a time series to illustrate 
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the evolution and establishment of 

metapopulation science as it can be applied to 

management of desert bighorn sheep. In this 

process we examine the partnership of 

science and management, future conservation 

challenges, opportunities of metapopulation 

science as a management principle, 

interagency and interstate planning and 

cooperation, scientific and management 

collaboration, and the role DBC has played. 

This historical chronology will help to 

establish context and emphasize the 

continued need to apply new conservation 

science to management. 

 

THE 1960s AND 1970s: PIONEERING 

SCIENCE AND MANAGEMENT 

EFFORTS 

  

This early era largely represented a 

call to document and consolidate knowledge 

and resulted in a period of discovery through 

the greater sharing of information. These 

discoveries included important 

organizational guidance and changes to better 

define the purpose and goals of the DBC 

(Torres 2023). These early efforts and 

research occurred at a time when new 

scientific results or knowledge incrementally 

contributed to advancing management. For 

example, more comprehensive and pre-

telemetry efforts at population assessments 

(Welles and Welles 1961, Weaver and 

Mensch 1970a) and development of water 

resources (Baker 1969, Warburton 1969, 

Welsh 1970) were advancing during the 

1960s. Many other elements of natural 

history (e.g., information on life requisites, 

predation, long range movements, disease) 

were limited by then-available methods or 

technology that, in some cases, resulted in 

anecdotal descriptions or speculative results. 

Shortcomings were compensated by 

intensive field work, with such efforts ñ... 

directed largely toward collection of data 

pertaining to seasonal distributions, 

population size, and reproduction and 

recruitment ratesò (Wehausen 1980:27). 

Nevertheless, these subjects were addressed, 

and often discussed in detail, in early issues 

of Transactions. The recognized need in 1962 

to collaborate and consolidate knowledge 

inspired DBC to produce The Desert Bighorn 

(Monson and Sumner 1980). 

 

Intermountain Movements Inspire a 

Landscape-level Perspective 

 

Early during this period, Simmons 

(1962:57) pointed out, ñBefore a wildlife 

species can be wisely managed, something of 

its behavior must be known.ò In referring to 

behavior, he meant on habitat use and 

movements. At that time, desert bighorn 

sheep were not known to make frequent long-

range movements that are an essential 

component of metapopulation dynamics 

facilitating use of seasonal habitats, breeding, 

and recolonization. As we know today, these 

movements occur relatively commonly 

(Schwartz et al. 1986; Bleich et al, 1990a, 

1996; Epps et al. 2003). Regarding long-

distance movements, Monson (1964:11) 

noted, ñéwe still are not in a good position 

to draw definitive conclusions regarding this 

phase of their behavior.ò He continued, 

ñTheir individuality and their thin numbers, 

in the most difficult terrain, makes them hard 

to study.ò 

At this point, we emphasize the 

importance of Monsonôs comments because 

they illustrate the evolution of scientific 

inquiry about behavior and movements at the 

level of the landscape, which is important to 

advancing management in a larger regional 

context, and is foundational to the 

conservation of metapopulations of desert 

bighorn sheep and other species. Monson 

(1964:11) also stated, ñThe picture is 

confused by unscientific statements that have 

won wide acceptance. Somewhat typical is 

this quotation from Jack OôConnors [sic] 
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(1939) Game in the Desert: The bighorns 

move from range to range following, the 

spotty desert rains, and during the mating 

season the breeding rams wander widely...ò. 

Although OôConnorôs statement is based on 

anecdotal experiences, bighorn sheep 

biologists now know the statement has more 

validity than was appreciated in 1964. 

Monson had documented several empirical 

records of long-range movements from 1942 

to 1964, and concluded that long-range 

movements are very rare and, љЮЮЮШsuch travel 

appears to be mainly by males, and long-

distance travel occurs mainly during the 

rutting seasonò (Monson 1964:17). Although 

he acknowledged the movements by rams, 

Monsonôs dismissal of OôConnorôs 

observations as unscientific reflected the lack 

of supporting data at that time; that dismissal 

was unfortunate in the context of its 

conservation significance.  

During the 1970s, the science and 

management of desert bighorn sheep 

benefited from newly developed very high 

frequency (VHF) radiotelemetry technology 

and its application to wildlife work. This 

early use and testing of VHF telemetry  

collars was problematic due to high failure 

rates (Douglas and White 1979, McQuivey 

and Pulliam 1980), and expense. 

Nonetheless, as technology improved during 

the later 1970s, knowledge about natural 

history, distribution, survival, and habitat 

requirements advanced as the result of 

monitoring radio-collared individual animals 

and was described widely in Transactions 

(Cooper and McLean 1974, Golden and 

Ohmart 1976, McCutchen 1977, Lenarz 

1977, Douglas and White 1978, Campbell 

and Remington 1979). Most large-landscape 

efforts were assisted by periodic fixed-wing 

aerial monitoring to determine locations and 

survival or mortality of marked individuals. 

Helicopters were being used in desert 

bighorn sheep research by the 1950s (Jones et 

al. 1957), and became frequently used for 

surveys, construction of water developments, 

and to capture animals using drive netting, 

corrals, or chemical immobilization via aerial 

darting (Jessup et al. 2014). The use of fixed-

wing aircraft and helicopters augmented 

more intensive ground monitoring and 

yielded a better understanding of distribution 

and movements. As a result of these and other 

comprehensive population inventories, 

habitat and distribution assessments began to 

address additional scientific questions about 

the spatial scale of movements, pattern and 

frequency of movements, sexual segregation, 

philopatry, and mortality. The answers to 

these were important in building an 

understanding of natural history and its value 

for advancing conservation. 

Methods to quantify the relative value 

of habitat patches to desert bighorn sheep 

were developed in the 1960s (Hansen 1967) 

and were applied by investigators by the end 

of that decade (Weaver and Mensch 1970a, 

1970b; Breyen 1971; Weaver and Hall 1971). 

It was not until Ferrier and Bradley (1970) 

published their findings in Transactions, 

however, that the potential use of such an 

approach was realized. The bighorn habitat 

index of Ferrier and Bradley (1970) was 

based on data collected through field surveys 

that quantified grass abundance, distance to 

water, and topography (i.e., degree of slope) 

in southern Nevada. This early, albeit simple, 

model represented an important scientific 

development that could be applied 

immediately to management, and inspired 

future approaches as data became available. 

Building further on regional 

landscape-level assessments, Yoakum (1973) 

initiated a survey of potential desert bighorn 

sheep re-introduction sites on all national 

resource lands in California, Nevada, 

Arizona, Utah, and New Mexico. Using a 

survey distributed to all Bureau of Land 

Management field offices, the potential value 

of these areas was assessed from historical 

records, status of water availability, and the 
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quantity and quality of grasses, forbs, and 

browse available. This effort identified 91 

sites as potential desert bighorn sheep habitat 

(Figure 1). These objective, science-based 

efforts were particularly important as an 

increasing number of states were embarking 

on translocation programs to re-establish 

bighorn sheep populations. During the same 

period guidelines for capturing and re-

establishing desert bighorn sheep were 

published in Transactions (Wilson et al. 

1973). These guidelines made important 

recommendations for management efforts, 

served as a starting structure for 

translocations, and provided a basis for future 

improvements. 

 

 
FIGURE 1. Results of an early range-wide 

survey to determine potential desert bighorn 

sheep habitats on national resource lands in 

the southwest (adapted from Yoakum 1973).  

 

After publication of the 

aforementioned guidelines, a commentary 

calling for genetic research was published in 

Transactions (Wilson 1974) and represented 

very advanced thinking for the time. The 

author envisioned that genetic research could 

offer additional tools for desert bighorn sheep 

management, stating: ñRecent publications 

have presented data and theories indicating 

that some bighorn populations are declining 

because of ógenetic factorsô ò (Wilson 

1974:50), and he further suggested four areas 

to consider: isolation and inbreeding, rutting 

behavior, selective harvest of rams, and 

diseases and parasites. Wilsonôs ideas were 

visionary, but science and genetics 

technology in the 1970s were not yet 

advanced enough to address these topics. 

Nonetheless, such forethought and insight 

paved the way for future work that led to 

important considerations and advances in 

bighorn sheep research, and eventually to the 

application of metapopulation theory to 

population management. 

 

Technology to Reduce Mortality and 

Maximize Data Acquisition 

 

Bighorn sheep researchers in the 

1970s faced other challenges. For example, 

high rates of capture myopathy or mortality 

were ongoing concerns for capture and 

translocation projects (Spraker 1977, Dalton 

et al. 1978, Jessup 1982) and warranted 

consideration. These problems were 

substantially reduced as wildlife managers 

moved away from the use of chemical 

immobilization and toward the use of less 

risky net-guns fired from a helicopter 

(Sandoval 1980, Jessup et al. 1982, DeForge 

et al. 1984, Remington and deVos 1985), and 

the use of drop nets (Erickson 1970, Papez 

and Tsukamoto 1970, Schmidt et al. 1978, 

Fuller 1984) or drive nets (Jessup et al. 2014). 

Today, all of these pioneering methods 

continue to be refined and are used in wild 

sheep management (Bleich and Lutz 2024, 

Lutz and Bleich 2026). 

 

THE 1980s: TECHNOLOGY AND 

SCIENCE ADVANCE MANAGEMENT 

AND SPECIES RECOVERY 

 

During the 1980s, desert bighorn 

sheep science and management continued to 

benefit from important advancements in 

technology and the development and 

improvement of methods for capture, 

monitoring, and transport. These 
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developments helped increase the feasibility 

of more research and management projects to 

benefit species conservation. During this era, 

state wildlife management agencies 

embarked on the largest radio-collar based 

monitoring efforts of extant populations yet 

undertaken and conducted many 

translocations of desert bighorn sheep to re-

establish populations in historical habitat or 

augment small or isolated populations. Given 

this large number of pioneering efforts, we 

characterize this as the ñcollar and follerò 

period, wherein projects werenôt necessarily 

designed to test specific hypotheses. Rather, 

managers were focusing on restoring 

historical populations, and thereby adaptively 

learning more about desert bighorn sheep 

natural history. The outcomes of these 

projects provided opportunities to evaluate 

results and generate best management 

recommendations for subsequent 

translocation projects (Leslie 1980, deVos 

and Remington 1981, deVos et al. 1981, 

McQuivey and Pulliam 1981, Morgart and 

Krausman 1981, Rowland and Schmidt 1981, 

deVos 1982, Dodd 1983, Elenowitz 1984, 

Remington and deVos 1985). The 1980s 

continued to represent a period wherein 

science was directly applied to management 

practice. For example, revisions of capture 

procedures for bighorn sheep were produced  

by Wilson et al. (1982). 

During the 1980s the reliability of 

radiotelemetry collars improved, and 

acquisition of information increased 

substantially, resulting in a data-rich period 

with learning opportunities for researchers. 

In addition, the increased use of fixed-wing 

aircraft for aerial monitoring (Krausman et al. 

1984) and helicopters for population surveys 

and captures (Jessup 1982) provided even 

more data. These efforts provided 

opportunities for population analyses 

(Furlow et al. 1981, Leslie and Douglas 1982, 

DeForge  1984),  habitat  assessment  (Holl 

1982, Wilson et al. 1980), and survival and 

mortality investigations (Munoz 1981). 

Although habitat analyses and movements 

provided new information, the ability to 

reliably interpret those data was limited by 

locational accuracy of the VHF technology 

and navigational instrumentation available at 

that time (Jaeger et al. 1993, Oehler et al. 

1996).  

It was at this same time that 

researchers and managers began to appreciate 

the potential importance of ñwandering 

ramsò (Cochran and Smith 1983) and 

movement corridors (Ough and deVos 1984) 

to the behavioral ecology of desert bighorn 

sheep. Cochran and Smith (1983) reported a 

male crossing large tracts of level terrain (up 

to 17.5 km) during several intermountain 

movements. While other investigators 

previously had described intermountain 

movements (Monson 1964, Witham and 

Smith 1979), Cochran and Smith (1983:2) 

concluded that, ñ... crossings of this 

magnitude are uncommon.ò 

During the early 1980s, Ough and 

deVos (1984) detected additional extended 

movements that they described as primary 

movement corridors connecting high-use 

areas within and between mountain ranges. 

Primary corridors contrasted with the rarer 

secondary travel corridors that crossed broad 

stretches of unsuitable habitat (Figure 2). 

Intermountain movements were considered 

in a conservation context: ñKnowledge of 

intermountain travel and the distribution of 

resources within a mountain complex is 

necessary to mitigate the impact of travel 

corridor disruptions effectivelyò (Ough and 

deVos 1984:32). This represented an early 

recognition of movement corridors as an 

important component of bighorn sheep 

habitat, and shortly thereafter was found to 

have a substantial influence on effect the 

viability of desert bighorn sheep populations 

(Schwartz et al. 1986). 
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FIGURE 2. Illustration of desert bighorn 

sheep primary and secondary travel corridors 

documented by Ough and deVos (1984). 

Primary corridors were represented by the 

shorter lines between mountain ranges. 

Secondary corridors were represented by 

longer lines over flat terrain (habitat types 

1,2). 

 

THE 1980s: CONSERVATION 

SCIENCE PROMOTES LARGE 

LANDSCAPE APPROACHES 

 

New conservation science was 

developing during the 1980s that considered 

the importance of large landscapes, habitat 

connectivity, and the management of wildlife 

populations in the context of long-term 

viability. Building on the landmark work of 

MacArthur and Wilson (1967), Soulé and 

Wilcox (1980) published seminal 

contributions representing an important 

juncture that advanced conservation science 

to a broad scale and was directly applicable 

to single- and multi-species management 

approaches. 

Although the importance of science 

and its application to conservation was 

recognized by wildlife managers and other 

applied scientists, the new concepts were just 

emerging and, ñ... the large majority of their 

academic colleagues thought the subject was 

beneath their dignity...ò (Soul® and Wilcox 

1980:2). Indeed, it was a concept that was 

recognized by practitioners but not yet 

accepted by or widely established in 

academic circles (Soulé and Wilcox 1980) 

despite the foundational importance of 

natural history to wildlife conservation 

(Berger et al. 2024). Desert bighorn sheep 

managers at this time still viewed populations 

as occupying independent islands of suitable, 

mountainous habitat, but largely in the 

absence of an appreciation for their 

importance and relevance to each other over 

a broader region (Schwartz et al. 1986). 

Consequently, any appreciation for 

movement corridors and the importance of 

inter-mountain areas remained a lower 

priority. This situation also promoted many 

reintroduction projects focused on restoring 

historical population(s) that resulted in 

isolated, less optimal sites being selected 

(Bleich et al. 1996). 

During the 1980s, bighorn sheep 

population status and viability primarily were 

determined by size, with the smaller 

populations considered less viable. Based on 

a simple analysis of historical data, Berger 

(1990) modeled desert bighorn sheep 

populations and predicted the extirpation of 

populations estimated to number Ò50 sheep 

within 50 years. This paper was challenged 

by Krausman et al. (1993), Goodson 1994, 

and Wehausen (1999) who showed this 

simplistic basis of predicting population 

persistence was flawed, concluding that the 

long-term persistence of many small 

populations refuted these predictions. As 

Wehausen (1999:384) pointed out, many 

factors affect the dynamics of mountain 
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sheep populations and that, ñ...causes of 

extinction are likely to be correspondingly 

complex.ò Indeed, the application of the 

small population paradigm (Caughley 1994) 

to this species is appropriate, but the 

extirpation of numerous populations largely 

has been explained by the widespread effects 

of pathogens and resulting disease (Clifford 

et al. 2009). Localized and independent 

extinction, and colonization of formerly 

occupied or otherwise vacant habitat are, 

however, fundamental assumptions and 

important elements in metapopulation 

dynamics (Lin 2022). 

As managers were learning about and 

beginning to appreciate the potential 

importance of connectivity between habitat 

patches, the movement of individual animals 

through long- and short-distance corridors 

became an additional factor to be considered 

in their management. 

In one of the most important papers of 

this era, Schwartz et al. (1986) examined the 

issue of genetics and inbreeding concerns in 

desert bighorn sheep populations in 

California and Nevada and demonstrated that 

genetic diversity could be maintained by a 

relatively low frequency of individual 

movements between mountain ranges. 

Considering historical and recently known 

movements of desert bighorn sheep, they 

concluded the observed rate of movement by 

individuals between populations was 

adequate to alleviate inbreeding concerns. 

Given these movement dynamics, Schwartz 

et al. (1986) speculated that their study area 

could more appropriately be thought of as a 

single metapopulation, or as a system of 

populations as defined by Levins (1970). 

This 1986 analysis and presentation further 

illustrated the potential importance of 

intermountain movements to the 

conservation and viability of desert bighorn 

sheep populations by elevating recognition in 

the value of open non-traditional habitats 

between mountain ranges. 

The earliest statewide distribution 

map of desert bighorn sheep in California 

was a hand-colored map by Joseph Grinnell 

in 1914 (Figure 3). This early effort generally 

outlined the distribution of desert bighorn 

sheep but did not include many attributes 

other than recording some select years that 

important observations were made. In the 

latter 1980s, other investigators were 

working on an inventory and mapping project 

of all known historical and extant populations 

of desert bighorn sheep in California 

(Wehausen et al. 1987). This important effort 

helped produce the first accurate 

representation of desert bighorn sheep 

populations statewide and assigned 

demographic attributes to each: native, 

relocated, and extirpated. As this project 

continued into the 1990s, this1987 inventory 

was updated and digitized into a geographic 

information system format (Figure 4). This 

new technology proved to be a valuable tool 

given the land management changes 

following passage of the California Desert 

Protection Act (U.S. Congress 1994). The 

resulting map became an invaluable visual 

resource that further informed and inspired 

habitat and population management and 

served as an important base upon which to 

build. 

During this period, recognition of the 

vulnerability of desert bighorn sheep 

populations to pneumonia following 

association with domestic sheep increased 

(Foreyt and Jessup 1982, Goodson 1982, 

Jessup 1985) and resulted in management 

guidelines for domestic sheep when in the 

vicinity of bighorn sheep habitat (Desert 

Bighorn Council Technical Staff 1990). 

These guidelines helped establish the need 

for spatial separation and provided 

parameters that later were adopted by federal 

and state agencies and remain at the forefront 

of recommendations regarding the 

management of domestic sheep grazing in 

bighorn sheep habitat (Western Association 
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of Fish and Wildlife Agencies 2025).  

Despite development of novel 

methods and the forward-thinking articles 

that were published in Transactions over a 

period of nearly 40 years, contributions to the 

journal dropped substantially starting in the 

mid-1990s. Thus, citations of papers 

published in Transactions are less 

represented in our continuing discussion of 

the application of science to management. 

This was coincident with a period wherein 

large mammal systems ecology expanded 

across numerous species and fields and the 

eventual transition of annual DBC meetings 

to a biennial schedule, with the result that 

Transactions have been published every other 

year since 2003. As a result, we expand the 

following discussion from our initial focus on 

Transactions to publications in other journals 

and sources that have contributed to desert 

bighorn conservation during the more recent 

past. 

 

 
 

FIGURE 3.  The earliest map of the statewide distribution of bighorn 

sheep in California was prepared by Joseph Grinnell in 1914. 

California Department of Fish and Game archives. 
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FIGURE 4. The first precise representation of 

bighorn sheep populations in California and 

the population status (native [green], re-

established [blue], or extirpated [red]). 

California Department of Fish and Game 

archives, 1993). 

 

THE 1990s: SCIENCE AND 

TECHNOLOGY BUILD NEW 

APPROACHES TO MANAGEMENT  

 

The 1990s established opportunities 

where new technology and conservation 

science inspired the application of 

management approaches across large 

landscapes and over longer time frames. 

Technological advancements included the 

availability and application of advanced 

navigational technologies to wildlife 

science, and particularly large mammals, 

including desert bighorn sheep. Among 

these were the use of LORAN-C (Jaeger et 

al. 1993, Oehler et al. 1996), followed by 

satellite-based Global Positioning System 

(GPS) technology (Torres and Bleich 2000) 

combined with remote data download 

capabilities; these developments enhanced 

mapping accuracy of telemetered animals 

during aerial surveys. In addition, the 

combination of GPS and satellite technology 

enhanced opportunities to investigate 

sudden, rapid movements or migrations, 

timing of mortality events, and increased 

mechanistic insights into climate, 

movements, and population linkages 

(Hebblewhite and Haydon 2010). The 

enhanced availability of habitat data across 

large landscapes (e.g., the USGS GAP 

Analysis Project), geographic information 

system software that facilitated processing 

and presentation of multivariate, spatially 

explicit data (e.g., ARC/INFO, ESRI, 

Redlands, California, USA), and the 

development and application of long-term 

population viability modeling and risk 

assessment tools were important. New 

methods and improved capabilities for 

storage, testing, and analysis of genetics and 

disease samples also were developed. 

During this era researchers 

continued to refine understandings of the 

importance of movements through flat and 

largely open intermountain habitats between 

mountain ranges and introduced 

metapopulations as an ecological construct 

that fits how desert bighorn sheep 

populations distribute regionally (Bleich et 

al. 1990a:384; Figure 5): ñésmall areas of 

mountainous habitat that are not 

permanently occupied but that may serve as 

óstepping stonesô within such corridors must 

be recognized for their potential importance 

to relatively isolated populations of 

mountain sheep.ò This work was 

foundational in the recognition that desert 

bighorn sheep populations function as a 

system of interconnected populations 

(Bleich et. al. 1990a).
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FIGURE 5. Populations of desert bighorn sheep comprising a metapopulation fragment that 

was created by construction of Interstate Highway 40 and Interstate Highway 10 in San 

Bernardino and Riverside counties, 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 indicate documented intermountain movements by desert 

bighorn sheep at the time of publication (Bleich et al. 1990a). Movements between 8 

additional pairs of mountain ranges inhabited by bighorn sheep have since been confirmed. 

 

 

Bleich et al. (1996), while 

recognizing that metapopulation theory 

initially had been applied to desert bighorn 

sheep using estimated levels of gene flow 

(Schwartz et al. 1986), demonstrated how 

the founding properties (habitat patches, and 

recolonization and extirpation events) that 

defined metapopulations (Gilpin 1987, 

Hanski et al. 1991) fit desert bighorn sheep. 

Bleich et al. (1996) also showed how desert 

bighorn sheep distribution over broad 

regions reflects interconnected and 

independent populations wherein 

recolonization and extirpation events are 

part of a dynamic system of populations  

 

occurring at a landscape level. They 

emphasized that this regional landscape-

level conservation approach is necessary to 

ensure that reserves of adequate size are 

established and protected (Agee and 

Johnson 1988) and emphasized that 

interagency cooperation is essential to 

implement strategies to manage reserves for 

the long-term persistence of large mammals 

(Salwasser et al. 1987). 

This fusion of science and 

technology inspired the application of 

metapopulation science to the management 

of desert bighorn sheep. This approach 

seemed particularly ideal for what we have 



2025 DESERT BIGHORN COUNCIL TRANSACTIONS: VOLUME 58 

Torres et al. Å From Field Notes to Policy 

learned about desert bighorn sheep. With the 

recognition that the distribution of these 

large, specialized ungulates reflects a system 

of demographically independent, yet 

geographically interconnected, populations 

that comprise a metapopulation came the 

realization that many historical 

metapopulations have been subdivided and 

now are defined by anthropogenic barriers 

or activities that have fragmented the 

landscape (e.g., interstate highways, canals, 

solar developments, windfarms). Hereafter, 

we use the term metapopulation fragments 

in reference to many of the metapopulations 

identified and use them to define 

management boundaries. Although a 

somewhat academic distinction, these 

fragments represent portions of one or more 

large metapopulations that historically 

existed across an intact landscape (Bleich et 

al. 1996).  

Recognizing its applicability to the 

conservation of desert bighorn sheep (Torres 

et al. 1994, 1996; Bleich et al. 1996), 

metapopulation fragments became the 

bighorn sheep management units in 

California (Figures 6, 7). Torres et al. (1994, 

1996) formally adopted this approach as a 

management principle and provided a map 

of 11 extant and historical metapopulations 

(Figure 6) while also assigning size classes 

to the populations within each 

metapopulation fragment. Using this 

approach (Torres et al. 1994) provided a 

method of using size classes within 

metapopulations to estimate statewide 

numbers, and to provide a  way in which 

those size class profiles can be compared 

within and among metapopulation 

fragments over time.. These population 

inventories later were updated to reflect 

demographic changes in desert bighorn 

sheep populations from 1995 to 2004 

including extirpations, reestablishments 

through translocation, or natural 

recolonization (Epps et al. 2003), providing 

updated information on the distribution and 

size of populations and observations on the 

dynamics of metapopulation fragments in 

California (Appendix A). In a 

metapopulation management context, 

populations can be viewed as both 

independent and interconnected in a system 

of populations (i.e. as metapopulation 

fragments, with extirpation and 

recolonization as part of a measurable 

dynamic. Establishing the use of natural 

metapopulations, or metapopulation 

fragments, as a management principle has 

demonstrated its potential to be highly 

effective in addressing conservation 

challenges involving the maintenance of 

movement corridors (or movement 

conduits; Jenks 2018) or the management of 

barriers relative to the spillover of pathogens 

and serves as a strong model for 

management programs in other 

jurisdictions. 

 

 

 
FIGURE 6. First published map of 

hypothetical metapopulation fragment 

boundaries of bighorn sheep in California, 

including the then putative subspecies O. c. 

californiana and O. c. cremnobates (Torres 

et al. 1994).
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FIGURE 7.  Thirteen metapopulations of desert bighorn sheep were spatially 

defined in California circa 1850 based on historical information at that time 

(Bleich et al. 1996). By 1970, the number remained similar to that circa 1850 

because additional metapopulations created by fragmentation were offset by the 

loss of what were thought to have been insular populations or were population 

pairs. Since 1970, proliferation of the interstate highway system in southeastern 

California further fragmented mountain sheep metapopulations. Also shown are 

the distributions of Sierra Nevada bighorn sheep, and several insular 

populations of desert bighorn sheep not linked to the metapopulation criteria of 

Bleich et al. (1996), from which this image was adapted.
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THE 2000s: INTEGRATION OF 

SCIENCE AND METAPOPULATIONS 

AS A MANAGEMENT STRATEGY  

 
This period was one that integrated 

science across many disciplines. 

Advancements in sciences and technology 

and the resulting accumulated finer scale 

data led to improved habitat modeling, a 

greater recognition of the importance of 

intermountain movements, enhanced 

monitoring of cause-specific mortality, 

implementation of epidemiological 

investigations, and the addition of genetics 

investigations into all these sciences. 

Together, these advancements led to an 

increase of metapopulation science and its 

direct application to management practices. 

Desert bighorn sheep in the 

Peninsular Ranges of southern California 

have been identified as a metapopulation 

fragment, were classified as a distinct 

population segment under the Endangered 

Species Act (ESA, U.S. Congress 1973), 

which was the first time any species (or 

subspecies) of North American Ovis had 

been classified as such under the ESA. 

Although previously considered a distinct 

subspecies (O. canadensis cremnobates), 

this taxonomic distinction was called into 

question by Wehausen and Ramey (1993, 

2000), who synonymized them with 

Nelsonôs bighorn sheep (O. c. nelsoni). 

Additionally, the classification of a 

particular subspecies seemed like an 

inappropriate listing criterion from a 

conservation standpoint. At the time, 

endangered species listing petitions 

primarily relied on population size and 

habitat boundaries as elemental criteria. This 

approach appeared to be an inadequate 

representation for a wide-ranging terrestrial 

mammal such as bighorn sheep, particularly 

given the immediate threats to habitat that 

were associated with development in the 

Coachella Valley and the need to maintain 

connectivity among 9 distinct herd units. 

Desert bighorn sheep in the 

Peninsular Ranges occur in a relatively 

narrow east-facing band of habitat typically 

below an elevation of 1,400 m from the San 

Jacinto Mountains at the northern terminus 

of those mountain ranges in Riverside 

County, California and southward through 

much of Baja California, Mexico (U.S. Fish 

and Wildlife Service 2000, Valdez et al. 

2026). Following recognition of bighorn 

sheep in the Peninsular Ranges as a distinct 

metapopulation fragment, population 

viability modeling was used to establish 

several delisting criteria: a minimum of 25 

females  must be present in each of 9 

recovery regions during 12 consecutive 

years (2 generations) without continued 

population augmentation; the range-wide 

population must average 750 individuals 

with a stable to increasing population trend 

over 12 consecutive years; regulatory 

mechanisms and land management 

commitments must have been established 

that provide for long-term protection of 

desert bighorn sheep and all essential 

habitat. Essential habitat is that which 

includes landscape features essential to 

conservation such as areas for lambing, 

feeding, and watering. Additionally, 

connectivity among all portions of habitat 

must be established to allow sheep to move 

freely throughout the peninsular ranges. 

This initial application of 

metapopulation science to population 

recovery and management stands as a 

demonstrated success by integrating the 

importance of intermountain habitat, 

connectivity, and the potential 

recolonization of unoccupied habitats. The 

metapopulation approach also was used for 

bighorn sheep (O. c. sierrae) occupying the 

Sierra Nevada (Figure 8). Given that this 

metapopulation occurs almost entirely on 

public land, the primary threats were from 

domestic sheep grazing allotments and 
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mountain lion (Puma concolor) predation 

(U.S. Fish and Wildlife Service 2007). The 

discontinuous spatial occurrence of these 

threats has proven the metapopulation 

model to be a very effective strategy in 

developing management priorities and 

recovery criteria, and metapopulation 

processes are now well-documented for this 

subspecies (Wehausen 2023). Natural 

colonization and localized extirpations have 

been recorded, and a high potential for gene 

flow between herd units is evident by 

movements of telemetered sheep and the 

application of assignment tests to genetic 

data. Indeed, actual gene flow has been 

documented via parentage testing. And, 

natural colonizations have reduced 

translocation needs. 

 

 
FIGURE 8.  The four recovery units and herd 

units (i.e., populations) that comprise the 

metapopulations of Sierra Nevada bighorn 

sheep (U.S. Fish and Wildlife Service 2007). 
 

The concept of managing bighorn 

sheep based on metapopulation theory was 

built on the observations and critical 

thinking of many pioneering members of 

DBC and the application of those 

observations in the context of advancements 

in concepts about population ecology (Soulé 

and Wilcox 1980, Soulé 1987). As a result, 

conservation of desert bighorn sheep has 

shifted toward the paradigm of 

metapopulation management. In the last 25 

years, metapopulation conservation tools 

have become available, have been applied to 

desert bighorn sheep management, and have 

had immediate and largely positive effects 

following implementation. This 

conservation approach powerfully blends 

higher resolution data derived from newer 

technologies and science, as in the following 

examples.  

 

Identifying Interconnectivity, Pathways, 

And Priority Corridors Using Landscape 

Genetics 

 

Recognizing the need to predict population 

connectivity and animal movements in 

complex landscapes, Epps et al. (2007) 

tested dispersal and corridor models using a 

combination of ñleast-costò modeling and 

estimates of gene flow. This effort was 

successful at predicting population 

connectivity, predicting probable movement 

corridors, areas where migration rates may 

be higher, and investigating the role of 

barriers, or translocations, that have affected 

connectivity. As a result, this work provides 

a valuable tool to begin assessing landscape 

connectivity for management. Following 

this initial effort, Epps et al. (2018) 

reexamined functional connectivity in a 

metapopulation to consider changes over 

time. While they did observe changes in 

connectivity over just two generations, it 

occurred only in specific locations, and the  

authors recommended that movement 

patterns be revisited periodically to enhance 

scientific management, particularly in 
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dynamic landscapes or those that have been 

fragmented by human constructs or actions.  

Investigators have used GPS 

location data to evaluate movements and 

derive and calibrate models that then were 

used to simulate and identify probable high-

use locations along highways that may serve 

as barriers to movements (Crabb and 

Bristow 2015, Aiello et al. 2023). These 

results were used to compare previously 

predicted genetic corridors and roadkill 

events. Their results demonstrated how 

simulation may reveal the probability of 

movements within historical 

metapopulations that have been fragmented, 

and how strategies can be developed to 

restore corridor function and assess potential 

benefits of restoration. Had these methods 

been considered prior to the passage of the 

California Desert Protection Act (U.S. 

Congress 1994) and had that information 

been used in the planning process, some of 

the issues (e.g., wilderness boundary issues, 

habitat enhancement constraints, isolated 

populations) that desert bighorn sheep 

managers currently face would have been 

lessened, if not eliminated entirely (Bleich et 

al. 2023). 

 

Predictive Analysis and Modeling 

Population Persistence Within 

Metapopulations 

 

Epps et al. (2004) demonstrated how 

metapopulation structure can be sensitive to 

climate change patterns and how certain 

parameters were positively or negatively 

associated with population persistence. This 

large landscape analysis allows managers to 

evaluate suitability of different mountain 

ranges within metapopulation fragments 

when considering management actions or 

priorities, such as translocations, predation 

management, or habitat enhancements. 

Wehausen and Epps (2021) revisited this 

modeling approach and further 

demonstrated its robustness and immediate 

applicability to management (Figure 9). 

An important additional finding was 

that habitat patches, identified as individual 

mountain ranges, varied greatly in their 

ability to support persisting populations of 

desert bighorn sheep. The authors further 

discussed how populations in the best 

habitat patches need to be provided with the 

highest protection in the context of 

metapopulation conservation, a concept 

upon which recommendations for habitat 

enhancement was based (Bleich 2009). The 

work of Wehausen and Epps (2021) serves 

as an important example for assisting 

wildlife management agencies to further 

visualize how metapopulation fragments are 

structured when establishing management 

priorities (Wiedmann et al. 2024), 

particularly as they relate to the conservation 

or enhancement of habitat. 

 

Prioritizing Management Within a 

Metapopulation 

 

Creech et al. (2014) creatively used 

a modeling approach based on network 

analysis to prioritize management actions 

within a desert bighorn sheep 

metapopulation fragment. This method 

facilitated identification of the most 

important habitat patches and dispersal 

corridors requiring protection or restoration 

with the goal of optimizing landscape 

connectivity. Their models relied on genetic 

data to construct networks of genetic and 

demographic connectivity to identify high 

priority habitat patches. Wehausen and Epps 

(2021) later pointed out that this approach 

can be improved by considering habitat 

differences among potential patches. 
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FIGURE 9. Categories of extinction probabilities developed by Wehausen and Epps (2021) 

for desert bighorn sheep populations comprising metapopulation fragments in southeastern 

California. Bighorn sheep inhabiting the Sierra Nevada, the Peninsular Ranges, or the 

western Transverse Ranges were not included in the modeling exercise. Adapted from 

Wehausen and Epps (2021).
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Genetic Analyses for Optimal Strategies 

to Assist Translocations 

 

Buchalski et al. (2016) examined the 

phylogeographic and population genetic 

structure of bighorn sheep in North 

American deserts and concluded that the 

subspecies (including the Peninsular Ranges 

metapopulation) should be managed as if 

they remained distinct taxonomic entities to 

preserve maximal biodiversity. These 

authors further recommended avoiding 

translocations among peninsular, Nelsonôs, 

and Mexican bighorn sheep, and adoption of 

the ólocal is bestô translocation strategy 

(Ramey 1995) as the most reliable means for 

preserving local adaptation and phenotypes. 

Gille et al. (2018:838) similarly concluded, 

ñAlthough translocation management has 

successfully contributed to the 

reestablishment of desert bighorn sheep 

populations in Arizona without diminishing 

genetic diversity, future translocations 

should proceed with caution to preserve the 

genetic integrity and potential local 

adaptations within the Nelsonôs and 

Mexican desert bighorn sheep 

metapopulationséò, a conclusion reached 

simultaneously for Ovis c.. canadensis 

occupying an entirely different ecosystem 

(Bleich et al. 2018, Jahner et al. 2026). 

 

Analysis of Disease Risk and 

Transmission in Metapopulations 

 

An epidemiological approach to 

investigating disease fits well for species 

distributed as metapopulations by 

contrasting exposure or infection measures 

with demographic parameters, including 

genetic diversity, at broad regional 

landscapes. Because habitat fragmentation 

lowers genetic diversity (Gutiérrez-Espeleta 

et al. 2010), decisions on managing for 

connectivity are challenged byШthe risk of  

 

exposure to or the spread of disease, as has 

been emphasized with respect to 

translocations (Thorne et al. 1992, Griffith 

et al. 1993). Thus, connectivity among 

populations represents a double-edged 

sword: necessary for gene flow but 

potentially deleterious from the standpoint 

of disease transmission (Simberloff and Cox 

1987). Dugovich et al. (2023) reported that 

connectivity was correlated with higher 

immunogenetic diversity, a protective 

immune response, lower disease prevalence, 

and the relative isolation of many of these 

populations did not protect them from the 

invasion of pathogens. 

Genetic and demographic properties 

are important to connectivity in desert 

bighorn sheep metapopulation fragments. 

Dekelaita et al. (2023) found that sex, age, 

and infection status at capture influenced 

intermountain movements and seasonal 

movement rates during 2013ï2018 for 14 

populations in California following a 

pneumonia outbreak. Males, older animals, 

and uninfected individuals were most likely 

to make intermountain movements, and 

females that tested positive at capture had 

lower mean daily movement rates, 

providing evidence of pathogen infection 

decreasing individual mobility and thereby 

limiting spread of the pathogen. 

Likewise, research conducted on 18 

populations of desert bighorn sheep within 

and among metapopulation fragments over a 

period of 40 years indicated that population 

connectivity, environmental suitability for 

disease vectors, and proximity to cattle 

grazing allotments affected pathogen 

exposure, specifically for pathogens that can 

infect desert bighorn sheep and domestic 

cattle (e.g., bovine respiratory syncytial 

virus, Chlamydia spp., and parainfluenza 

virus-3; Carpenter et al. 2025). ñ... only a 

subset of serological tests had any positive 

association with population connectivity, 
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challenging the long-debated assertion that 

increasing metapopulation connectivity will 

most often lead to increased risk of disease 

exposure. Instead, these data suggest that the 

benefits, and costs of population 

connectivity on managing wildlife disease 

are dependent on pathogen characteristicsò 

(Carpenter et al. 2025:1). Collectively, these 

researchers favor increased metapopulation 

connectivity as a viable conservation 

strategy in the long term. 

 

Management Planning 

 

The metapopulation approach 

applied to the statewide management of 

desert bighorn sheep in California (Torres et 

al. 1994,1996; Epps et al. 2003) 

demonstrated an effective framework with 

which to integrate innovative conservation 

sciences into management practice. This is 

especially true for the rapidly advancing 

sciences of disease and genetics 

investigations. The California Department 

of Fish and Wildlife (2025a) recently 

completed and released the plan for bighorn 

sheep in California. This document 

recognizes the metapopulation structure of 

bighorn sheep populations and incorporates 

that concept in the delineation of 6 bighorn 

conservation units (BCUs): Northern 

Deserts, North Central Deserts, South 

Central Deserts, Southern Deserts, and 

Transverse Ranges (Figure 10). The sixth 

BCU is in extreme northern California, but 

only transient bighorn sheep from 

neighboring states currently use this area 

(Glass et al. 2025). 

Delineation of the BCUs are based 

on or derived from previously designated 

metapopulation fragments. As dictated in 

that statewide plan, each BCU is to have a 

management plan prepared that provides 

information on: (1) the numbers, age, sex 

ratios, and distribution of bighorn sheep 

within the conservation unit; (2) range 

conditions and competition that may exist as 

a result of human, livestock, feral burro 

(Equus africanus asinus), or any other 

mammal encroachment; (3) the need to 

relocate or re-establish bighorn populations; 

(4) the prevalence of disease or parasites 

within the population; and (5) 

recommendations for achieving the policy 

objectives. Each of these requisites had been 

included specifically in the previous plan 

(California Department of Fish and Game 

1983), and 3 years later each requisite was 

legislatively mandated and codified in state 

law (California State Legislature 1986). 

Unfortunately, the current California 

bighorn sheep plan has used the term 

subpopulations when referring to 

populations known to be independent of 

each other. This terminology confuses the 

fundamental recognition of metapopulation 

structure, independent dynamics, the 

recolonization-extinction dynamic, genetic 

connectivity, and the use of metapopulation 

fragments as a unique measurement variable 

that provides value for regional assessments 

or management planning. Subpopulations 

are not defined as elements in the context of 

metapopulation dynamics, and we urge the 

use of that term be abandoned. To date, a 

management plan has been drafted only for 

the North Central Deserts BCU (California 

Department of Fish and Wildlife 2025b). 

 

DISCUSSION  

 

Science and management co-

evolved with new approaches to 

conservation implemented through capture 

and survey methods, determinations of 

cause-specific mortality and survival rates, 

water development planning and 

development, disease investigations, and 

habitat suitability assessments. These newer 

approaches to conservation, however, which 

emphasize the importance large landscapes, 

metapopulations,  intermountain   corridors, 
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FIGURE 10. The six bighorn sheep conservation units defined in the recently completed 

management plan for bighorn sheep in California (California Department of Fish and Wildlife 

2025).

 

and population structure and genetics, are 

not being widely implemented by 

management agencies, as evidenced by the 

continued absence of those terms in desert 

bighorn sheep management plans or in state  

 

status reports published in Transactions. In 

the absence of implementation, new 

scientific approaches reported in research 

publications represent missed opportunities 

limiting a wildlife managerôs ability to apply  



2025 DESERT BIGHORN COUNCIL TRANSACTIONS: VOLUME 58 

Torres et al. Å From Field Notes to Policy 

 

that knowledge proactively. Since 1994, 

California has been the only state inhabited 

by desert bighorn sheep that has firmly 

established the concept of metapopulation 

structure as a management principle. 

If scientists and managers could 

agree that managing desert bighorn sheep 

populations as metapopulation fragments 

over large landscapes is the most appropriate 

conservation strategy in the long term, that 

consensus should greatly assist conservation 

within states, and foster collaboration 

between or among state wildlife agencies, 

especially for those populations or 

metapopulation fragments that straddle state 

lines Additionally, if state wildlife 

management programs use a common 

nomenclature for describing their bighorn 

sheep population resource, then standards 

for reference can be established and 

priorities and research can be shared readily 

across jurisdictions. Further, and from the 

human dimensions standpoint, biologically 

defined metapopulation maps potentially are 

more meaningful than hunting unit 

boundaries, would reflect a management 

approach that is grounded firmly in scienceШ
and the ecology of the species to which 

management focus is being applied, yet not 

preclude harvest constraints on populations-

comprising either the metapopulation or a 

metapopulation fragment. Such an approach 

would facilitate the application of 

metapopulation science to address important 

conservation priorities, including habitat 

enhancements, population connectivity, 

barriers to movement, recommendations for 

translocation(s), and risk of pathogen 

spillover, while simultaneously permitting 

appropriate regulatory constraints. 

Building on these fundamentals, data 

visualization is important to establish the 

biological context for addressing stressors 

promoting habitat fragmentation, or use in 

 

land-use planning, habitat protection, and 

water developments, and management of 

exotic ungulates. Using metapopulation 

fragments as a management foundation 

allows flexibility in the designation of 

boundaries that can be established on known 

connectivity of populations, geographic 

boundaries or anthropogenic barriers, 

resource stressors and uncertainties, or 

management convenience if deemed 

desirable. Once such boundaries are 

established and mapped, populations within 

them can be inventoried and assigned 

attributes that document the status and 

management history of each. Boundaries of 

metapopulation fragments can be modified 

or adapted as interconnectivity and 

movements become more evident or are re-

established. An approach that documents 

and serves as a standard baseline of data also 

preserves program memory (Fisher 2021, 

Diaz and Corti 2025), communicates the 

distribution of the resource to the public and 

agencies, and proactively helps to address 

future conservation needs. The importance 

and use of simple data visualization through 

metapopulation maps should not be 

underestimated. 

Without the ongoing and continuing 

implementation of evolving applied science 

in management programs, agencies miss 

opportunities to demonstrate contemporary 

science-based conservation. We suggest 

strongly that desert bighorn sheep 

management not risk being perceived 

primarily for hunting or harvest objectives. 

Rather, those goals should represent the 

realized benefit of successful management 

programs based at a landscape level. 

Numerous organizations, many with a 

strong focus on sustainable hunting 

opportunity and are partners in conservation 

dedicated to the persistence of desert 

bighorn sheep, agree with that premise.   
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THE ROLE OF THE DESERT 

BIGHORN COUNCIL 

TRANSACTIONS 

 

Transactions have played an 

important role recording and 

communicating science and management. 

Krausman (1992:48) provided an excellent 

commentary on the use of Transactions and 

reported that authors used nearly 200 

sources when writing about mountain sheep. 

In ranking these sources, Transactions were 

the ñ...sixth of over 170 cited sources of 

literature and the second most commonly 

cited source among peer-reviewed 

journalsò. Moreover, papers published in 

Transactions were cited 157 times among 

the 22 chapters comprising the most recent 

and authoritative book on North American 

wild sheep (Krausman and Jex 2026). These 

statistics confirm the importance of 

Transactions as a source of information over 

more than 30 years. If maintained as 

historically intended, Transactions will 

remain an outstanding source of information 

on desert bighorn sheep and their natural 

history, biology, management, and 

conservation successes, as investigators and 

managers continue to rely on them. 

Currently, efforts are underway to 

revitalize and ensure the future utility of 

Transactions as a meaningful source of 

scientific information. The first step was to 

obtain an International Standard Serial 

Number, which will facilitate use of 

Transactions by literature review services 

and the generation of a journal impact factor, 

both of which will encourage investigators 

to publish their work in Transactions (Bleich 

2023). Such an outcome may be facilitated 

by the emergence and global proliferation of 

what have been described as paper mill or 

predatory journals that offer near-instant 

gratification to authors by ensuring rapid 

peer review and publication. There now are 

so many such journals that the metrics 

previously used to assess academic 

performance may no longer be meaningful 

(Fire and Guestrin 2019), and others are 

beginning to question the role of those 

journals in science (Joelving 2024, Crabtree 

et al. 2025, Richardson et al. 2025). As a 

result, Transactions may see renewed 

interest as an outlet for applied research. 

In addition to ensuring peer review 

of technical reports, Transactions are unique 

because they possess historical and valuable 

information on desert bighorn sheep 

management that other publications often do 

not (Krausman and Jex 2026). This includes 

state status reports, contemporary and 

historical commentaries, and they 

memorialize outcomes of management 

efforts, whether positive or negative. State 

status reports remain particularly important 

because this type of information often 

cannot be found easily and may not exist in 

a historical context. It is valuable for state 

management programs to continue to put a 

priority on preparation and publication of 

these reports, as they serve to communicate 

and document management efforts often 

unique to the era. When implementing 

science in management, the authors of such 

future accounts should consider defining 

metapopulation fragments and including 

information on the bighorn sheep resource in 

that context and report fractures in genetic 

and demographic linkages that might 

redefine the metapopulation fragments.  

Good examples of Transactions 

assisting managers and scientists by 

documenting state management efforts 

include translocation summaries 

(Tuskamoto 1993; Bleich et al. 1990b, 

2021). Such accounts demonstrate how 

important it is for managers to publish and 

thereby retain valuable information that 

otherwise would be extremely difficult for 

future investigators to access. Accordingly, 

we strongly recommend that DBC members 

and other investigators expand publication 
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of peer-reviewed research, commentaries, 

noteworthy field observations, and case 

histories in Transactions, which provide a 

venue for material that has potentially 

important management implications.  

 

MANAGEMENT CONSIDERATIONS   

 

We are pleased that conservation 

science is advancing, but are concerned that 

implementation of landscape-level scientific 

concepts in management and plans has been 

lacking, or has been implemented slowly at 

best, over the last 3 decades. Previously, 

science and management were better aligned 

and more responsive. For some reason, 

however, the implementation of 

biologically-based, landscape-level science 

currently appears to be viewed as an 

obstacle to resource management. 

The Bureau of Land Management 

(1989) prepared and published a 

management plan for bighorn sheep 

occupying all applicable desert mountain 

ranges in the southwestern United States, 

setting as a goal, ñ... the recovery of 115 

populations to viable status (Ó100 sheep)ò. 

Although this proposed objective 

emphasized population size as the metric 

that characterized success at the time, the 

plan was visionary in that it promoted a 

broad, landscape-level approach to 

conservation. Bleich et al. (1990a:386) 

recognized the value of this approach but 

noted, however, that for it to be successful, 

ñ...there remains a need to map all potential 

metapopulations of mountain sheep as well 

as known and potential intermountain 

corridors throughout their desert range, and 

to develop conservation strategies on that 

geographic scaleò. This should also include 

metapopulation fragment designations so an 

historical account of what once was, and 

what conditions could arise in the future, is 

memorialized.  

After further demonstrating and 

recognizing the need for landscape-level 

conservation efforts, Bleich et al. 

(1996:367) emphasized that, ñThe 

ramifications of metapopulation structure 

for mountain sheep conservation are clear: 

managers must ensure that anthropogenic 

extirpations are minimized and that 

opportunities for natural recolonization by 

females and the migration of nuclear genes 

via males are not impeded. For mountain 

sheep, the future is now. Adequate planning 

and interagency cooperation will best serve 

the future of this speciesò. We emphasize 

that opportunities to develop proactive, 

rather than reactive conservation strategies, 

should not be wasted (Wilcove 1987). 

There is still important work to do 

for the future of desert bighorn sheep 

conservation. Do state wildlife and federal 

land management agencies, however, 

support a regional landscape-level approach 

to management that includes using 

metapopulation biology as a management 

principle? If so, then there is an opportunity 

to define the desert bighorn sheep resource 

in a stronger biological context that includes 

management units based on a structure and 

on terminologies that can be used 

consistently across jurisdictions and 

international boundaries. To do so would 

facilitate interagency, interstate, and 

international collaborations and the sharing 

of scientific tools to address stressors such 

as habitat fragmentation, defining 

movement corridors (perhaps more 

appropriately described as movement 

conduits; Jenks 2018), water availability, 

identification of priority translocation sites, 

renewal of partnerships with land 

management agencies, or developing 

partnerships with private landowners, 

addressing influences of exotic animals, and 

modeling disease risks. All of these issues 

could be addressed and statistically analyzed 

with more scientific power, which would 

also help future managers prioritize 
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communication with the public. ñThere is ... 

a need for better communications between 

the research technician or scientist and 

others both outside and in the field of 

wildlife managementò (Hansen 1967:80). 

It is essential that researchers and 

wildlife managers work together to apply 

newfound scientific strategies to benefit 

desert sheep conservation and management; 

ñéI'd like to say that one of the biggest 

complaints today about the research 

biologists in the wildlife field is that they do 

not apply their research or they do not or 

cannot communicate to others outside of 

their field the reason behind their research, 

or they don't communicate the knowledge 

they have gained from their researchò 

(Hansen 1967:83). Within the Desert 

Bighorn Council, this has been recognized 

for decades and we hope our thoughts will 

help keep scientists and managers 

collaborating in applied research (Torres 

2023). Moreover, ñIn this second part of the 

purpose of the Council we deal not with the 

gathering of information and its 

dissemination but in the translation of this 

information into decisions [sic] and actions 

[sic] that will have a definite effect on the 

welfare of the animals. This part of the 

purpose calls for action and the achievement 

of definitely stated resultsò (Graf 1966:10).ò  

We emphasize that it is important 

and necessary for the DBC to continue 

serving the vital role of linking professionals 

and advancing conservation. To do so, 

Transactions must remain a viable outlet for 

the dissemination of knowledge and serve to 

help managers adapt to conservation 

challenges as they arise. For this to occur, 

we must encourage individuals to 

collaborate and implement optimal science 

in their approach to management and 

conservation. We thereby encourage and 

support DBC member states to better align 

current management with scientific 

advancements. 

As the late Dick Weaverða 

founding member of the Councilðhad said 

many times, ñWe need to do whatôs best for 

the sheep.ò Transactions thus far have 

played a prominent role in advancing desert 

bighorn sheep conservation and 

management, and it is our hope that this role 

will continue.  
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APPENDIX A.  Desert bighorn sheep population size class profile and summary by 

metapopulation for the 2004 population inventory (Epps et al 2003), with comparisons to the 

1995 inventory (Torres et al. 1996). 

 

 Number of Sheep Comprising the Metapopulation 

Metapopulation 0 <25 25-50 51-100 101-150 151-200 201-300 >300 

Peninsular Ranges 2 0 1 20 1 0 0 0 

San Gabriel 0 0 4 1 2 0 1 0 

W. Transverse Range 0 0 0 0 0 0 1 0 

Sonoran 1 0 1 0 0 0 0 0 

South Mojave 7 4 5 7 1 1 0 0 

Central Mojave 1 0 5 2 0 0 1 0 

Central North Mojave 1 0 1 3 0 0 0 0 

North Mojave 2 3 2 5 1 0 1 0 

Very Southern Sierra 2 0 0 0 0 0 0 0 

Southern Sierra Nevada 3 2 1 3 0 0 0 0 

Central Sierra Nevada 4 0 1 0 0 0 0 0 

Northeastern California 7 0 0 0 0 0 0 0 

Total 30 9 21 23 5 1 4 0 

1995 Total 36 13 20 17 10 10 0 0 

Change since 1995 (N) -6 -4 +1 +6 -5 -9 +4 0 
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ABSTRACT   Bighorn sheep are well documented to experience major population reductions from 

diseases contracted from domestic sheep. The relationship between cattle and bighorn sheep is 

notably less clear, despite the widespread grazing of cattle in and near bighorn sheep habitat. 

Herein we review the literature on the question of the influence of cattle on desert bighorn sheep 

in the context of potential ways in which that influence might be manifested. Regardless of how 

cattle grazing might affect desert bighorn sheep, to be a conservation concern it would have to 

depress bighorn sheep populations. Such an effect could be evaluated by assessing the impact of a 

major change in cattle grazing. We present three data sets from the Mojave Desert of California in 

which cattle grazing was eliminated or greatly reduced and use circumstantial data from helicopter 

surveys and other population metrics to test predictions on population dynamics of desert bighorn 

sheep from the hypothesis that the presence of cattle leads to reduction of bighorn sheep 

populations. We also test the alternative hypothesis that cattle do not have a demographic effect 

on desert bighorn sheep, in which case population trends instead would be expected to track rainfall 

variation as it influences nutrient availability. In all three study areas, the population trends did not 

track variation in a diet quality index based on rainfall. Instead, those trends were consistent with 

the hypothesis that cattle grazing can substantially depress populations of desert bighorn sheep. 

Our results, however, exhibit shortcomings associated with circumstantial data. We recommend a 

purposeful experimental approach to this question that develops high-resolution demographic data 

on bighorn sheep populations before and after removal or a major reduction of cattle that is 

replicated in different locations. 

 

KEY WORDS   cattle, competition, demography, disease, grazing, livestock, pathogens, bighorn 

sheep, Ovis canadensis 

 

 

Through most of their range in North 

America, bighorn sheep (Ovis canadensis) 

have been influenced by interactions with 

domestic livestock (Buechner 1960). Notable 

have been die-offs due to respiratory disease 

spillover from domestic sheep, and 

occasionally domestic goats (Goodson 1982, 

Wehausen et al. 2011, Besser et al. 2013, 

Cassirer et al. 2018). Bighorn sheep readily 

intermingle with domestic sheep and goats, 
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which facilitates exchange of respiratory tract 

microbes through direct contact. The 

respiratory disease relationship involving 

domestic sheep best explains the widespread 

extirpation of bighorn sheep from much of its 

historic distribution, in contrast with the lack 

of extirpation of native sheep populations in 

North America north of where most domestic 

sheep grazing occurred (Wehausen et al. 

2011). Such spillover events continue to 

occur and the one fundamental principle from 

a large amount of research is that bighorn 

sheep conservation requires minimizing the 

probability of contact with domestic sheep or 

goats (Wild Sheep Initiative 2025).  

Cattle also have been grazed in or 

close to a large proportion of bighorn sheep 

habitat (Aardahl 2023). Although one 

respiratory disease epizootic in Rocky 

Mountain bighorn sheep was thought to be 

attributable to spillover from cattle (Wolfe et 

al. 2011), the potential negative effects of 

cattle grazing on bighorn sheep lacks the 

clear association seen for domestic sheep. 

One reason is that disease spillover from 

direct contact is less likely because bighorn 

sheep do not readily intermingle closely with 

cattle. Second is that cattle rarely carry the 

bacterium Mycoplasma ovipneumoniae 

(Wolfe et al. 2010, Carpenter et al. 2025) that 

in recent decades has been considered the 

primary precursor for most outbreaks of 

respiratory disease in bighorn sheep (Besser 

et al. 2013, Cassirer et al. 2018). 

Cattle might have negative effects on 

desert bighorn sheep in multiple ways. One is 

through direct competition for forage sought 

by both species (Buechner 1960, Ferrier and 

Bradley 1970, Whiting et al. 2026). 

Localized overgrazing by cattle in desert 

bighorn sheep habitat has frequently been 

reported (Webb 1972, Gallizioli 1977, 

Wehausen and Hansen 1986). Both species 

have digestive systems with large combined 

rumen and reticulum capacities relative to 

body mass that allow them to consume and 

digest grass in a full spectrum of 

phenological states (Hanley and Hanley 

1982, Krausman et al. 1993), thereby 

increasing the potential for forage 

competition.   

In addition to direct competition for 

forage there is also the potential for 

interference competition, whereby bighorn 

sheep avoid using habitat patches because of 

the presence of cattle, or forage less 

efficiently due to increased vigilance 

behavior (Brown et al. 2010, Bissonette and 

Steinkamp 1996, Garrison et al. 2016). 

Bighorn sheep can utilize steeper and more 

rocky slopes than cattle, but they also forage 

on less-steep slopes that are readily available 

to cattle. Albrechtsen and Reese (1970) and 

King and Workman (1984) noted that 

attributing minimal range overlap between 

these species to differences in habitat 

selection may, in reality, be a 

misinterpretation of the effects of 

interference competition. Reports of changes 

in habitat use by bighorn sheep following the 

introduction or removal of cattle also have 

been consistent with interference competition 

influencing habitat use by desert bighorn 

sheep (Irvine 1969, Wilson 1975). 

Interference competition can be particularly 

detrimental to desert bighorn sheep relative 

to surface water that is a notably limited and 

important resource in the hot, arid 

ecosystems they inhabit. In addition to the 

presence of cattle potentially limiting the 

availability of some water sources to bighorn 

sheep, cattle can foul water sources and 

thereby make that important resource 

undesirable for use by bighorn sheep 

(Wehausen and Hansen 1986). This 

phenomenon similarly has been documented 

for desert bighorn sheep relative to feral 

burros (Dunn 1993).  

Apparent competition is yet another 

way in which cattle can have adverse 

influences on populations of desert bighorn 

sheep by serving as non-native prey that 
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subsidizes mountain lions (Puma concolor), 

which also prey on bighorn sheep. In 

particular, predation on domestic calves can 

allow mountain lions to exist in desert 

ecosystems with a prey base otherwise too 

low to support that predator. Such subsidized 

mountain lions have the potential to kill 

substantial numbers of bighorn sheep 

(Rominger et al. 2004), and evidence of such 

has been reported in the Old Woman 

Mountains of California (Wehausen 1992). 

Disease transmission is yet another 

way in which cattle can negatively affect 

desert bighorn sheep. Cattle may rarely be a 

source for transmission of M. 

ovipneumoniae, but there are numerous other 

diseases that may spillover to bighorn sheep 

from cattle. Considerable testing of blood 

serum from bighorn sheep captured in 

California for antibodies over four decades 

has documented exposure to a variety of 

diseases (Turner and Payson 1982; Clark et 

al. 1985,1993; Dunbar et al. 1985; Jessup et 

al. 1993; Sanchez et al. 2022). Of the diseases 

potentially associated with cattle, these 

reports suggested low rates of exposure to 

bovine herpes virus, bovine viral diarrhea, 

and Leptospira spp. In contrast, considerable 

levels of exposure were reported for bovine 

respiratory syncytial virus, Chlamydia, 

Toxoplasma gondii, Anaplasma spp., 

Parainfluenza-3, Brucella ovis, bluetongue 

virus (BTV), and epizootic hemorrhagic 

disease (EHD).  

Bluetongue virus and EHD are 

closely related hemorrhagic diseases 

vectored by Culicoides gnats (Ruder and 

Christensen 2023), facilitating transmission 

of those viruses to bighorn sheep from nearby 

cattle that are not strictly sympatric with 

bighorn sheep. BTV has caused deaths of 

some captive bighorn sheep (Blaisdell 1975), 

but such documented deaths of free-ranging 

bighorn sheep are rare, raising the question of 

whether BTV and EHD influence the 

demography of bighorn sheep in the wild, in 

part because multiple factors are involved. 

Transmission of either virus to 

bighorn sheep can lead to a range of 

outcomes: subclinical infection, mild and 

transient disease, severe and fatal disease, or 

moderate disease and tissue damage followed 

by the chronic form of hemorrhagic disease 

(Ruder and Christensen 2023). Additionally, 

physical symptoms of these diseases overlap 

evidence of other diseases, thereby requiring 

virus isolation or a positive PCR test to 

establish the cause (Ruder and Christensen 

2023), which greatly limits the ability of 

investigators to confirm these viruses as the 

cause of deaths. Further, cattle typically have 

subclinical infections of BTV or EHD (Ruder 

and Christensen 2023), making them 

potential reservoirs for these viruses for 

extended periods of time. BTV has been 

isolated from a few desert bighorn sheep in 

California (Sanchez et al. 2022), but those 

infections were not associated with clinical 

evidence of disease, thereby making it 

difficult to interpret serological evidence of 

widespread exposure to these two 

hemorrhagic viruses. The same can be said of 

data suggesting exposure to other diseases 

listed above. They may be causative agents of 

clinical disease only when combined with 

additional stressors, or the effects of other 

pathogens (Dubay et al. 2004).  

In a study focused on the question of 

disease transmission involving cattle, mule 

deer (Odocoileus hemionus), and desert 

bighorn sheep in the San Bernardino 

Mountains of California, cattle were well 

documented to harbor BTV, but there was no 

evidence of transmission to the bighorn sheep 

(Singer et al. 1997). Nevertheless, it is 

possible that pathogens transmitted from 

cattle can negatively affect bighorn sheep, as 

suggested by Wolfe et al. (2010). Carpenter 

et al. (2025) found for blood serum data from 

California that proximity to cattle grazing 

allotments was by far the strongest predictor 

of pathogen exposure in desert bighorn 
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sheep. For such exposures to be considered 

problematic, however, there must be a 

demographic effect.  

The same can be said of potential 

effects of ecological factors discussed above. 

Gallizioli (1977) concluded that a growing 

body of circumstantial evidence indicated 

that bighorn sheep populations do poorly or 

disappear in the face of sympatric cattle 

grazing. This finding is supported by parallel 

natural experiments in which bighorn sheep 

populations declined following the 

introduction of cattle, or increased 

substantially following the removal of cattle 

(Webb 1972, Gallizioli 1977, Bates 1982). 

Here we present additional circumstantial 

evidence on population changes of desert 

bighorn sheep in three different desert 

mountain ranges in California after cattle 

grazing was eliminated or greatly reduced.  

Our research design included two 

alternative hypotheses. One is that the 

presence of cattle is a factor that depresses 

populations of desert bighorn sheep. From 

that hypothesis we deduced two predictions. 

First is that following the introduction of 

cattle the bighorn sheep population will 

experience a declining trend until it is 

extirpated or stabilizes at a lower number. A 

temporal series of metrics of population size 

of the bighorn sheep after cattle have been 

present for some years might therefore 

exhibit trends varying from no change (at a 

lower population size) to a declining trend. 

The second prediction is that the removal of 

cattle, or a substantial reduction in cattle 

numbers, after numerous years of cattle 

presence, will lead to an upward trend in the 

bighorn sheep population until it stabilizes at 

a greater number. Depending on how the 

cattle serve as a depressing factor on the 

bighorn sheep, there may be a lag time in 

when the bighorn sheep population increases. 

The alternative hypothesis is that the 

presence of cattle does not lead to changes in 

the size of desert bighorn sheep populations. 

The prediction from that hypothesis is that 

the dynamics of bighorn sheep populations in 

the presence of cattle, or after the removal of 

or a major reduction in cattle, will reflect 

other influences, notably rainfall variation as 

it affects diet quality (nutrient availability). 

We considered  diet quality variation to be the 

more parsimonious explanation of bighorn 

sheep population trends if corroborated. 

 

STUDY AREAS 

Our study populations are all in the 

Mojave Desert of California, and each 

experienced a recent major change in cattle 

grazing in and near bighorn sheep habitat, in 

which that grazing was eliminated or greatly 

reduced (Aardahl 2023). All grazing 

allotments were open range, but some 

localized fencing kept cattle off of major 

highways and away from some key habitat 

for desert tortoises. 

 

Cady Mountains 

The Cady Mountains extend from 

Interstate Highway 15 (I-15) southward to 

Interstate Highway 40 (I-40) in the Mojave 

Desert about 50 km east of Barstow, San 

Bernardino County, ranging in elevation 

from 400 to 1400m (Figure 1). They include 

Afton Canyon, through which the Mojave 

River once flowed. There has remained a 

subsurface water flow in Afton Canyon that 

rises to the surface locally, providing water 

for bighorn sheep. Two additional artificial 

water systems were installed in this range in 

1972 and 1982 to provide bighorn sheep 

water across a larger geographic region. 

The Cady Mountains were grazed by 

an unknown number of cattle beginning in 

1965 and by approximately 172 cattle 

beginning about 1975 on an allotment of 

25,900 ha. That grazing ended in 2005 when 

the Department of Defense purchased the 
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FIGURE 1. Map of study areas in the western Mojave Desert, San Bernardino County, California, 

in which cattle grazing occurred and wherein we investigated population responses of bighorn 

sheep following removal or reduction of cattle, San Bernardino County, California, USA, 1984ï

2020. 

 

Afton Canyon grazing permit as mitigation 

for expansion of the National Training Center 

at Fort Irwin, located north and northeast of 

the Cady Mountains. The Cady Mountains 

include extensive terrain of shallow slope and 

low ruggedness that cattle readily negotiated. 

Consequently, there was a large spatial 

overlap between cattle and bighorn sheep 

where cattle were clearly consuming a large 

amount of forage that otherwise would have 

been available to bighorn sheep (Wehausen 

1992). 

 

Newberry, Ord, and Rodman Mountains 

The Newberry, Ord, and Rodman 

Mountains (hereafter N-O-R Mountains) also 

are in San Bernardino County, immediately 

south of I-40 a short distance southwest of the 

Cady Mountains, and about 20 km east of  

Barstow (Figure 1). They range in elevation 

from 750 to 1900 m. 

The Newberry Mountains were 

grazed by cattle continuously beginning 

about 1900, and the Ord Mountains are 

thought to have been grazed sporadically up 

to about 1960. During 1975ï1980 this 

allotment was grazed year-long by 108 cattle. 

In 1984 the Bureau of Land Management 

(BLM) expanded this year-round allotment to 

26,913 ha and 307 cattle in an amendment to 

the 1980 California Desert Conservation 
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Area (CDCA) Plan. That plan called for the 

elimination of livestock grazing in bighorn  

sheep habitat south of I-40 (Aardahl 2023). 

Such grazing, however, was not eliminated in 

the Newberry and Ord Mountains at that time 

because the bighorn sheep population in 

those ranges was considered extinct by 1957 

(Weaver 1975). The grazing permittee later 

informed J. Wehausen, however, that he 

knew that bighorn sheep persisted there. 

Beginning in 2006, the number of cattle was 

voluntarily reduced to about 30. 

 

Clipper Mountains 

 

The Clipper Mountains are a small 

range immediately south of I-40 and west of 

Essex Road, 150 km east of Barstow, also in 

San Bernardino County (Figure 1). They 

range in elevation from 750 to 1400 m. There 

are three springs fed by underground aquifers 

that provide year-round water (Zdon et al. 

2018). In addition, four rainwater or seep 

catchments and drinkers have been installed 

in the Clipper Mountains to provide water for 

bighorn sheep. 

Cattle were grazed in this range 

beginning as early as 1920 on a 3,391 ha 

portion of the Colton Hills grazing allotment 

south of I-40, but the stocking rate is not 

known; a helicopter survey in 1983 

documented a minimum of 21 cattle. We also 

know from personal observations that in the 

cooler season some cattle wandered 

westward from the Clipper Mountains to the 

neighboring Marble Mountains. Cattle were 

not removed from the Clipper Mountains 

following the completion of the CDCA Plan 

because of a failure to implement that 

provision (Aardahl 2023). Those cattle were 

removed in 1993, after the California 

Department of Fish and Game brought that 

failure to the attention of BLM. 

Vegetation and Climate 

 

At lower elevations all three study 

areas have creosote bush (Larrea tridentata) 

scrub communities that also include burro-

weed (Ambrosia dumosa), littleleaf rattany 

(Krameria erecta), brittlebush (Encelia 

farinosa) and joint fir (Ephedra spp.). 

Washes include smoke tree (Psorothamnus 

spinosus), cheesebush (Hymenoclea salsola), 

catclaw (Acacia greggii), and desert willow 

(Chilopsis linearis). The perennial grasses 

big galleta (Hilaria rigida) and Indian 

ricegrass (Oryzopsis hymenoides) occur in 

suitable sandy areas that in the Cady 

Mountains are widespread due to 

considerable blow sand from the Mojave 

River drainage that runs through Afton 

Canyon in that study area. In that canyon the 

higher water table supports patches of honey 

mesquite (Prosopis glandulosa) and saltgrass 

(Distichlis spicata). Higher elevations on Ord 

Mountain pick up additional shrub species: 

spiny hopsage (Grayia spinosa), desert 

almond (Prunus fasciculata), California 

buckwheat (Eriogonum fasciculatum), 

rubber rabbitbrush (Ericameria nauseosa), 

bladder-sage (Salazaria mexicana), 

blackbrush (Coleogyne ramosissima) and 

sagebrush (Artemisia tridentata). 

Rainfall in this region is bimodal with 

about two-thirds during the cooler months 

(OctoberïMay) and one-third during the hot 

season (JulyïSeptember; Wehausen 2005). 

Annual rainfall varies with elevation; 

Mitchell Caverns (Figure 1) at 1,300 m 

elevation averages 26.3 cm, while at 585 m 

just east of Barstow (Figure 1) at the Daggett 

airport that average is only 9.5 cm. At the 

Daggett airport, representing low elevations 

in bighorn sheep ranges, monthly average 

high and low temperatures vary from 15.6 

and 1.7 C in December to 40 and 22.8 C in 

July. Higher elevations experience lower 

temperatures. 
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METHODS 

Population Data 

We compiled population data for our 

three study populations from a variety of 

sources. These included many helicopter 

surveys conducted by the California 

Department of Fish and Wildlife, but also 

included some mark-resight population 

estimates. Helicopter surveys differed from 

such estimates in providing only minimum 

counts of populations. 

To account for variation in the length 

of helicopter surveys, bighorn sheep 

observations per hour (catch per unit effort) 

is sometimes utilized to compare results from 

surveys with varying levels of effort (actual 

survey time). Wehausen and Bleich (2007) 

noted, however, that the relationship between 

survey length and the number of sheep 

observed is not linear, but instead is 

asymptotic. That relationship was evident in 

results they presented from an experiment in 

helicopter counts of desert bighorn sheep in 

the Marble Mountains. They suggested that 

for helicopter surveys in the intensity region 

near the asymptote that raw count data would 

be a better metric to compare between 

surveys as a good index of population size, 

rather than sheep observed per hour. We were 

able to use that approach only for the Clipper 

Mountains. Wehausen and Bleich (2007) 

expressed survey intensity in minutes/km2. 

Based on their survey intensities, we 

determined that past helicopter surveys of the 

Clipper Mountains lasting 1.67ï2.65 hours 

represented that asymptote region. For that 

population we eliminated helicopter surveys 

outside of that range and compared raw count 

data.  For helicopter surveys of the Cady and 

N-O-R Mountains we compared sheep seen 

per hour because of considerable variation in 

survey duration. For the Cady Mountains a 

minimum count from a helicopter surveys 

also was used to compare with an early mark-

resight population estimate. 

As the reproductive base, we 

considered adult females as the most 

desirable bighorn sheep class for which to 

examine changes in population size. Desert 

bighorn sheep exhibit sexual segregation 

during much of the year (Bleich et al. 1997). 

Population dynamics based on size metrics 

that include males have the potential to be 

misleading if dominated by the sampling of 

males, and can have ramifications for the 

interpretation of survey results for a variety 

of reasons (Rubin and Bleich 2005). For 

these reasons, where possible we focused on 

females in our examination of available 

population data, but we also included all 

sheep as corroborating evidence in some 

cases. 

 

Rainfall Effects 

Wehausen (2005) identified cool 

season rainfall as the variable that accounted 

for most of the large year-to-year variation in 

annual nutrient intake by desert bighorn 

sheep in the region of our study areas. That 

was based on 17 years of continuous tracking 

of diet quality in the Marble Mountains via 

the log of % fecal nitrogen. Wehausen (1995) 

showed that fecal N closely tracks 

digestibility of the diet in a curvilinear 

relationship that can be linearized with a log 

transformation. Digestibility correlates well 

with nutrient intake. Wehausen (2005) found 

that October through April (hereafter, cool 

season) rainfall was a strong (r2 = 0.808) 

predictor of fecal N data integrated from 

February to June for monthly samples. That 

winter-spring diet quality index covers the 

critically important period during which 

lambs are reared. Wehausen (2005) found 

that the relationship between that diet quality 

index and rainfall was curvilinear 

(asymptotic). An important consequence of 

that curvilinearity is that small differences in 

rainfall at the lower (drought) end of the 
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relationship have large influences on diet 

quality in contrast to a much lower sensitivity 

to equivalent rainfall variation at the high end 

of that relationship. Rainfall differences 

across the range of variation are therefore not 

the same relative to bighorn sheep diet 

quality and, thus, also population dynamics. 

To accommodate this asymmetry, we did not 

compare raw cool season rainfall data as an 

alternative potential explanation (hypothesis 

2) of population trends we found. Instead, we 

used the equation in Figure 7 in Wehausen 

(2005) to convert cool season rainfall each 

year to a FebruaryïJune diet quality index. 

We then compared yearly values of that index 

for different time periods via t-tests, but also 

looked at the variation among years. The 

relationship between cool season rainfall and 

FebruaryïJune diet quality will be somewhat 

different for different mountain ranges, but 

all mountain ranges in this region would be 

expected to  have the same basic curvilinear 

relationship. We could use the relationship 

developed for the Marble Mountains because 

our comparisons were only within mountain 

ranges.  

Because the rainfall data Wehausen 

(2005) used to develop the relationship 

between FebruaryïJune diet quality and cool 

season rainfall all were from the National 

Weather Service Cooperative Station at 

Mitchell Caverns (Figure 1), we used those 

same data for all of our analyses. The rainfall 

data set at Mitchell Caverns ended in 2011, 

so we used rainfall data from the nearby 

Sweeney Granite Mountains Desert Research 

Center (Figure 1) to predict cool season 

rainfall for Mitchell Caverns for 2012ï2018 

via regression analysis.  

Rainfall in the cool season when 

lambs are born greatly influences the survival 

of lambs that year (Wehausen 2005). Rainfall 

in that year therefore also will greatly 

influence yearling recruitment the following 

year. Our demographic analyses treated 

yearling females as adults. Consequently, for 

population trend periods of interest, our 

consideration of rainfall as an alternative 

explanation of population trends did not 

include rainfall in the final cool season of the 

trend. 

Wehausen (2005) also presented data 

indicating that the relationship between diet 

quality during the lamb-rearing season and 

lamb survival was not monotonic. Lamb 

survival increased linearly with increasing 

diet quality for most of the variation in diet 

quality, but at the highest rainfall levels that 

relationship suddenly reversed in a pattern 

that Wehausen (2005) suggested might 

reflect a disease process associated with very 

high rainfall. In examining the data in that 

high rainfall zone plotted in Wehausen 

(2005), we found that it was only in years 

when the combined February and March 

rainfall exceeded 17.8 cm (7 inches) that 

lamb survival exhibited a large departure 

from what otherwise would be expected for 

high FebruaryïJune diet quality associated 

with high cool season rainfall. However, 

because those departures were still in the 

range of lamb:adult female ratios associated 

with population increases, we concluded that 

they would have little influence on our 

results. There were only six years in that 

extreme high FebruaryïMarch rainfall 

category over the 59 years of rainfall data that 

we used. 

 

RESULTS 

 

Cady Mountains 

 

In September of 1988, one of us 

(JDW) participated in a five-hour helicopter 

survey of the Cady Mountains during which 

only 11 desert bighorn sheep were observed 

for a sighting rate of 2.2 sheep/hour and 0.6 

females/hour. Only three of those were adult 

females, and one of them was captured and 

collared. The following day an additional five 

females were captured and collared. Two 
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years earlier, in May of 1986, four females 

had been collared. In December of 1988 a 

total of seven collared females were available 

for mark-resight population estimates. 

Extensive ground sampling between 

December 1988 and early March 1990 

produced a random sample of 52 females that 

was used to generate a mark-resight estimate 

of 24 females (95% CI = 16ï41) for the 1989 

population (Wehausen 1992). 

It was 16 years later when all cattle 

were removed from the Cady Mountains in 

2005. Two years after cattle removal a 5.6-

hour helicopter survey documented a 

minimum of 109 desert bighorn sheep, of 

which 59 were adult females. 

To enable consistent future helicopter 

surveys, in 2009 the Cady Mountains were 

divided into sampling polygons, with a 

survey time allocated to every polygon. In 

September of that year that survey plan was 

implemented in an 8.6-hour survey during 

which 167 bighorn sheep were recorded, of 

which 92 were females. The 2007 and 2009 

helicopter surveys produced almost identical 

sighting rates of 10.5 and 10.7 females/hour, 

respectively, and 19.5 and 19.4 sheep/hour.  

These 2007 and 2009 survey sighting rates 

were 17.7 times the 1988 rate for females and 

8.8 times that for all sheep seen.  Another 

helicopter survey in 2010 used results from 

the 2009 flight to improve the survey 

efficiency. That 2010 survey recorded a 

minimum count of 102 females and 174 total 

sheep in 6.7 hours. It bumped sighting rates 

up to 15.2 females and 26.0 total sheep per 

hour, which respectively were 25.3 and 11.8 

times the 1988 sighting rates. The 2010 

minimum female count was four times the 

mark-resight estimate from 1989 when cattle 

were present and well outside of the 95% 

confidence interval. Given that such fall 

helicopter surveys in that time period and 

region recorded consistently a little less than 

half of the sheep present (Wehausen and 

Bleich 2007, J. Wehausen unpublished data), 

the actual population may have contained 

about 200 ewes, or about 8 times the 1989 

estimate. Population estimates based on 

helicopter flights and camera traps between 

2015 and 2025 suggest that the reproductive 

base of this population has stabilized at about 

three times the 1989 estimate (R. Ianniello, 

personal communication). 

 

N-O-R Mountains 

 

Once it was determined that bighorn 

sheep persisted in the N-O-R Mountains, 

helicopter surveys were initiated by the 

California Department of Fish and Game. A 

short (1.75 hours) helicopter survey in May 

of 1988 detected only 15 bighorn sheep, of 

which 8 were females. In 1994 a 3.93-hour 

helicopter survey yielded observations of 

only 21 bighorn sheep, of which 12 were 

females. Helicopter surveys resumed in 2016, 

2018, and 2019 with much longer flights 

(5.65ï6.98 hours) 11 years after the cattle in 

this area were greatly reduced. The hourly 

observation rate in 2016 was 2.6 times the 

rate in 1994 for females and 4.6 times for all 

sheep, then increased steeply in 2018 and 

2019 (Figure 2). For the 2019 survey, 

sighting rates were 6.0 and 8.7 times the 1994 

rates for females and for all sheep, 

respectively. Population estimates from the 

2019 helicopter survey and more recent 

camera data strongly suggest that this 

population exceeds 300 sheep (Prentice et al. 

2019, Vu et al. 2021). 

The short 2016ï2019 period of a 

well-documented steep increase in 

population had considerable variation in 

predicted diet quality, but in the middle of the 

range of this diet quality index (Figure 2), and 

was not different from the 1959ï2004 

average (P = 0.852). 
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FIGURE 2. Numbers of female and all bighorn sheep (Ovis canadensis nelsoni) seen per 

hour in helicopter surveys of the Newberry, Ord, and Rodman Mountains, San Bernardino 

County, California, 1988ï2019; and FebruaryïJune diet quality index for the same time 

period based on OctoberïApril rainfall data from Mitchell Caverns and the Granite 

Mountains. 

 

Clipper Mountains 

 

Fifteen helicopter surveys of the 

Clipper Mountains between 1983 and 2015 

met our duration criterion. The number of 

adult females counted in those surveys varied 

considerably within a limited range of 

variation that suggested major population 

dynamics (Figure 3). The patterns included 

first a declining trend between 1983 and 

1997, a period that overlapped the presence 

of cattle up to 1993, a steep increase for five 

years from 1999 to 2005 during which the 

number of females counted increased from 4 

to 21, then a major population crash between  

 

2005 and 2006, which was followed by a 

second strong population increase between 

2006 and 2015 with 20 females recorded in 

2015 (Figure 3). The most recent (2022ï

2025) population estimates from camera data 

put the reproductive base of this population 

around 30 females (R. Ianniello, personal 

communication). 

Average winter-spring predicted diet 

quality during the 1983ï1997 declining 

population trend was 6.7% higher than that of 

the previous 24 years (1959ï1982), but not 

statistically different (P = 0.213). Average 

predicted diet quality associated with the 

2000ï2005 steeply increasing population 
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trend (Figure 3) was 3.3% lower than the 

previous 40 years, but statistically very 

similar (P = 0.664). That period of steep 

population gains included environmental 

variation ranging from an extreme drought 

year with very low predicted diet quality to 

years of high predicted diet quality (Figure 

3). The second sustained population increase 

for 2006ï2015 again included a considerable 

mixture of levels of predicted diet quality 

(Figure 3) with an average diet quality index 

12.7% below the 1983ï1997 period of 

population decline (P = 0.069) and 9.1% 

below the average for the first 40 years of 

data (P = 0.107). The population crash 

between 2005 and 2006 coincided with the 

highest (56.9 cm) cool season rainfall in the 

53 years of data for Mitchell Caverns, 3.1 

times the average and 22.8% higher than the 

next highest value. 

 

 
 

FIGURE 3. Numbers of female bighorn sheep (Ovis canadensis nelsoni) 

counted in helicopter surveys of 1.67ï2.65 hours duration of the Clipper 

Mountains, San Bernardino County, California, 1983ï2015; and 

FebruaryïJune diet quality index for the same time period based on 

OctoberïApril rainfall data from Mitchell Caverns and the Granite 

Mountains.

 

DISCUSSION 

 

In contrast to previous literature on 

cattle and desert bighorn sheep, we 

assembled and presented data in an attempt to 

choose between two alternative hypotheses 

that might explain bighorn sheep population 

dynamics associated with cattle grazing in  

 

 

 

the Mojave Desert of California. Our results 

appear to be consistent with the hypothesis 

that the presence of cattle can cause 

population declines for desert bighorn sheep, 

leading to depressed populations. For the 

Cady and N-O-R populations, data obtained 
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after major grazing reductions documented 

notably larger populations of bighorn sheep 

compared with data from before grazing was 

reduced. However, the data we assembled 

relative to this question are circumstantial 

and potentially suffer from the limitations of 

such data. A primary problem is that the data 

on bighorn sheep populations were not 

collected to be temporally coordinated with 

when cattle grazing was eliminated or greatly 

reduced. Given that limitation, we cannot 

know if some of the bighorn sheep population 

trends we elucidated might have occurred in 

a temporal pattern uncorrelated with changes 

in cattle grazing. For the Cady Mountains 

there was a 19-year gap between earlier 

demographic data and the first helicopter 

survey after cattle were eliminated. Despite 

different minimum numbers of female 

bighorn sheep counted in the 2007ï2010 

helicopter surveys, it is unclear that those 

three helicopter surveys represent more than 

a single data point, given the variation in 

survey length and amount of habitat covered. 

That data point clearly indicated a large 

population increase relative to data from 

1988ï1989, but we cannot know if it grew to 

the larger size before or after cattle removal. 

It was therefore not possible to make a 

meaningful test of the alternative hypothesis. 

For the N-O-R study area there was a 

22-year (1994ï2016) gap between sets of 

helicopter surveys, in the middle of which 

cattle numbers were greatly reduced (Figure 

2). It is therefore not possible to know if the 

apparent increase in the bighorn sheep 

population detected in 2016 might have 

occurred prior to the reduction in cattle. In 

contrast, the steep population increase after 

2016 (Figure 2) to recent estimates of >300 

total sheep in this population all took place 

after the major reduction in cattle. For that 

study area the bighorn sheep population 

effectively has increased from being 

considered extinct for decades during which 

it was grazed by cattle to >300 sheep after 

most cattle were removed. The midrange 

variation in predicted diet quality clearly did 

not limit that increase after 2016 (Figure 2). 

The Clipper Mountains had 

considerably more years of population data 

than the other two study areas, but also lacked 

data immediately before and after the year 

when cattle were removed (Figure 3). The 

data nevertheless exhibited a history of 

considerable population dynamics, most of 

which was consistent with predictions from 

hypothesis 1: a declining bighorn sheep 

population during cattle presence and strong 

increasing trends after cattle removal. There 

were two such episodes of population 

increase separated by a major population 

crash in a single year (Figure 3).  That crash 

coincided with a year in which cool season 

rainfall was the highest ever recorded at 

Mitchell Caverns. That population crash also 

is consistent with the suggestion (Wehausen 

2005) that very high cool season rainfall may 

produce conditions conducive for disease(s) 

in desert bighorn sheep.  In the Clipper 

Mountains there was apparently a high 

mortality of adult females sometime after the 

2005 fall helicopter survey that had yielded 

no observations of lambs with the 21 females 

recorded. That this severe population decline 

lasted for only one year also is consistent with 

the idea that it was related to very high 

rainfall. The immediate sustained growth of 

the population after that crash is consistent 

with what would be expected from a severely 

depressed population. That population 

response occurred despite three consecutive 

years of low predicted diet quality after the 

population crash (Figure 3). The first period 

of steep population growth also included an 

early year of extremely low predicted diet 

quality (Figure 3).  

Both of these increasing population 

trends in the Clipper Mountains support the 

interpretation that the population was 

severely depressed at the time cattle were 

removed. Density dependence can be viewed 
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as a force to increase populations that is 

strongest at low densities and weakens as 

populations increase in density. In wild 

ruminants this operates through competition 

among females for the most nutritious bites 

of forage, particularly during seasons and 

years when such bites are less abundant. That 

the population in the Clipper Mountains 

could increase readily during drought years 

of low nutrient availability speaks to how 

depressed the population was and how little 

competition there was for nutritious forage 

early in each period of strong population 

increase. As population densities increase, 

the influence of rainfall on the availability of 

nutritious forage has a steadily increasing 

influence on the ability of females to 

successfully rear young; thus, the 

relationship between diet quality (nutrient 

availability) and lamb:adult female ratios that 

Wehausen (2005) reported. 

There are multiple reasons why there 

may be a time lag between when cattle are 

removed or reduced and a population 

response by bighorn sheep. If pathogen 

spillover is involved in a population decline 

of the bighorn sheep, it may take some years 

for the disease(s) involved to be cleared from 

the bighorn sheep population. Another 

potential source of a  lag is the time needed 

for vegetation to recover from overgrazing. 

Time lags were evident in two of our study 

populations. For the Clipper Mountains there 

was an eight-year lag after cattle removal 

before sustained population growth began 

(Figure 3). For the N-O-R population, the few 

available data points suggest the possibility 

of a time lag of perhaps about 10 years before 

that population also entered a period of rapid, 

sustained population growth (Figure 2). 

Habitat carrying capacity for desert 

bighorn sheep and stocking rates for cattle 

both are influenced by the elevational range 

and area of occupied habitat. The difference 

in habitat among our study areas is reflected 

in the numbers of cattle grazed and the recent 

sizes of the recovered bighorn sheep 

populations. Of our study populations, the 

habitat in the Clipper Mountains is most 

limited in area and elevational range. The 

Cady Mountains have a slightly greater 

elevational range, but contain a much larger 

area of habitat available to bighorn sheep. 

The N-O-R study area has the greatest 

elevational range and also a large area of 

habitat. Numbers of cattle grazed track this 

ordinal series: probably <50 in the Clipper 

Mountains, 172 in the Cady Mountains and 

307 for N-O-R Mountains. Recent data on 

sizes of bighorn sheep populations follow the 

same pattern. Our study area with the highest 

habitat potential and the highest number of 

cattle (N-O-R) may have seen the greatest 

negative impact on the bighorn sheep 

population; for many years the bighorn sheep 

population was so reduced that it was 

considered extirpated. Wehausen and Epps 

(2021) noted the conservation problem that 

better habitat patches for desert bighorn 

sheep are more likely to suffer competition 

from domestic and feral ungulates. 

Looking forward, there is the need for 

additional research on the influence of cattle 

on desert bighorn sheep using an 

experimental approach (Macnab 1983) that 

includes the acquisition of consistent, high-

resolution demographic data on the bighorn 

sheep for at least several years immediately 

prior to cattle removal and for potentially 

many years after the removal of cattle. Data 

from such a research design should allow 

more fine-grained tracking of bighorn sheep 

population dynamics. We recommend an 

approach that attempts to distinguish a data 

signal associated with a change in cattle 

grazing from the inherent population 

dynamics noise in the bighorn sheep 

population driven largely by variation in 

rainfall. The circumstantial data we have 

presented suggest that such a signal related to 

cattle grazing may be strong relative to that 

environmental noise. Unfortunately, other 
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factors such as mountain lion predation and 

introduced respiratory disease have the 

potential to derail such studies by 

confounding the data.  

Given the politics of livestock 

grazing, it may not be predictable when cattle 

grazing might be terminated in any particular 

mountain range. It is therefore important to 

choose candidate populations and collect pre-

removal population data until the opportunity 

for cattle removal occurs. The major 

shortcoming of the data we relied on is that 

cattle removal or reduction occurred 

suddenly, and there was no attempt, 

opportunity, or even recognition of the 

importance of collecting high quality 

demographic data prior to and immediately 

after major changes in grazing. Such 

investigations must measure population 

variables for bighorn sheep at high resolution 

to produce data that can be readily compared 

over time. This might include methods based 

on fecal DNA or cameras carefully placed at 

water sources to allow recognition of 

naturally marked females (Bleich et al. 

2026).  

As emphasized by Macnab 

(1983:401), ñScience advances most rapidly 

by manipulative experiments.ò Cattle grazing 

occurs in and near desert bighorn sheep in 

numerous mountain ranges across multiple 

states, and opportunities to further explore 

the effects of cattle on bighorn sheep likely 

will present themselves in the future. We 

suggest that our recommended experimental 

approach to determine the effects of cattle on 

desert bighorn sheep populations be 

replicated in different locations to the extent 

possible. 
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Estimates of Arizonaôs desert bighorn 

sheep (Ovis canadensis mexicana and O. c. 

nelsoni) populations have remained relatively 

stable statewide. Ram:100 ewes and lamb:100 

ewe ratios averaged 59:100:30 in 2024/2025 

with 1,823 bighorns observed. Arizona 

currently has an estimated population of 

5,500ï6,000 desert bighorn sheep based on 

survey data. 

The desert bighorn sheep population in 

the Kofa Mountains (Units 45A, 45B, and 

45C) in southwestern Arizona remains strong 

and once again surpassed the recovery 

threshold met in 2019. The 2024 aerial survey 

resulted in a population estimate of 1,121 

bighorn sheep, exceeding the previous 

estimate of 800 in 2000. The Black Mountains 

(Units 15A, 15B, 15C, and 15D) of 

northwestern Arizona experienced a disease 

outbreak which resulted in a 53% decrease in 

the number of bighorn sheep observed on a 

survey in 2016 and 2017. Even though Unit 

15D is somewhat isolated from the rest of the 

Black Mountains by Highway 68, the disease 

crossed the highway and impacted that portion 

of the population. Aerial surveys in 2022 

showed signs of recovery in Unit 15C, but a 

slight decline in Unit 15BW and 15D.  

Rocky Mountain bighorn sheep (O. c. 

canadensis) continue to prosper in Arizona. 

The surveyed population is estimated at 1,200 

animals. Ram:100 ewes:lamb ratios averaged 

44:100:35 in 2024 with 533 observed. Arizona 

currently has an estimated population of 

1,000ï1,500 Rocky Mountain bighorn sheep 

based on survey data alone, but surveys are not 

flown in all known populations. Arizona 

surveys about one-third of the Rocky 

Mountain and desert bighorn populations 

annually, although some areas of specific 

concern or recent translocations are surveyed 

annually. 

 

RESEARCH 
 

Disease Monitoring 

 

A total of 188 nasal swab and 

additional biological samples were collected 

from bighorn sheep in 2023 through capture, 

hunter submission during check-in, roadkill 

inspection, or other encounters, and tested for 

disease agents. A trial was conducted to 

investigate detection rates of Mycoplasma 

ovipneumoniae (Movi) between hunter harvest 

samples at the time of harvest in comparison 

with Department samples taken at check-in 

that typically occurs several days post-harvest. 

A new Movi strain was identified in Unit 46A 

(Growlers) through this hunter-sampling 

effort. In 2024, 200 samples collected by 

hunters and through the Department's check-in 

process were analyzed to repeat this trial A 

report was drafted and oral and poster 

presentations were delivered at regional and 

international meetings. Results concluded that 

the collection of samples at harvest yielded 

slightly better results than collection of 

samples at check in. Going forward, we will 

ask hunters to collect samples at harvest in 
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units where Movi detection and monitoring is 

a high priority.  

 

Movement and Corridor Studies 

 
Tonto National Forest ï Region 6 staff 

renewed a Minimum Requirements Analysis 

Framework (MRAF) to complete several 

capture efforts over a 5-year period within FS 

Wilderness on the Tonto National Forest to 

continue monitoring efforts for disease and 

track movements in response to fires. Special 

conditions included restricting helicopter 

landings to less than 30 in a 1-year period. 

Throughout the area, 36 collars were placed on 

desert and Rocky Mountain bighorn sheep in 

2020, 21 additional collars were deployed in 

2021, 10 were deployed in 2022, 21 were 

deployed in or near the approved Wilderness 

Areas in 2023 and 14 more were deployed in 

2024. The additional collars deployed during 

2021ï2024 have provided much needed 

information in the areas where gaps in data 

were identified from previous collar 

deployments versus known and anticipated 

occupied habitat. Monitoring the movements 

of these collared bighorn sheep have allowed 

Department staff to modify their aerial survey 

routes, thereby producing more effective 

surveys.  

Unit 16A ï In February of 2022, 26 

bighorn sheep (9 rams, 17 ewes) were captured 

across five mountain ranges in Unit 16A. All 

were collared to aid in survey efforts, and 

sampled to establish a disease profile for Unit 

16A. Several mortalities occurred in the first 

six months following deployment and were 

redeployed in November 2022 and again in 

October 2023. The data collected by these 

collars revealed long-range movements by 

bighorn sheep from this herd into other units 

(Unit 44A) as suspected. The re-designed 

survey polygons were flown and bighorn 

sheep were observed at a rate of 4.3 per hour, 

an increase of 0.8 over the 9-year average of 

3.5 per hour.  After a second year of data 

analysis, re-designed survey polygons were 

flown in 2024 and bighorn sheep were 

observed at a rate of 2.5 per hour, a decrease of 

1.0 bighorn sheep per hour, likely due to the 

dramatic total number of bighorn sheep seen 

on the survey. The data is being evaluated in 

conjunction with BLM for risk analysis 

between neighboring units. 

Yuma Proving Grounds ï Document 

water catchment selection and 

seasonal/corridor movements through the use 

of GPS collars. Five bighorn sheep were 

collared November 2022 and five more May 

2023. One ewe mortality was documented in 

August 2023 and a ram collared failed at the 

same time. Ewes express more tightly defined 

home ranges than rams who express more 

movement between mountain ranges using 

many different catchments. Four additional 

collars failed by November 2024. There was 

no change in water catchment use or area used 

from 2023 to 2024. This information will 

prioritize water hauling activities during the 

limited windows of accessibility into the 

restricted airspace, as well as guide decisions 

about permit allocations for the accessible hunt 

areas. 

 

Galiuro FireScape Project ï In 2016, 

the Safford District of the United States Forest 

Service (USFS) began implementing the 

Galiuro FireScape, an eight-year plan to treat 

137,000 acres of USFS land in the Galiuro 

Mountains (Units 31/32) with prescribed fire. 

The long-term goal of the Galiuro Firescape is 

the return of the historical natural fire regime.  

The treatment area was divided into 8 burn 

units, one unit treated each year. As of 

February 2022, over 60,000 acres have been 

treated, and every burn unit at least partially 

treated. 

In conjunction with this project, the 

Department augmented populations of desert 

bighorn sheep in Aravaipa and Redfield 

canyons in 2016 (n = 31); two rams and 8 ewes 

were fitted with GPS-transmitting collars to 
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evaluate the post-release success of 

populations and response to the prescribed 

burns. The collars deployed in 2016 reached 

the end of their life expectancy before 

prescribed burns were completed in currently 

utilized habitat, so the Department collared an 

additional 9 rams and 1 ewe in November 

2019. The data from the ewe collared in 2019 

showed longer periods of use in an area treated 

with prescribed fire in February of 2022. 

Maintaining active collars on this 

landscape has allowed for the accumulation of 

GPS data identifying the home range and 

habitat use by bighorns in occupied habitat 

before and after prescribed burn efforts. 

Unused desert bighorn sheep habitat and a 

potential corridor between the two existing 

desert bighorn sheep populations have been 

identified, as the gap between the Aravaipa and 

Redfield bighorn sheep populations has closed 

from 30 km to 11 km. 

Ten additional collars were deployed in 

November 2023 in Redfield Canyon. These 

collars, and the collars deployed since 2015, 

have documented an expanded use of habitat 

by resident bighorn sheep, and longer periods 

of time spent in areas post-treatment with 

prescribed fire. It is recommended that the 

Department continue to support the efforts of 

the USFS and BLM in managing this 

landscape through their Firescape plan, survey 

additional areas adjacent to former survey 

blocks, and implement a predation 

management plan, if feasible. 

 

 

HABITAT  

 
The Department works with private 

organizations (primarily the Arizona Desert 

Bighorn Sheep Society (ADBSS) and the Wild 

Sheep Foundation (WSF)) and federal 

agencies to achieve habitat improvements for 

bighorn sheep. In 2023, the Departmentôs 

Development Branch and the ADBSS teamed 

up to repair four catchments in bighorn sheep 

habitat, Rock Trick Tank #431, Frank 

Reservoir #478, Javelina Mountain #885 and 

Paloma Wash #1047. In 2024, Development 

Branch partnered with the same organizations 

and refurbished a water catchments Gonzales 

Pass #77, Slurry Tanks #824, Marquetta Pass 

#1000 and Sheep Mountain #1050. Ranchbot 

water monitoring systems have been deployed 

on over 50% of the Department's maintained 

waters. 

Much of east-central Arizona is still 

recovering from several large fires totaling 

574,275 acres between 2019ï2021. A marked 

decrease in bighorn sheep observations 

occurred in the Mescal Fire burn area of Unit 

24B, although poor flying conditions were 

noted. Special surveys and collaring efforts are 

being conducted to monitor the effects of these 

large wildfires on bighorn populations in these 

units. 

Water hauling efforts due to extended 

periods of drought has become regular practice 

in many parts of the state, with Region 4 (SW 

AZ) bearing the brunt of the activity due to the 

high number of catchments on the landscape. 

The region experienced a slight reprieve from 

water hauling in 2023, but in 2024 demand 

rose again and staff and volunteers delivered 

651,010 gallons of water to catchments, many 

of which solely benefit bighorn sheep. About 

143,500 gallons were delivered by helicopter 

to catchments inaccessible to water trucks. The 

Department is actively working to improve 

collection and storage capacity at many of 

these water catchments so the demand for 

hauling water is continually reduced.  

 
HARVEST  

 

Bighorn sheep permits remain the most 

sought-after hunting permits in Arizona. In 

2024, 28,993 individuals applied for the 156 

desert and Rocky Mountain bighorn sheep 

permits available for draw. 

During the 2024 season, 156 hunters 

participated (including three Special Big Game 
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Tags), harvesting 150 rams in 693 days of 

hunting. Hunt success was 96%. The age of 

harvested rams ranged from 4 to 11 (xə = 7.7), 

and horns green-scored from 107 2/8 to 193 

6/8 (xə = 162 3/8 B&C). 

In 2023, 156 permits were issued to 

those drawn from the pool of 27,232 

applicants. One of those drawn did not hunt. 

Of the 155 hunters in the field, 96% were 

successful, with a combined total of 726 hunter 

days in the field. The average age of harvested 

rams in 2023 was 8 years; B&C green-scores 

ranged from 70 3/8 to 184 6/8 with an average 

of 162 2/8.   

The Arizona Game and Fish 

Commission awarded the Special Big Game 

Tags for bighorn sheep (two tags per year) to 

ADBSS in 2023 and 2024, with a third tag to 

the Arizona Big Game Super Raffle 

(AZBGSR). Each year, ADBSS has 

traditionally partnered with the WSF to 

auction one tag and auction the second at their 

fundraising banquet; the third is raffled 

through AZBGSR. In 2023, a total of $555,950 

and in 2024, a total of $921,340 was raised via 

these Special Big Game Tag Sales. 100% of 

the proceeds of all three tags come back to the 

Arizona Game and Fish Department to fund 

the conservation and management of bighorn 

sheep in Arizona. Since its inception (1984), 

the Arizona Bighorn Sheep Special Big Game 

Tags have brought in more than $15.8 million 

USD through 2025 to support bighorn sheep 

management in Arizona. 

 
TRANSLOCATIONS  

 

Desert Bighorn Sheep 

 

A project to expand the desert bighorn 

herd in the Harcuvar Mountains in Unit 44A 

into unoccupied portions of their range was 

initiated in 2021. A total of 23 bighorns (20 

ewes, 3 rams) were captured and translocated 

from the Plomosa Mountains in Unit 44B in 

November of 2021 with 22 GPS collars 

deployed during this event. A follow-up 

translocation of an additional 30 bighorns (3 

rams, 27 ewes) from the Trigo Mountains in 

Unit 43B was conducted in 2022 with an 

additional 25 GPS collars. No bighorn sheep 

were translocated in 2023 due to source 

population disease testing results. In 2024, a 

total of 28 bighorn sheep (4 rams, 24 ewes) 

were relocated from the Kofa Mountains in 

Unit 45 with 10 collars. 

 

Rocky Mountain Bighorn Sheep 

 

Efforts to relocate Rocky Mountain 

bighorn sheep from the Morenci Mine area in 

Units 27S and 28N have been ongoing since 

2002 with drop-net and darting operations 

resulting in the capture of 386 bighorn sheep 

through 2024. In 2023, six bighorn sheep (3 

rams, 3 ewes) and in 2024 six bighorn sheep (4 

rams, 2 ewes) were translocated to Upper Blue 

River (Unit 27N). These bighorn sheep are 

being monitored to see if they return to 

Morenci Mine or establish home ranges in 

Upper Blue River. This brings the total of 

desert and Rocky Mountain bighorn sheep 

captured and translocated in Arizona or to 

other states to 2,797. 

 
BIGHORN SHEEP AND DOMESTIC 

SHEEP AND GOAT INTERACTIONS  

 
The Department regularly responds to 

reports of domestic sheep or goats in areas that 

create the potential for interactions with 

bighorn sheep. In 2023, two domestic goats 

were located in bighorn habitat in Unit 15C 

(where Movi is already present) and were 

captured using aerial net-gunning,  collected 

and turned over to the Department of 

Agriculture, and both tested negative for Movi. 

A lone domestic goat was observed 

commingling with Rocky Mountain bighorn 

sheep in Unit 28 in November 2023; a 

helicopter and capture crew were diverted 

from a nearby collaring project to catch and 
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remove the goat from the area. They were 

successful, and also deployed two collars to 

monitor movements of bighorns observed with 

the goat. Tests on the samples collected from 

the goat and the bighorns captured were 

negative for Movi. In 2024, two domestic 

goats and three wild bighorn sheep were 

located together in East Clear Creek Unit 

4A/5A and four wild bighorn sheep were 

located with domestics in Unit 6A. Neither of 

the domestic animals tested negative for Movi. 

All seven wild bighorn sheep were euthanized 

in the two areas, of which, none tested positive. 

Routine monitoring conducted annually on 

harvested rams after these events found no 

positive Movi cases. 
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The California Department of Fish and 

Wildlife (CDFW) oversees two subspecies of 

bighorn sheep including the Sierra Nevada 

bighorn sheep (Ovis canadensis sierrae) and 

the desert bighorn sheep (Ovis canadensis 

nelsoni). The Sierra Nevada bighorn are 

federally listed as endangered and managed 

under the Sierra Nevada Bighorn Sheep 

(SNBS) Recovery Program. A portion of the 

desert bighorn population, known as 

Peninsular bighorn, are considered a distinct 

population segment, are also federally listed as 

endangered, and are managed by the 

Peninsular Bighorn Sheep (PBS) Recovery 

Program. The remainder of the non-

endangered desert bighorn are primarily 

managed by the Desert Bighorn Sheep (DBS) 

Program, although there are a few populations 

along the Transverse Ranges that are overseen 

by unit biologists. Finally, there are two areas 

in Northern California where introduced 

populations of California bighorn from 

neighboring states occasionally immigrate to 

California, but these are considered transient 

individuals and CDFW is not actively 

managing them (Figure 1). For more details, 

please see the Conservation and Management 

Plan for Bighorn Sheep in California (CDFW 

2025). 

This status update will provide general 

updates on population trends, translocations 

(SNBS), harvest (DBS), habitat improvements 

(DBS and PBS), recent and ongoing research, 

and  key conservation  concerns for  all  three  

 

bighorn sheep programs for the years of 2024 

and 2025. Please refer to Appendix A for a 

detailed breakdown of population size-class 

estimates for all the populations of bighorn 

sheep across California. 

 

POPULATIONS 

 

Sierra Nevada Bighorn Sheep Recovery 

Program 

 

Sierra Nevada Bighorn Sheep were 

federally and state listed as endangered in 1999 

at which time the population was estimated to 

be approximately 150 individuals including 55 

females distributed among seven herds (Figure 

2, Female SNBS 1999ï2025, USFWS 2007). 

The population peaked in 2016 with  316 

females distributed among 14 herds at which 

point the geographic recovery goals were met 

but numerical goals were met in only 2 of the 

4 recovery units.  Since 2017 the subspecies 

trended indirectly downward and was driven 

by losses during the big winters of 2017, 2019 

and 2023 in which female mortality was 33%, 

25% and 55% respectively. In the last ten 

years, the leading causes of mortality have 

been snow in the form of avalanche, and 

starvation and lion predation. Since the 

extreme snowfall during the winter of 2023, 

the population has increased with the most 

recent population estimate from 2025 of 197 

females distributed across 11 herds. 
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FIGURE 1.  Distribution of mountain ranges currently and formerly occupied by bighorn sheep (Ovis 

canadensis) in California, including occupied ranges that cross state boundaries.  

 

 


