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Preface

With a global incidence of over half a million human cases annually, brucellosis is a zoonotic dis-
ease of public health concern for much of the world. Fortunately, due in large part to the brucellosis erad-
ication program begun by the U.S. Department of Agriculture more than 80 years ago, the incidence of
human brucellosis in the United States is now less than 0.5 cases/million population, a dramatic reduction
from the high of over 6,000 cases annually in 1947. Unlike in 1947, nearly all U.S. human brucellosis
cases are now caused by Brucella melitensis acquired while traveling outside the United States, not
B. abortus.

The only remaining U.S. reservoir of B. abortus infection is in the Greater Yellowstone Area
(GYA), where wildlife transmitted cases spill over into domestic cattle and domestic bison. Yet this spill-
over is now occurring with increasing frequency, raising the possibility of brucellosis reoccurrence out-
side the GYA. This report examines the changing dynamic of brucellosis in the GYA, providing a com-
prehensive update of what is new since the 1998 National Research Council report Brucellosis in the
Greater Yellowstone Area and exploring various options for addressing the challenge of brucellosis dis-
ease management.

Much has changed in the 19 years since the previous report. There is now clear evidence that trans-
mission of B. abortus to domestic livestock in the GYA has come from infected elk, not bison, posing
greater challenges for control of transmission to domestic species. This is coupled with significant chang-
es in land use around the GYA, and the increasing value that the public places on our wild lands and the
wildlife they support. Indeed, change has been the norm, even during the course of the committee’s delib-
erations. New cases have been recognized in cattle and domestic bison since the start of the study. Poli-
cies of state agencies trying to counter the increasing incidence of brucellosis have changed. The study
was conducted during the 100th anniversary year of our national park system, with Yellowstone National
Park the “granddaddy” of them all. And the bison, an icon of Yellowstone National Park and a key player
in brucellosis control, was officially designated as our national mammal, further raising the visibility of
brucellosis management efforts in the GYA.

The committee gained insight from invited speakers and an impassioned audience expressing multi-
ple perspectives in public meetings. In addition to the study’s sponsor, USDA, stakeholders range from
additional federal and state agencies to non-governmental organizations, and from the public who gain
value and satisfaction from our wild lands and the animals they support to those who have for generations
derived their livelihoods from privately owned land in and around the GYA. All are impacted by efforts
to manage brucellosis caused by B. abortus in the last remaining disease reservoir. There is a complexity
and interdependency in addressing the issue that mirrors the complexity of the ecosystem in which brucel-
losis occurs, and which defies both simple solutions and a perfect solution. The committee has taken an
objective, science-based approach in addressing its Statement of Task, and presents this report as a com-
prehensive starting point for discussions among all stakeholders to address a problem of increasing con-
cern. We trust this report will be helpful in those deliberations.

I would like to express thanks to all the committee members for their dedication and perseverance
during the long course of the committee’s deliberations and writing. On behalf of the committee, sincere
thanks are also extended to the study director, Peggy Yih, who did an outstanding job of directing a chal-
lenging task, and to Robin Schoen and Jenna Briscoe who provided background support for the study. As
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always, a National Academies report simply does not happen de novo and capable hands guide the pro-
cess throughout. Lastly, the committee thanks all those who provided input during multiple public meet-
ings and to those who provided answers in response to what may at times have seemed like an endless list
of questions and requests. We are grateful for your efforts in supporting this report.

Terry F. McElwain, Chair
Committee on Revisiting Brucellosis
in the Greater Yellowstone Area
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Summary

BACKGROUND

Brucellosis is a nationally and internationally regulated disease of livestock with significant conse-
guences for animal health, public health, and international trade. In cattle, the primary cause of brucellosis
is Brucella abortus, a zoonotic bacterial pathogen that also affects wildlife, including bison and elk.
While B. abortus can cause both acute febrile and chronic relapsing brucellosis in humans, it is no longer
a major human health concern in the United States due largely to public health interventions such as the
pasteurization of milk and the successful efforts of the Brucellosis Eradication Program that began in
1934,

As a result of the decades long eradication program, most of the country is now free of bovine bru-
cellosis. The Greater Yellowstone Area (GYA), where brucellosis is endemic in bison and elk, is the last
known B. abortus reservoir in the United States. The GYA is home to more than 5,500 bison that are the
genetic descendants of the original free-ranging bison herds that survived in the early 1900s, and home to
more than 125,000 elk whose habitats are managed through interagency efforts, including the National
Elk Refuge and 22 supplemental winter feedgrounds maintained in Wyoming.

Since the National Research Council (NRC) issued the 1998 report Brucellosis in the Greater Yel-
lowstone Area, brucellosis has re-emerged in domestic cattle and bison herds in the GYA; from 1998-
2016, 22 cattle herds and 5 privately-owned bison herds were affected in Idaho, Montana, and Wyoming.
During the same time period, all other states in the United States achieved and maintained brucellosis
class-free status. A 2010 interim rule to regionalize brucellosis control enabled the three GYA states to
create designated surveillance areas (DSAs) to monitor brucellosis in specific zones and to reduce the
economic impact for producers in non-affected areas. However, brucellosis has expanded beyond the
original DSAs, resulting in the outward adjustment of DSA boundaries. Although most cattle in the GYA
are vaccinated with B. abortus strain RB51, it does not necessarily prevent infection while it does reduce
abortions. The increase in cattle infections in the GYA, coupled with the spread in wildlife, has been
alarming for producers in the area; moreover, the risk of additional spread from movement of GYA live-
stock to other areas across the United States is increasing due to the lack of guidance and surveillance,
with the potential for spread and significant economic impact outside the GYA.

SCOPE AND APPROACH TO THE REVIEW

The 1998 NRC report reviewed the scientific knowledge regarding B. abortus transmission among
wildlife—particularly bison and elk—and cattle in the GYA. Given the scientific and technological ad-
vances in two decades since that first report, the U.S. Department of Agriculture’s Animal and Plant
Health Inspection Service (USDA-APHIS) requested that the National Academies of Sciences, Engineer-
ing, and Medicine (the National Academies) revisit the issue of brucellosis in the GYA. The primary mo-
tivation for USDA-APHIS in requesting the study was to understand the factors associated with the in-
creased transmission of brucellosis from wildlife to livestock, the recent apparent expansion of brucellosis
in non-feedground elk, and the desire to have science inform the course of any future actions in address-
ing brucellosis in the GYA. Although USDA-APHIS commissioned the study to inform its brucellosis
eradication strategy, there are additional federal and state agencies that each have authority across state,
federal, private, and tribal lands that course through the GYA. Also, Yellowstone National Park (YNP) is
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a national icon, American bison were recently designated as the national mammal, and the subject of bru-
cellosis is of interest to many groups with economic interests in wildlife and livestock in the GYA.

CONCLUSIONS AND RECOMMENDATIONS
A New Focus on Elk

In tracing the genetic lineage of Brucella across the ecosystem and among species, elk are now rec-
ognized as a primary host for brucellosis and have been the major transmitter of B. abortus to cattle. All
recent cases of brucellosis in GYA cattle are traceable genetically and epidemiologically to transmission
from elk, not bison. The seroprevalence of brucellosis in elk in some regions has been increasing from
what were historically low levels, and data strongly suggest that elk are able to maintain brucellosis infec-
tion within their populations that have limited to no direct contact with the feedgrounds or with infected
bison. Direct contact of elk with cattle is more prevalent than contact of cattle with bison. As a result, the
risk of transmission from elk to cattle may be increasing.

In contrast, there have been no cases of transmission from GYA bison to cattle in the 27 herds in-
fected with brucellosis since 1998 despite no change in the seroprevalence of brucellosis in bison. This is
likely a result of bison management practices outlined in the Interagency Bison Management Plan (IBMP)
combined with fewer cattle operations in the GY A region where bison leave YNP.

Ecological changes within the GYA since 1998 have shifted the dynamics of wildlife populations.
The reintroduction of wolves and increases in grizzly bear numbers have impacted the density and distri-
bution of elk. ElIk populations have expanded on the periphery of the GYA but have decreased inside
YNP. The rising number of private landowners has changed how land is used around national parks, with
private lands increasingly serving as refugia for elk from hunting.

With elk now viewed as the primary source for new cases of brucellosis in cattle and domestic
bison, the committee concludes that brucellosis control efforts in the GYA will need to sharply fo-
cus on approaches that reduce transmission from elk to cattle and domestic bison (Conclusion 1).

Recommendation 1: To address brucellosis in the GYA, federal and state agencies should pri-
oritize efforts on preventing B. abortus transmission by elk. Modeling should be used to character-
ize and quantify the risk of disease transmission and spread from and among elk, which requires an
understanding of the spatial and temporal processes involved in the epidemiology of the disease and
economic impacts across the GYA. Models should include modern, statistically rigorous estimates
of uncertainty.

Adopting an Active Adaptive Management Approach

Many brucellosis management efforts implemented since the 1998 report may appear to have taken
an adaptive management approach; however, those efforts have not followed the basic tenet of employing
an active approach. More specifically, individual management actions were not designed or established to
allow for scientific assessment of effectiveness, which is a central tenet of active adaptive management.
Management activities are typically conducted as hypothesis testing, the outcome of which directs subse-
guent decisions and actions toward the ultimate goal. In the absence of carefully designed management
actions that include experimental controls, it is difficult to determine the effectiveness of a particular prac-
tice, leading to a slower learning process.

Recommendation 2: In making timely and data-based decisions for reducing the risk of B.
abortus transmission from elk, federal and state agencies should use an active adaptive management
approach that would include iterative hypothesis testing and mandated periodic scientific assess-
ments. Management actions should include multiple, complementary strategies over a long period
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of time, and should set goals demonstrating incremental progress toward reducing the risk of
transmission from and among elk.

Adaptive Management Options to Reduce Risk

No single management approach can independently result in reducing risk to a level that will
prevent transmission of B. abortus among wildlife and domestic species (Conclusion 2). To consider
any approach in isolation is to miss the bigger picture of a highly interconnected ecosystem and a broader
understanding of various factors affecting risk that has evolved since 1998. While there are knowledge
gaps that limit understanding of actual risk, the options below are possible adaptive management ap-
proaches to reduce risk of B. abortus transmission and to inform future risk management plans. These
approaches would need to be based on an integrated assessment of risk and costs, but do not necessarily
need to be applied uniformly over space and time.

Population Reduction

Reducing the population size of cattle, bison, or elk are all likely to reduce the risk of brucellosis
transmission to cattle by reducing the area of potential contact or the number of infected individuals in
those areas, even if the disease prevalence in the wildlife hosts remains constant. However, each species
has a constituency that would likely oppose any population reduction.

Elk: Reducing the elk population is an option for reducing the risk of transmission among elk, cattle, and
bison. Unlike bison, transmission among elk appears to be influenced by density. Thus, reducing elk
group sizes and/or density may decrease elk seroprevalence over time, and potentially decrease the
risk of elk transmission (Conclusion 3). Potential management approaches for elk population reduction
include the following:

e Hunting. Hunting is currently used to control elk populations, with management unit population
targets set as a balance of public demand and population goals. Hunting could also be used as a
means of incentivizing targeted population reductions based on brucellosis risk. Additional and
ongoing assessments of the efficacy of these approaches would be needed as part of an active
adaptive management approach.

e Contraception. GonaCon™ is an immunocontraceptive that targets high-risk females; contra-
ception would need to be viewed as experimental in elk but, as in bison, there is potential in sig-
nificantly reducing the elk population and prevalence of brucellosis in elk.

e Test and removal. Test and removal has been an invaluable part of the brucellosis eradication
program for domestic species. As with domestic species, test and removal in elk would need to
be part of an integrated program combined with other tools such as quarantine, herd manage-
ment to reduce intra-herd transmission, and vaccination.

Bison: While the primary focus would be on elk, bison remain an important reservoir for brucellosis. If
further reducing the prevalence of brucellosis in bison is desirable, these bison population control
measures could potentially be considered:

e Removal of infected bison. Population reduction alone is not likely to reduce brucellosis preva-
lence in bison since transmission is frequency dependent rather than density dependent. For this
reason, if reduction of brucellosis prevalence is a goal, removal of bison for population
management purposes will need to target brucellosis infected individuals, whenever possi-
ble (Conclusion 4).
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e Quarantine and relocation. Sufficient evidence is now available to also include separation and
quarantine of test negative bison as a management action, allowing for the eventual relocation of
GY A bison to other bison herds (including onto tribal lands).

o Targeted removal within YNP. While this option may not be politically, logistically, socially, or
economically feasible, targeted removal of seropositive bison (which would be facilitated by the
use of a pen-side assay) or high-risk bison (such as young, pregnant females) within YNP in the
winter could reduce the need for large culls of bison populations that move outside YNP. This
could also reduce the episodic swings in the bison population and winter emigrations from YNP
that lead to large culls in some years.

e Bison genetics. Test and removal of bison provides a valuable opportunity to preserve genetic
material and live cells for future use in establishing brucellosis negative and potentially disease
resistant bison through cloning techniques.

e Contraception. Experimental and modeling results in bison suggest that contraception using a
gonadotropin releasing hormone immunocontraceptive (i.e., GonaCon™) may help in reducing
the prevalence of brucellosis. This approach targets high-risk females, preventing pregnancy and
thus abortion and birthing events that increase risk of transmission through shedding of high
numbers of bacteria.

Intervention Options Within Feedgrounds

The role of the National Elk Refuge and Wyoming elk supplemental winter feedgrounds in main-
taining and propagating brucellosis in the GYA is a controversial topic. Feedgrounds have been useful for
conservation and hunting purposes, and for separating elk from cattle. However, it is widely accepted that
feedgrounds promote transmission of B. abortus among elk and are likely responsible for causing and
maintaining elevated seroprevalence in those areas.

The potential options below for management interventions in feedgrounds could be further evaluat-
ed using an active adaptive management approach, with the interventions applied singularly or in combi-
nation.

o Balance the timing and use of feedgrounds. Data suggest that ceasing feeding earlier in the sea-
son on feedgrounds to encourage dispersal would result in less risk of infection among elk (and
bison where intermixing occurs), because calving of elk would occur in a more natural envi-
ronment away from the dense population present in feedgrounds.

o Feeding patterns on feedgrounds. Data suggest that feeding in checkerboard patterns and
spreading feed more broadly appear to reduce elk to elk contact, and therefore potentially reduce
transmission risk.

e Test and removal on feedgrounds. The Muddy Creek feedground pilot project provided an ex-
ample of temporarily reducing seroprevalence of brucellosis through test and removal of infect-
ed female elk. Its use would be limited to very specialized conditions (e.g., in reducing feed-
ground density) as large populations appear to be able to maintain a brucellosis reservoir outside
the feedgrounds.

e Contraception in elk. The feedgrounds provide an opportunity to more easily access female elk
for contraceptive application.

o Removal of aborted fetuses. Abortion on feedgrounds offers an opportunity to remove aborted
fetuses on a daily basis and to disinfect the abortion site using an appropriate disinfectant, thus
reducing the likelihood of transmission to other elk.

e Other future interventions. Given the enormity of the challenge in accessing elk in the vastness
of the open West, feedgrounds offer a unique opportunity to intervene in a relatively smaller
land area where elk are concentrated and capture is easier, less dangerous for personnel, and less
costly.
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Incremental Closure of Feedgrounds

Closure of feedgrounds appears to be an obvious approach to control brucellosis in the GYA, but
there are impacts of feedground closure that will need to be considered and assessed. First, while there is
still some uncertainty, scientific evidence suggests that brucellosis in elk is self-sustaining in some areas
without continuous reintroduction of infected feedground elk. If future work continues to support this
conclusion, it is possible that closure of feedgrounds would not have any impact on brucellosis prevalence
in more remote elk populations away from the feedgrounds. Closure of feedgrounds would, however, po-
tentially reduce the “seeding” of new areas with infected elk where a reservoir does not currently exist.
Second, anecdotal evidence suggests that feedgrounds reduce exposure of cattle to infected elk during the
high-risk period of abortion or calving. Observational data to support this notion are weak at present.
Thus, an unintended outcome of closing feedgrounds could be increased exposure of cattle to infected elk
if cattle are turned onto grazing areas at the time that elk are calving. The weight of evidence nonethe-
less suggests that reduced use or incremental closure of feedgrounds could benefit elk health in the
long-term, and could reduce the overall prevalence of brucellosis in elk on a broad population basis
(Conclusion 5).

The closure of feedgrounds is likely to bring increased short-term risk due to the potential for in-
creased elk-cattle contact while the seroprevalence in elk remains high. In the longer term, closing feed-
grounds may result in reduced elk seroprevalence. Reduced use or incremental closure of feedgrounds
is not a stand-alone solution to control of brucellosis in the GYA, and will need to be coupled with
other management actions to address the problem at a systems level (Conclusion 6).

Recommendation 3: Use of supplemental feedgrounds should be gradually reduced. A strate-
gic, stepwise, and science-based approach should be undertaken by state and federal land managers
to ensure that robust experimental and control data are generated to analyze and evaluate the im-
pacts of feedground reductions and incremental closure on elk health and populations, risk of
transmission to cattle, and brucellosis prevalence.

Spatial and Temporal Separation

One of the fundamental principles of infectious disease control is spatial and temporal separation of
individuals and groups to reduce the risk of transmission. Bison management to prevent brucellosis
transmission has been successful in part due to spatial and temporal separation from cattle, both because
bison are largely contained within YNP and Grand Teton National Park, and when outside the parks they
are managed to reduce cattle contact.

Recommendation 4: Agencies involved in implementing the IBMP should continue to maintain
a separation of bison from cattle when bison are outside YNP boundaries.

Spatial and temporal separation also plays an important role in reducing transmission risk from elk.
Separation of susceptible and infected animals during high-risk periods has been and should continue to
be utilized as a risk reduction tool, and is further discussed in the report in the context of specific man-
agement approaches. National policy for responding to the identification of infected cattle and domestic
bison herds includes time-tested approaches toward maintaining separation of infected and susceptible
animals, including hold orders and quarantine during follow-up testing. These actions are valuable tools
for reducing risk. Other options include the timing and use of grazing allotments, biosecurity measures,
and hazing of elk. Removal of bison for population management purposes could target B. abortus infected
individuals if further reducing the prevalence of brucellosis is a goal; however, until tools become availa-
ble that would simultaneously allow for an eradication program in elk, additional aggressive control
measures in bison seem unwarranted.
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Testing, Surveillance, and Designated Surveillance Areas

Regionalization is now a well-accepted approach to allow subnational disease containment without
jeopardizing the disease status of an entire nation. The success of regionalization relies on robust risk as-
sessment, knowledge of the location and extent of infected animals within and immediately outside the
boundary of a control zone, and effective boundary management and enforcement.

The designated surveillance area (DSA) zoning concept is a valuable approach toward brucellosis
control in the GYA. The successful use of DSAs is dependent on responsible and timely adjustments of
DSA boundaries based on adequate surveillance, particularly of elk. There is no federal guidance for con-
ducting wildlife surveillance outside of the DSA at a level required to monitor the geographic expansion
of brucellosis in elk. Each state independently conducts wildlife surveillance outside of the DSA, with no
uniform data-based guidelines or requirements for states to reference in determining when to expand their
DSA as a result of finding infected or exposed wildlife outside of established DSA boundaries. This lack
of uniformity in rules and standards has resulted in an uneven approach to surveillance and to establishing
boundaries that accurately reflect risk. If DSA boundaries are not expanded in a timely manner in re-
sponse to finding seropositive wildlife, there is an increased probability that exposed or infected cattle and
domestic bison herds in that area may not be detected in time to prevent further spread of infection as cat-
tle and domestic bison are marketed and moved. There is no major slaughter capacity in Montana or Wy-
oming where surveillance samples can be collected to detect whether brucellosis has expanded in cattle
beyond the DSA boundaries. This gap in slaughter surveillance for non-DSA cattle in the GYA states fur-
ther raises the risk of brucellosis spreading beyond the DSAs.

The lack of data-based guidance and uniformity in conducting wildlife surveillance outside the
DSA, the absence of a GYA focused approach for national surveillance, and the infrequent over-
sight of state brucellosis management plans in the midst of expanding seroprevalence of elk has in-
creased the risk for spread of brucellosis in cattle and domestic bison outside the DSA boundaries
and beyond the GYA (Conclusion 7).

Recommendation 5: In response to an increased risk of brucellosis transmission and spread
beyond the GYA, USDA-APHIS should take the following measures:

5A: Work with appropriate wildlife agencies to establish an elk wildlife surveillance program
that uses a modeling framework to optimize sampling effort and incorporates multiple sources of
uncertainty in observation and biological processes.

5B: Establish uniform, risk-based standards for expanding the DSA boundaries in response to
finding seropositive wildlife. The use of multiple concentric DSA zones with, for example, different
surveillance, herd management, biosecurity, testing, and/or movement requirements should be con-
sidered based on differing levels of risk, similar to current disease outbreak response approaches.

5C: Revise the national brucellosis surveillance plan to include and focus on slaughter and
market surveillance streams for cattle in and around the GYA.

Vaccination

Vaccination is a time-tested, proven method of infectious disease control. Brucellosis vaccination
has been an important part of the program to eradicate brucellosis from domestic cattle, and is effective
when used in conjunction with other disease management approaches such as quarantine, herd manage-
ment to reduce intra-herd transmission, and test and removal. The significant reduction in risk of
transmission among vaccinated cattle provides sufficient reason to continue calfhood and adult
vaccination of high-risk cattle when coupled with other risk reduction approaches (Conclusion 8).

An improved vaccine for each of the three species (elk, bison, and cattle) would help suppress and
eventually eliminate brucellosis in the GYA. For free-ranging bison and elk, appropriate and cost-
effective vaccine delivery systems would be critical. However, until the issue of infected elk transmitting
B. abortus to cattle is fully addressed, there will still be a perception of risk by other states that would
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likely drive continued testing of cattle leaving the DSASs even if cattle are vaccinated with a highly effec-
tive vaccine.

Bioeconomics: A Framework for Making Decisions

Economic resources for managing disease risks in the GY A are scarce. Any management strategies
that impose costs on agencies and other stakeholders while producing few benefits will not be adopted.
Costs are not limited to direct monetary costs of undertaking management actions, and benefits are not
limited to reduced economic risks to cattle producers; the costs and benefits also include the positive and
negative impacts to the ecological processes of the region that are directly or indirectly valued by stake-
holder groups. Moreover, many costs and benefits ultimately depend on how individual ranchers, land-
owners, and resource users respond to changes in risk. Many of these costs and benefits will not be real-
ized in the short term, and thus a long-term perspective is needed in managing the entire system.
Bioeconomic modeling provides a valuable framework for systems-level decision making that is able to
take into account the socioeconomic costs and benefits of reducing transmission from wildlife to domestic
cattle and bison, and is able to promote coordination and targeting of actions spatially and temporally
based on expected costs and benefits, including potential impacts beyond the GYA. While the Statement
of Task requests a cost-benefit analysis for various management options, a lack of critical information
severely limits the committee’s ability to develop a comprehensive empirical assessment at this time.
There are significant knowledge gaps for key economic and disease ecology relations, including the effec-
tiveness, cost, and unanticipated impacts of various candidate management options to control brucellosis
in the broader GYA system.

A coupled systems/bioeconomic framework is vital for evaluating the socioeconomic costs and
benefits of reducing brucellosis in the GYA, and would be needed to weigh the potential costs and
benefits of particular management actions within an adaptive management setting. A bioeconomic
framework is also needed to identify appropriate management actions to target spatial-temporal
risks, including risks beyond the GYA (Conclusion 9).

A Call to Strategic Action

The current committee echoes the sentiments from the 1998 NRC report and concurs that eradica-
tion of brucellosis from the GYA remains idealistic, but is still not currently feasible for scientific, social,
political, and economic reasons. However, while eradication of brucellosis in the GYA remains a distant
goal, significant progress toward reducing or eliminating brucellosis transmission from wildlife to domes-
tic species is possible. Undoubtedly, sufficient societal and political will along with sufficient financial
resources will be required for success. Managing an ecosystem as complex as the Greater Yellowstone
Ecosystem will require coordination and cooperation from multiple stakeholders, and will require
expertise across many disciplines to understand the intended and unintended costs and benefits of
actions (Conclusion 10). Addressing brucellosis under the new and changing conditions in the region
necessitates a more systematic, rigorous, and coordinated approach at several levels—from priority set-
ting to information gathering, data sharing, and wildlife and disease management—than has occurred thus
far. A strategic plan is needed to coordinate future efforts, fill in critical knowledge and information
gaps, and determine the most appropriate management actions under a decision-making frame-
work that is flexible and accounts for risks and costs (Conclusion 11).

Recommendation 6: All federal, state, and tribal agencies with jurisdiction in wildlife man-
agement and in cattle and domestic bison disease control should work in a coordinated, transparent
manner to address brucellosis in multiple areas and across multiple jurisdictions. Effectiveness is
dependent on political will, a respected leader who can guide the process with goals, timelines,
measured outcomes, and a sufficient budget for quantifiable success. Therefore, participation of



Revisiting Brucellosis in the Greater Yellowstone Area

leadership at the highest federal (Secretary) and state (Governor) levels for initiating and coordi-
nating agency and stakeholder discussions and actions, and in sharing information is critical.

Coordinating a Complex System

Management of brucellosis in the GYA is under the jurisdiction of various state, federal, private,
and tribal authorities. Each entity has its own mission and goals, and at times these goals may conflict
with one another. In addition, there are private landowners, hunters, and ranchers whose actions can im-
pact and are impacted by the decisions of others. To date, the efforts undertaken by various state and fed-
eral entities have been conducted in a piecemeal fashion, resulting in a disjointed and uneven approach.
Moreover, actions taken have not been effective in addressing the problem, because they have not ad-
dressed the issues on a systems level. While each state has the right to establish independent management
approaches, management actions within each state can have external impacts for the other two states in
the GYA and beyond; similarly, each federal agency has the right to establish independent management
approaches for their area of jurisdiction, yet there may be unintended consequences that impact the mis-
sion and goals of other agencies. Thus, coordinated efforts across federal, state, and tribal jurisdic-
tions are needed, recognizing firstly that B. abortus in wildlife spreads without regard to political
boundaries, and secondly that the current spread of brucellosis will have serious future implica-
tions if it moves outside of the GYA (Conclusion 12). Future progress will depend on actions of private
and public stakeholders, and will require integrating multiple scientific approaches.

Integration of Management Approaches

Historically, there was great interest in brucellosis at the highest levels of government through the
Greater Yellowstone Interagency Brucellosis Committee. While the threat has expanded since 1998, the
participation of essential stakeholders has diminished due to loss of interest caused by lack of a positive
outcome or productive movement in the disease progression within the wildlife populations. There is a
need to reinvigorate this interest with buy-in and participation of leadership and development of a mecha-
nism for coordinating policy and management actions.

Integration of Scientific Approaches

Lack of openly accessible data has limited the amount of scientific progress on controlling brucello-
sis, slowed the learning process, and limited critical information necessary for making decisions. A forum
to coordinate scientific approaches toward brucellosis control among all states and agencies with jurisdic-
tion in the GYA would be a valuable mechanism to ensure that science informs policy. Such a body
would share information, prioritize research projects, limit duplication of efforts, advise on management
actions, and serve as a potential venue for communicating scientifically sound and agreed-upon messages
and policies to the public.

Addressing Knowledge Gaps Through Research

Eliminating B. abortus transmission within wildlife populations (elk and bison) and from wildlife to
cattle and domestic bison in the GY A—and by extension, eliminating it from the United States—is not fea-
sible unless critical knowledge gaps are addressed. An integrated, multi-disciplinary approach is necessary
for addressing multiple aspects of the problem, thus research teams will need to include members from vari-
ous disciplines who provide relevant expertise and understanding. This will also require collaboration and
coordinated communications among the university, agency, and nonprofit research communities.
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Recommendation 7: The research community should address the knowledge and data gaps
that impede progress in managing or reducing risk of B. abortus transmission to cattle and domes-
tic bison from wildlife.

7A: Top priority should be placed on research to better understand brucellosis disease ecology
and epidemiology in elk and bison, as such information would be vital in informing management
decisions.

7B: To inform elk management decisions, high priority should be given to studies that would
provide a better understanding of economic risks and benefits.

7C: Studies and assessments should be conducted to better understand the drivers of land use
change and their effects on B. abortus transmission risk.

7D: Priority should be given to developing assays for more accurate detection of B. abortus in-
fected elk, optimally in a format capable of being performed “pen-side” to provide reliable rapid
results in the field.

7E: Research should be conducted to better understand the infection biology of B. abortus.

7F: To aid in the development of an efficacious vaccine for elk, studies should be conducted to
understand elk functional genomics regulating immunity to B. abortus.

7G: The research community should (1) develop an improved brucellosis vaccine for cattle
and bison to protect against infection as well as abortion, and (2) develop a vaccine and vaccine de-
livery system for elk.

CONCLUDING REMARKS

Even over the course of the committee’s 16-month review, there were rapid changes in management
practices and new cases of brucellosis in cattle and domestic bison, which reemphasizes the difficulty in
handling this complex and expanding problem. Brucellosis was eliminated from cattle in the United
States after nearly a century of dedicated funding and resources from USDA, states, and livestock pro-
ducers. With increasing incidence of brucellosis in cattle and domestic bison herds in the GYA in the past
few decades due to transmission from elk, significant resources are needed to address a problem that is
expanding in scale and scope; without the changes and investments necessary to aggressively address this
problem in a coordinated and cost-effective manner, brucellosis may spread beyond the GYA into other
parts of the United States resulting in serious economic and potential public health consequences. Efforts
to reduce brucellosis in the GYA will depend on significant cooperation among federal, state, and tribal
entities and private stakeholders as they determine priorities and next steps in moving forward. The re-
port’s intent is to be useful for decision makers and stakeholders as they address the challenging matter of
brucellosis in the GYA.
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1. BACKGROUND

Brucellosis, a zoonotic bacterial disease, was first noted in the Greater Yellowstone Area (GYA) in
1917 and has been present in the GYA since then. In 1998, the National Research Council (NRC, now
referred to as the National Academies of Sciences, Engineering, and Medicine, or “the National Acade-
mies”) was asked to review the scientific knowledge regarding Brucella abortus transmission among
wildlife—particularly bison and elk—and cattle in the GYA (NRC, 1998). That study considered the
mechanisms of transmission, risk of infection, and vaccination strategies. It also assessed the infection
rate among bison and elk and described what was known about the prevalence of B. abortus among other
wildlife.

Since that study was conducted, brucellosis has re-emerged in domestic cattle and bison herds in the
GYA. From 1990 to 2001, no infected domestic herds were identified. However, between April 2002 and
November 2016, 22 beef cattle herds and 5 domestic bison herds were found to be infected. Brucellosis is
a nationally and internationally regulated disease, and the GYA is the last known B. abortus reservoir in
the United States.

Brucellosis infection and its management have multiple consequences for the local GY A economies
(related to livestock and wildlife), and can potentially affect export of domestic livestock nationally and
internationally. In cattle, B. abortus infection results in late-gestation abortion, decreased milk production,
loss of fertility, and lameness. Placental infection with production of very high numbers of bacteria is the
dominant pathologic manifestation associated with transmission. A similar clinical syndrome occurs in
bison infected with B. abortus (Rhyan et al., 2009). In the United States, brucellosis is no longer a major
human health concern (CDC, 2012). However, in less-developed countries, brucellosis in humans result-
ing from direct exposure to infective material and consumption of unpasteurized milk products is a seri-
ous recurring illness; it is consistently one of the most economically important zoonoses globally
(McDermott et al., 2013). Brucella bacteria have been found in flies (Musca autumnalis) associated with
cattle and lungworms of seals (Garner et al., 1997); however, there is no current evidence that suggests
that these are important vectors of disease transmission.

Brucellosis is endemic in bison and elk in the GYA. The GYA is home to more than 5,500 bison
that are the genetic descendants of the original free-ranging bison herds that survived in the early 1900s.
Roughly 60% of Yellowstone bison are seropositive for Brucella (Hobbs et al., 2015). The GYA also is
home to more than 125,000 elk, whose habitats are managed through interagency efforts, including the
National ElIk Refuge and 22 supplemental winter feedgrounds maintained in Wyoming. Seroprevalence in
feedground elk ranges from about 10 to 40% (Scurlock and Edwards, 2010).

Feedgrounds reduce the seasonal loss of elk in winter, thereby increasing the elk population and
changing other elk behaviors, such as those related to parturition. Comingling of elk with cattle is the
cause of current brucellosis outbreaks in cattle. Although most cattle in the GYA are vaccinated with B.
abortus strain RB51, it does not necessarily prevent infection while it does reduce abortions (Olsen,
2000).
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B. abortus isolates recovered from infected cattle very closely resemble or are indistinguishable from iso-
lates in wild elk. Over the past decade, seroprevalence in some elk herds increased without direct expo-
sure to feedground elk. This finding suggests that brucellosis is now self-sustaining in free-ranging elk
distant from the feedgrounds, and thus accounts for increased risk to cattle. Other factors that increase the
complexity in managing brucellosis and the Yellowstone ecosystem include the 1995 reintroduction and
subsequent recovery in numbers of grey wolves in Yellowstone, changes in land use, and changes in fed-
eral and state regulations. The GYA now is home to 400-450 wolves (Jimenez and Becker, 2015), which
prey primarily on elk. Furthermore, the grizzly bear population has increased, with 150 having home terri-
tories in the Park itself (Yellowstone Park, 2016) and approximately 500-600 with ranges in the GYA
(USFWS, 2016). These changes have led to movement of elk outside Yellowstone National Park and into
areas where increased exposure to cattle can occur.

In 1998, bison were the primary focus of the NRC’s evaluation of brucellosis in the GYA. Since that
time, the Interagency Bison Management Plan (IBMP) was implemented to achieve the spatial separation
of bison and cattle, which has dramatically reduced the risk of bison transmitting B. abortus to cattle. Bi-
son remain an important focus, but it is clearly evident that the rate of transmission from elk has increased
significantly. The GYA is a complex and dynamic ecosystem that requires a reanalysis of changed and
changing factors, and recommendations on strategies and goals in light of those factors.

2. THE GREATER YELLOWSTONE AREA

The GYA (see Figure 1-1) has been defined as the general area including and surrounding Yellow-
stone and Grand Teton National Parks, spanning about 400 km north-to-south and 200 km east-to-west
(White et al., 2015). The general boundaries of the GYA were delimited by the Greater Yellowstone Co-
ordinating Committee in 1994 (Mclntyre and Ellis, 2011). The GYA consists of Yellowstone and Grand
Teton National Parks as core natural areas that are surrounded by six national forests, three national wild-
life refuges, state lands, Bureau of Land Management land parcels, and private and tribal lands (White et
al., 2015). These areas are administered by many different federal and state management entities. The
federal agencies responsible for overseeing those lands include the National Park Service (NPS), U.S.
Fish and Wildlife Service (USFWS), Bureau of Land Management (BLM)—which are part of the U.S.
Department of the Interior (DOI)—and the U.S. Department of Agriculture (USDA) Forest Service (FS).
The state agencies include Idaho Department of Fish and Game, Idaho State Department of Agriculture,
Montana Department of Fish, Wildlife, and Parks (MDFWP), Montana Department of Livestock, Wyo-
ming Game and Fish Department (WGFD), and Wyoming Livestock Board.

2.1 Terminology

The GYA is included within an area that has been referred to as the Greater Yellowstone Ecosystem
(GYE), one of the largest, mostly intact, temperate ecosystems in the world (Keiter and Boyce, 1991).
The GYE was originally defined as the range of the Yellowstone grizzly bear (Craighead, 1991; Gude et
al., 2006), but ecosystem boundaries are somewhat subjective and dependent on movements and interac-
tions among many species. For the purposes of this report, the area of interest includes the GYA, but also
areas in and near the GY A where brucellosis is known to occur in elk and bison and where there is a risk
of transmission to domestic livestock and domestic bison herds (see Figure 1-2). Areas with brucellosis
presence or risk of transmission are included in the brucellosis designated surveillance areas (DSASs) of
eastern ldaho, southwest Montana, and western Wyoming.
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FIGURE 1-1 Map of the Greater Yellowstone Area by jurisdiction. SOURCE: NPS, 2016.

2.2 Bison and Elk Populations

As of 2016, the GYA supports more than 5,500 bison. The great majority are found in the Yellow-
stone National Park (YNP) herd which varies in size between 3,000-6,000 animals. Since 1998, when the
previous NRC brucellosis report was written, the YNP bison population has increased from 3,000-4,000
to 4,000-5,000. YNP bison are primarily found within the Park boundaries, but they also use areas outside
of the Park to the north and west. The YNP herd consists of two subherds, central and northern, with
some interchange between them. In contrast to 1998 when there were considerably more bison in the cen-
tral herd than in the northern herd, there are now more bison in the northern herd. A second and much
smaller herd of about 700 bison has a core range inside of Grand Teton National Park with most wintering
on the National Elk Refuge (Koshmrl, 2015).
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FIGURE 1-2 Map showing GYA boundary and designated surveillance areas as of 2016. SOURCE: White et al.,
2015.

There are more than 125,000 elk in the GYA. Several herds have winter ranges in and around YNP,
including the northern Yellowstone winter range herd, which was, up until recently, the largest herd in the
GYA. A second set of herds, the Jackson herds, have winter ranges in the southern parts of the GYA, in-
cluding the USFWS National Elk Refuge and surrounding areas near the town of Jackson. The Jackson
herd has been larger than the northern Yellowstone herd for the past two decades. Within YNP, elk have
been managed by NPS under a policy of natural regulation, in which it is hypothesized that the area is
large enough for populations to be regulated by food limitation or predation, without a need for artificial
reductions. However, YNP elk ranges extend beyond park boundaries. Elk outside YNP are managed by
state and federal wildlife management agencies. YNP provides summer range for 6-7 elk herds, most of
which spend the winter at lower elevations outside YNP (NPS, 2015).

13
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3. ADMINISTRATIVE COMPLEXITY OF THE GYA
3.1 Regulatory Authority of VVarious Species

Cattle, bison, and elk are managed by different state and federal agencies. For cattle, the U.S. De-
partment of Agriculture’s Animal and Plant Health Inspection Service (USDA-APHIS) has regulatory
oversight of livestock, with objectives to safeguard livestock health, maintain the economic viability and
trade capabilities of the U.S. cattle industry, and protect public health and food safety (Clarke, 2015).
USDA-APHIS has the national authority to suppress and prevent the spread of any contagious and infec-
tious disease of livestock, which could include establishing quarantines, regulating the movement of live-
stock, and seizing and disposing of livestock (Clarke, 2015). Similarly, state departments of agriculture or
their equivalent have regulatory oversight of livestock and are responsible for protecting producers, trad-
ing partners, and public health in their respective states.

Bison and elk move across wide ranges of land, and not surprisingly their management crosses ad-
ministrative boundaries. The NPS has jurisdiction in managing bison within Yellowstone and Grand Te-
ton National Parks. Qutside the national parks, bison are under the authority of state agencies and may be
considered as either wildlife or livestock, depending on the context. In Wyoming, bison are considered
wildlife in designated specific areas adjacent to Yellowstone and Grand Teton National Parks (Becker et
al., 2013). In Montana, the Yellowstone bison population is considered as wildlife, with the Montana De-
partment of Fish, Wildlife, and Parks managing hunting on lands adjacent to YNP and with the Montana
Department of Livestock in charge of disease control management (Becker et al., 2013). For the purpose
of brucellosis management, USDA considers all bison removed from YNP as alternate livestock (Becker
et al., 2013). Only in the event of a national disease emergency would USDA-APHIS have authority over
wildlife.

For elk, DOI has jurisdiction inside Yellowstone and Grand Teton National Parks, the USDA FS is
responsible for providing habitat on National Forest lands, the BLM has authority over its land parcels,
and the USFWS (DOI) manages the National EIk Refuge. With regard to the states, the state wildlife
management agencies in ldaho, Montana, and Wyoming have authority over elk population management
anywhere outside of the national parks.

In addition to the state and federal agencies, there are three Native American Indian reservations in
the near vicinity of the DSA: Fort Hall, Wind River, and Crow. The Fort Hall Reservation of the Shosho-
ne-Bannock Tribes is in south eastern ldaho (over 2,000 km?). The Wind River Reservation created for
the Eastern Shoshone and Northern Arapaho tribes is approximately 9,000 km?, and is located on the
eastern side of the Wind River mountains in Wyoming. Wild bison were recently translocated into the
Wind River Reservation in 2016. The Crow Indian Reservation for the Crow Tribe is located in Montana
north of the Bighorn mountains (9,300 km?).

3.2 Coordination and Management of Bison and EIk Among Agencies

Yellowstone elk populations migrate, disperse, and utilize habitats outside of the national parks and
are managed by state wildlife authorities for recreational hunting. This means that despite any policy of
natural regulation or ecosystem process management of the NPS, elk populations that spend a part of the
year inside Yellowstone and Grand Teton National Parks can be and are managed by state game man-
agement agencies through hunter harvests, to varying degrees. The extent to which hunting controls elk
populations relative to habitat and food limitation and winter weather inside YNP and GTNP has been
insufficiently recognized or characterized. Clearly a major goal of state wildlife authorities is to produce
thriving and sustainable populations of wildlife, primarily for hunting and fishing. However, state wildlife
authorities also serve multiple stakeholders. For example, MDFWP manages Montana’s fish and wildlife
populations and habitats while balancing the interests of groups such as hunters, outdoor recreationists,
visitors, landowners, and the general public (MDFWP, 2004). Consistent with the mission of the National
Wildlife Refuge System in sustaining healthy wildlife populations (USFWS/NPS, 2007), the mission of
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the USFWS’s National EIk Refuge is to “contribute to elk and bison populations that are healthy and able
to adapt to changing conditions in the environment and that are at reduced risk from the adverse effect of
non-endemic diseases.”

The need for coordination among agencies in managing bison and elk led to the formation of nu-
merous coordinated management plans such as the IBMP (2014) and the Bison and EIk Management Plan
for the National ElIk Refuge and Grand Teton National Parks (USFWS/NPS, 2007). It also led to numer-
ous interagency working groups and committees, such as the Northern Yellowstone Cooperative Wildlife
Working Group (which coordinates management of the northern Yellowstone elk herd) (Cross, 2013), the
Jackson Interagency Habitat Initiative, and the Greater Yellowstone Interagency Brucellosis Committee
(which is no longer operational). Similar GY A-scale efforts have been organized for grizzly bears (Inter-
agency Grizzly Bear Study Team), and wolves (Northern Rocky Mountain Wolf Recovery Program,
Jimenez and Becker, 2015).

4. PURPOSE OF THIS STUDY

The USDA-APHIS requested that the National Academies revisit the issue of brucellosis in the
GYA. The primary motivation for USDA-APHIS was to understand the factors associated with the in-
creased occurrence of brucellosis transmission from wildlife to livestock, the recent apparent expansion of
brucellosis in non-feedground elk, and the desire to have science inform the future course of any actions
used to address brucellosis in the GYA. Although USDA-APHIS commissioned the study to inform its
brucellosis eradication strategy, the GYA comprises some 145,000 km?, including state, federal (BLM),
private, and tribal lands, as well as national parks, forests, and wildlife refuges. Each political entity has
its own mission and goals, including disease management, ecosystem management, and recreational pur-
poses. This subject is of great interest to many of widely divergent backgrounds and experience, and pub-
lic opinion also needs to be accounted for as YNP is a national icon. Therefore, a broader audience for the
report is addressed apart from USDA-APHIS, including other federal agencies such as the NPS and the
USDA Forest Service, state and tribal governments, and the public, both nationally and locally, including
hunters and ranchers with economic interests in wildlife and domestic food animals in the GYA. The
Statement of Task for the study attempts to address those concerns and encompass the complexity of the
issues (see Box 1-1).

5. APPROACH TO THE TASK

The National Academies convened a committee of 11 experts who collectively have extensive expe-
rience in veterinary pathology, wildlife biology, molecular immunology, vaccinology, laboratory diagnos-
tics, brucellosis regulatory program management, disease modeling, ecology, and agricultural and natural
resource economics. (See Appendix A for committee membership and biographies.) Using the 1998 re-
port as a launching point for the current report, the committee conducted an extensive scientific literature
review to inform its current understanding of brucellosis.

The committee held three meetings as part of the information-gathering process® (see Appendix B
on Open Session Meeting Agendas). The committee solicited information from multiple sources, includ-
ing the sponsor (USDA-APHIS), the NPS, USDA FS, and the state governments of Idaho, Montana, and
Wyoming. To augment its understanding of the GYA, the committee participated in a field trip through

'As part of the information-gathering process, materials submitted to the committee (presentations and written
materials) by external sources are listed in the project’s public access file and can be made available to the public
upon request by contacting the Public Access Records Office: paro@nas.edu.
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BOX 1-1 Statement of Task

In an update of the National Research Council (NRC) report Brucellosis in the Greater Yellowstone
Area (1998), an NRC-appointed committee will comprehensively review and evaluate the available
scientific literature and other information on the prevalence and spread of Brucella abortus in the
Greater Yellowstone Area (GYA) in wild and domestic animals and examine the feasibility, time-frame,
and cost-effectiveness of options to contain or suppress brucellosis across the region.

The study will examine factors associated with the increased occurrence of brucellosis transmission
from wildlife to livestock and the recent expansion of brucellosis in non-feedground elk, including
whether evidence suggests that brucellosis is self-sustaining in elk or if reinfection through emigration
from feeding grounds is occurring. The study also will explore the role of feeding grounds, predators,
population size and other factors in facilitating brucellosis infection.

The study committee will examine disease management activities and vaccination strategies being
undertaken or considered at the state, regional, and federal level, and evaluate the biological, animal
health, and public health effects of those activities. The committee also will examine the current state
of brucellosis vaccines, vaccine delivery systems, and vaccines under development for bison, cattle,
and elk, as well as the effectiveness of currently available vaccination protocols. In the course of its
review, the committee will explore the likelihood of developing more effective vaccines, delivery sys-
tems, and diagnostic protocols for cattle, bison and elk.

Throughout the study, the committee will meet with wildlife managers, animal health officials, land
managers, native peoples, and other stakeholders, including the members of the public, to understand
the implications of brucellosis control efforts on other goals and activities in the region and nationally.
The committee will examine the societal and economic costs and benefits of implementing various
measures to reduce or eliminate the risk of brucellosis transmission to cattle and within wildlife relative
to the costs and benefits of allowing the persistence of brucellosis in the GYA.

In a consensus report, the committee will summarize the findings and conclusions of its analysis
and based on the scientific evidence, describe the likely effectiveness and trade-offs of options that
could be used to address brucellosis in the GYA. In addition, the report will describe and prioritize fur-
ther research needed to reduce uncertainties and advance the knowledge base on brucellosis vac-
cines, vaccine delivery mechanisms, and diagnostics.

YNP hosted by the NPS. The committee also gathered information from researchers who have contribut-
ed to the scientific body of work on brucellosis. At each of these meetings, members of the public provid-
ed comments that informed the committee in addressing its task.

6. ORGANIZATION OF THE REPORT

The remainder of the report is divided into three sections: an overview of the current situation and a
review of new information since the previous 1998 report (Chapters 2-5); an examination of integrative
adaptive management approaches and tools for addressing brucellosis (Chapters 6-8); and a look at future
research needed to address brucellosis in the GYA (Chapter 9). In describing recent developments since
the 1998 report, Chapter 2 examines the geographic scope of bison and elk populations across the GYA,
and discusses the implications of land-use changes and changing climate for bison and elk populations.
Chapter 3 discusses the prevalence and epidemiology of B. abortus in the GYA. Chapter 4 provides an
overview of the current scientific understanding of B. abortus and discusses how new scientific tools have
been critical in contributing to the body of knowledge for understanding brucellosis transmission, patho-
genesis, and risk management. The management efforts of federal, state, and regional partners are dis-
cussed in Chapter 5. Chapter 6 describes integrative adaptive management approaches to be adopted as
part of a strategy for addressing brucellosis in the GYA, and Chapter 7 outlines management options for
managing brucellosis. Bioeconomic analysis of wildlife diseases management has emerged as a new re-
search area since the 1998 report, and the use of a bioeconomic framework that can address economic and
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social aspects of the issues (discussed in Chapter 8) will be critical for making decisions. Chapter 9 out-
lines some remaining research gaps to understanding and controlling brucellosis in the GYA. The last
chapter of the report (Chapter 10) synthesizes the concerns and provides the committee’s overall findings,
conclusions, and recommendations related to its Statement of Task.
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2

Geographic Scope of Populations
and Disease and Change in Land Use

1. INTRODUCTION

There have been significant changes in the population sizes and distributions of bison and elk in the
Greater Yellowstone Area (GYA) since the 1998 National Research Council report. Both bison and elk
numbers have increased overall. Bison ranges have expanded and there is increased intermixing among
herds. EIk numbers have increased in many areas, while the population size of the well-known Yellow-
stone northern range herd has declined. Elk are now recognized as a large reservoir of B. abortus. In addi-
tion, wolves were reintroduced to the GYA and grizzly bear numbers have increased. As a result of all
these changes, brucellosis transmission dynamics are considerably different than in 1998.

The changes in B. abortus reservoir and transmission dynamics in the GYA are also outcomes of
processes associated with the ecologies, population dynamics, and spatial distributions of bison and elk.
Bison and elk also play critical roles in the functioning of the Greater Yellowstone Ecosystem as a whole.
They affect and also respond to vegetation, soils, other wildlife populations, and human activities.

This chapter examines the ecological context of brucellosis in the GYA as affected by the abun-
dances and spatial distributions of its host species: elk and bison. It draws on best available data to pro-
vide a quantitative basis for understanding the abundances and spatial distributions of the two main host
species, and it explores factors (such as climate, predators, land use, hunting, changes in management ac-
tivities) that cause host abundances and distributions to change.

2. ELK POPULATIONS AND DISTRIBUTIONS

One of the most significant changes since 1998 is an increased recognition of the central role that
elk play in B. abortus transmission. An increase in elk numbers across the GYA is one factor contributing
to a change in the role of elk, with more than 125,000 counted elk distributed among 11 major herds. The
ranges and migration pathways of nine of these major herds are shown in Figure 2-1.

Dynamics of the northern Yellowstone elk population have been intensively studied for decades
(Houston, 1982; Coughenour and Singer, 1996; Singer et al., 1997; Taper and Gogan, 2002; Barmore,
2003; White and Garrott, 2005a,b; Varley and Boyce, 2006; Eberhart et al., 2007). In 1969, a policy of
natural regulation ended artificial reductions that enabled the elk population to swell to its highest levels
in the 1980s with more than 18,000 counted elk (Coughenour and Singer, 1996) (see Figure 2-2). In the
late 1990s, the population steadily declined following wolf reintroduction, with the 2016 population count
at less than 5,000 elk. In modeling and predicting elk population equilibrium levels in the GYA pre-
wolves, there was general agreement that food limitation would result in an equilibrium number of ap-
proximately 15,000-18,000 counted elk on the northern range, which corresponds to approximately
20,000-24,000 actual elk in the absence of wolves (Coughenour and Singer, 1996; Taper and Gogan,
2002; Coughenour, 2005; Varley and Boyce, 2006).
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FIGURE 2-1 Map of migration corridors, winter ranges (blue polygons) and summer ranges (tan polygons) of 9 of
11 major elk herds in the GYA. This map excludes approximately one-third of the southern GYA that includes elk
in the Afton-Pine, the Pinedale-South Wind River areas, and eastern Idaho, west of Grand Teton National Park (see
Figure 2-4 and Tables 2-3, 2-4). SOURCE: National Geographic, 2016.

2.1 Wolves and Hunting

The beginning of the decline in northern range elk numbers coincided with the reintroduction of
wolves in 1995 and 1996, suggesting that wolves were, at least in part responsible. However, other factors
are also probably playing a role, including a high hunting removal of elk migrating north of Yellowstone
National Park (YNP), and the fact that hunting harvests have been mostly of prime-aged female elk with
high reproductive value (Eberhart et al., 2007). Wolf predation now exceeds hunter harvest, but it has a
smaller effect on elk population dynamics because wolves concentrate on calves and older females with
less reproductive value (White et al., 2003; Smith et al., 2004; White and Garrott, 2005a; Evans et al.,
2006; Wright et al., 2006; Eberhart et al., 2007). Early empirical models of the effects of climate, harvest,
and wolves on this elk population indicated that population responses to wolf predation were compensato-
ry, meaning that predators mainly removed animals that would die of other causes anyway (Vucetich et
al., 2005). Additionally, there were several consecutive years of drought during 2000-2006, which could
have reduced forage and consequently affected elk (MacNulty, 2015). Elk starvation was documented in
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late winter 2003-2004, which was mild but preceded by several years of low annual precipitation
(Vucetich et al., 2005). Also, grizzly bears—which are major predators on elk, particularly elk calves—
doubled to tripled in number between the mid-1980s and mid-2000s (Singer et al., 1997; Harris et al.,
2007; Haroldson, 2008, Barber-Meyer et al., 2008; Schwartz et al., 2009; USFWS, 2016).

2.2 Causes of Changes in Elk Spatial Distributions

Wolves also shift elk distributions, as wolves reduce the availability of habitat and total forage. As a
result, a greater number of elk are now found at lower elevations outside of YNP where wolves are less
abundant (White et al., 2012). EIk are less likely to occupy areas with deeper snow or other conditions
that increase predation risk in the presence of wolves (Mao et al., 2005; White et al., 2009, 2013). Thus
wolves may have also contributed to the decline in the northern Yellowstone elk herd indirectly, through
a contraction of the elk range and associated forage. The numbers (see Figure 2-3a) and proportions (see
Figure 2-3b) of elk herds using habitats north of YNP increased markedly during the mid- and late 1970s
in response to increased population size, changes in the timing of elk hunts, and protection of winter
ranges outside of YNP (Coughenour and Singer, 1996). The proportion of Yellowstone elk north of YNP
in winter increased steadily through 2011 and has remained high during 2011-2015 (see Figure 2-3). The
increased percentage is due to the decrease in total population size rather than an increase in numbers out-
side YNP.

Elk (

\ g

FIGURE 2-2 Northern Yellowstone elk numbers. SOURCES: Coughenour and Singer, 1996; Taper and Gogan,
2002; White and Garrott, 2005a; Cross, 2013.
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FIGURE 2-3 Elk numbers and percentages north of Yellowstone National Park and on Dome Mountain.
SOURCES: Coughenour and Singer, 1996; Taper and Gogan, 2002; White and Garrott, 2005a; Cross, 2013.

Elk grouping behavior has also changed, as Northern Yellowstone elk have been found in larger
groups following wolf reintroduction (Mao et al., 2005). Although there was an increase in large groups
found outside YNP, there was a decrease in large groups found inside YNP where the elk population has
declined (White et al., 2012).
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The decline in elk numbers on the northern winter range and the increased proportions of the herd
wintering outside YNP could also be due in part to increased competition for forage from increasing
numbers of bison. Unlike elk, which migrate to higher elevations in summer, bison remain on the low
elevation elk winter range during summer, thereby depleting forage for wintering elk. Ecosystem model-
ing experiments indicate greater numbers of bison could reduce elk numbers due to dietary and habitat
overlaps, but not to the extent to which elk numbers have actually declined (Coughenour, 1994).

2.3 Madison Headwaters Herd

The small herd of elk that resides in the Madison River headwaters within YNP is non-migratory.
This herd spends both winters and summers within YNP, and is not subjected to human hunting (Garrott
et al., 2003, 2009). The population has declined markedly from approximately 600 in 2001 to about 100
in 2009, likely due to wolves and grizzly bears (Hamlin and Cunningham, 2009). Multiple wolf packs
became established by 2002 with a total of 30-40 animals. High wolf densities and moderate elk densities
resulted in 20% of elk being taken by wolves (Garrott et al., 2005). Grizzly bear numbers increased from
about 10 in the mid-1980s to more than 20 by 2004 (Haroldson, 2006, 2007; Hamlin and Cunningham,
2009). The ratio of grizzly bears to elk was higher in the Madison-Firehole and Gallatin Canyon areas
than any other areas across the GYA (Hamlin and Cunningham, 2009).

2.4 Elk Herds Wintering North and West of Yellowstone National Park

Approximately 30,000 elk in elk management units (EMUSs) are located north and west of YNP
within the brucellosis designated surveillance area (DSA) (see Table 2-1 and Figure 2-4). Approximately
56% of 22 core winter ranges are privately owned, and 10 of the winter ranges in this area have over 80%
private ownership (personal communication, Quentin Kujala, Montana Department of Fish, Wildlife, and
Parks, October 30, 2015). EIk numbers in EMUs north and west of YNP in Montana have been increasing
since the late 1970s (Cross et al., 2010a), as they have been in many parts of Montana (MDFWP, 2004).
In 2008, there were 5-9 times more elk in EMUs in the western Paradise and eastern Madison valleys of
Montana than in 1975. EIk numbers have also been increasing in EMUSs just to the north and northwest of
the DSA (see Figure 2-5). These include the Bridger, Crazy Mountain, Pioneer, Tendy, and Tobacco Root
EMUs.

Elk group sizes have also been increasing, and group size distributions have been increasing in the
eastern Madison and western Paradise valleys (Cross et al., 2010b). From 2003-2009, there were more
large groups and larger group sizes in the northern YNP herd wintering outside YNP than from 1987-
1992 (White et al., 2012). In the Madison drainage, elk aggregated in somewhat larger groups in response
to wolf predation risk (White et al., 2009). Recently, a pattern was observed of increasing group sizes
with increasing density across 27 herd units in this region, and there was no evidence that wolf predation
risk affected elk aggregation patterns (Proffitt et al., 2015).

Changes in land ownership have also affected elk migration and aggregation patterns in this region,
which have in turn affected hunter access. In the Madison-Gallatin EMU, the Montana Department of
Fish, Wildlife, and Parks (MDFWP) reported that “There is limited access to public land and adjacent
private land in some portions of the EMU due to changes in land ownership. This has resulted from a
change in land ownership toward landowners who do not make their primary living from ranching”
(MDFWP, 2004). Elk migrating from YNP to winter in portions of this EMU, in combination with non-
YNP elk, results in high numbers of elk which makes it difficult to control numbers through late season
hunting (MDFWP, 2004). Likewise in the Absaroka EMU, MDFWP further reports “There has been an
increasing number of landowners who do not make their primary living from ranching, and these land-
owners have less interest than traditional landowners in allowing elk hunting [on their property]”
(MDFWP, 2004). This has created elk refugia, reduced elk harvest, and resultant increased elk numbers.
Counts in this EMU are far above management objectives (see Table 2-1).
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TABLE 2-1 Elk Numbers in EIk Management Units (Hunting Districts) North and Northwest of YNP, But Within
the Brucellosis DSA, in 2015

Hunting District Count 2015 Objective
Northern Yellowstone

313 3,714 4,000
Absaroka

317 934 900
520 1,922 1,050
560 2,018 700
Total 4,874 2,650
Gallatin/Madison

301, 309 587 500
310 428 1,500
311 2,069 2,500
314 3,381 3,000
360 South 773 1,000
360 North 865 1,200
361 - 150
362 2,500 2,952
Total 10,603 12,802
Gravelly

322-327, 330 10,543 8,000
All EIk Management Units

Total 29,734 27,452

SOURCE: MDFWP, 2016.

Elk avoidance of hunted areas has resulted in elk groups being unavailable for harvest in the Madi-
son Valley, which is winter range for approximately 5,000 elk (Proffitt et al., 2010a). During the hunting
season, elk shifted to areas that were closed to hunting, including privately-owned lands and a state Wild-
life Management Area (Wall Creek). The probability of finding elk on such designated refuge areas has
more than doubled, with Global Positioning System (GPS)-collared elk in the Madison Valley showing
preference for areas that were privately owned, facing south, with steeper slopes, lower road densities,
and more green forage (Proffitt et al., 2010b). Elk selection for private lands with green forage increases
the probability of overlap with cattle and increases the risk of disease transmission.

2.5 Elk Herds Wintering East and South of Yellowstone National Park Boundaries
The Clarks Fork Herd East of YNP

The Clarks Fork elk herd consists of about 4,500 migratory and non-migratory elk that inhabit the
Absaroka Mountains northeast of YNP (Middleton et al., 2013a,b). The winter range of the migratory
herd segment includes areas east of YNP, extending to the foothills northwest of Cody. In the spring, the
migrants move 40-60 km to high elevation summer ranges inside YNP (Middleton et al., 2013a). The res-
ident herd segment spends winters and summers northwest of Cody, overlapping a portion of the migrato-
ry winter range. The wintering ranges of both herd segments and the summer range of the resident seg-
ment are included in the Clarks Fork Hunt Unit.
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FIGURE 2-4 Elk management units in Montana, elk hunt units in Wyoming, and game management units in ldaho
in relation to the designated surveillance area and the YNP boundary, as of 2014 (red lines). Elevations above
2,500 m are shown in gray. SOURCE: MDFWP and WGFD data provided to committee.

The productivity of the migrant herd has declined markedly, with calf recruitment decreasing 70%
over 21 years and pregnancy decreasing 19% in 4 years. The decline may be partly due to increased dry-
ness in the region, particularly on summer ranges, with shorter durations of green-up occurring (perhaps
16 days) since 2002. Also, the migrant Clarks Fork elk are exposed to four times as many grizzly bears
and wolves as resident elk (Middleton et al., 2013a). Along with the Cody herd and the Jackson herd, the
Clarks Fork elk have experienced reduced calf recruitment (4-16%) and population growth rate (2-11%)
from 1987 to 2010 (Middleton et al., 2013c). During this time, some grizzly bears shifted their diets to
less predation on trout, and likely more predation on elk calves. This diet shift may have been a result of
the decline in cutthroat trout in and around Yellowstone Lake, which in turn, is due to the invasion of lake
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trout (Middleton et al., 2013c). There is debate on whether the grizzly bear population has increased in-
side YNP (Schwartz et al., 2006; Hamlin and Cunningham, 2009), however, the population has increased
in areas outside of YNP (Schwartz et al., 2006). The combination of more bears and shifts in bear diets
could have acted synergistically to reduce calf recruitment of migratory elk in this herd (Middleton et al.,
2013c).

The largest elk groups in this area tend to be in open range land systems. Wolf numbers are positive-
ly correlated with larger groups in open areas (Brennan et al., 2015), while in forested areas elk group
sizes tend to be smaller in the presence of wolves (Creel and Winnie, 2005). As a result of wolf presence
in large open areas in this region, there are a few very large elk groups (see Figure 2-6).

Elk Herds East of YNP

Herds east of YNP (see Figure 2-4) totaled 17,425 elk in 2015, with an objective of 17,065 (see
Table 2-2). Numbers in eastern herd units could be markedly higher than numbers counted based on mod-
el estimates that correct for sightability (personal communication, B. Scurlock, Wyoming Game and Fish
Department).

Herds south and southeast of YNP (see Figure 2-4) totaled 37,410 with an objective of 35,577 (see
Table 2-3). Elk population trends in Wyoming herds east, southeast, and south of YNP are shown in Fig-
ures 2-7, 2-8, and 2-9.

FIGURE 2-5 Trends in elk numbers in Montana elk management units. These EMUs are located just beyond the
DSA, except for Gravelly. The gray bands represent the 95% confidence interval on a locally weighted scatterplot
smoothing. SOURCE: MDFWP data provided to committee.
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I

FIGURE 2-6 Histogram of the elk group size distribution from the eastern portion of the GYA in Wyoming.
Arrows highlight the few, but very large elk groups. SOURCES: Cross et al., 2013; Brennan et al., 2015.

TABLE 2-2 Numbers of EIk in Herds East of YNP in Wyoming in 2015

Elk Hunt Area Total Counted Population Objective Posthunt Estimate
Clarks Fork 2,390 3,300 4,600

Cody 4,205 4,400 6,000

Gooseberry 2,090 2,015 2,000

Medicine Lodge 2,130 3,000 8,216

North Bighorn 6,610 4,350 6,610

Total 17,425 17,065 27,426

NOTE: “Total Counted” is the total number counted from the ground or air during classifications. The “Population
Obijective” is set by the WGFD, and “Posthunt Estimate” is statistically modeled and takes into account sightability
and survey effort.

SOURCE: Personal communication, B. Scurlock, WGFD.

Elk in Idaho, Southwest of YNP

There are five elk management zones in eastern Idaho that provide habitats for GYA elk (see Figure
2-4 and Table 2-4). These units contain herds that seasonally migrate over relatively short distances from
low elevation winter ranges to higher elevation summer ranges. There is some movement between Idaho
and YNP, Grand Teton National Park (GTNP), and the Rockefeller Parkway areas in Wyoming. In certain
circumstances, ldaho permits emergency winter feeding of elk to prevent excessive mortality in drainages
that would affect herd recovery. There is one elk emergency winter feeding area with four feeding sites
near the border with Wyoming (personal communication, D. Cureton, Idaho Department Fish and Game).
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TABLE 2-3 Numbers of EIk in Herds South and Southeast of YNP in Wyoming in 2015

Elk Hunt Area Total Counted Population Objective Posthunt Estimate
Fall Creek 3,813 4,400 4,500
Afton 1,837 2,200 1,837
Upper Green River 2,713 2,500 2,713
Piney 1,736 2,400 3,100
Jackson 11,051 11,000 11,200
Pinedale 2,081 1,900 2,081
West Green River 4,791 3,100 3,225
Hoback 1,104 1,100 1,104
Wiggins Fork 5,663 5,500 5,817
South Wind River 2,621 2,600 -
Targhee 0 200 200
Total 37,410 36,900 35,777

NOTE: “Total Counted” is the total number counted from the ground or air during classifications. The “Population
Obijective” is set by the WGFD, and “Posthunt Estimate” is statistically modeled and takes into account sightability
and survey effort.

SOURCE: Personal communication, B. Scurlock, WGFD.

FIGURE 2-7 Elk population trends in herds east of YNP. The gray bands represent the 95% confidence interval on
a locally weighted scatterplot smoothing. SOURCE: WGFD data provided to committee.
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FIGURE 2-8 Elk population trends in herds south and southeast east of YNP. This area also has the elk feed-
grounds. The gray bands represent the 95% confidence interval on a locally weighted scatterplot smoothing.
SOURCE: WGFD data provided to committee.

FIGURE 2-9 Elk population trends in herds the furthest south of YNP. The gray bands represent the 95% confi-
dence interval on a locally weighted scatterplot smoothing. SOURCE: WGFD data provided to committee.
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TABLE 2-4 Elk Herds in Idaho in the GYA

Idaho Elk Management Zone Count
Island Park 2,512
Teton 220
Palisades 797
Tex Creek 3,885
Diamond Creek 2,352
Total 9,766

NOTE: Idaho elk management zones are listed from north to south.
SOURCE: Cureton and Drew, 2015.

2.6 The Jackson Elk Herds

The Jackson Herd Unit comprises most of the areas south and east of GTNP and the National Elk
Refuge (NER), with three elk feedgrounds located in this area (see Figure 2-4). The Jackson elk herds
winter on low elevation winter ranges, including the NER, the Gros Ventre drainage, and areas near Mo-
ran in GTNP. Many of these elk move to higher elevation summer ranges across a broad area to the north,
including southern YNP (Boyce, 1989; Smith and Anderson, 2001; Cole et al., 2015).

The management objective determined for this area is 11,000 elk, which is based on judgment, past
experience, and balance of conflicting objectives of different stakeholders. On average, there were 11,690
elk counted from 2009-2013 and 11,051 were counted in 2015 (WGFD, 2014; see Table 2-4). As many as
19,000 elk were estimated in the mid-1990s but annual harvests have reduced the population
(USFWS/NPS, 2007). Herd management goals were to feed 5,000 elk on the NER, 3,500 elk in the upper
Gros Ventre feedgrounds and native winter ranges east of Crystal Creek and 2,500 elk on other native
winter ranges (WGFD, 2014). The number of elk on native winter ranges has decreased dramatically over
the past decade (USFWS/NPS, 2007). On average 1,307 elk were harvested by 3,082 hunters per year
from 2009-2013. The NPS and the Wyoming Game and Fish Commission also carry out elk reductions
based on yearly recommendations in two areas just outside the east boundary of GTNP.

An average of 536 Jackson herd elk have wintered in GTNP from 1989-2003. The objective is to
support an average of about 356 elk in GTNP, with numbers ranging between 137 and 857
(USFWS/NPS, 2007). The NPS philosophy for national parks is to contribute to the conservation of spe-
cies at larger landscape scales. However, there are no allowances for permitting elk or bison populations
to exceed natural densities within GTNP, even when this would contribute to natural population levels for
the larger landscape (USFWS/NPS, 2007).

An elk reduction program in GTNP was authorized by Congress in 1950. Removals occur in the Fall
in two hunt areas east of the Snake River but within the boundaries of GTNP and are coordinated between
the NPS and WGFD (personal communication, Sue Consolo-Murphy, National Park Service, February
23, 2016). In the mid-1990s, densities of elk were 2.5-fold higher in GTNP than densities outside of
GTNP, likely as a result of the relative lack of hunting inside GTNP compared to outside of GTNP (Smith
and Anderson, 1996). Smith and Anderson (1996) also concluded that elk numbers inside GTNP were not
being regulated through food limitation and density dependence, because they spend winter and are fed on
the NER, and thus argued that hunting removals are warranted.

In 2014, there were 129 wolves in 17 packs in the Jackson herd area (packs south and southwest of
YNP excluding Wind River Reservation and Prospect packs) (Jimenez and Becker, 2015). As of winter of
2004, the total number of elk killed by wolves each winter in the Gros Ventre portion of the Jackson herd
area was estimated to represent less than 1% of the herd (USFWS/NPS, 2007; WGFC, 2007). Wolves
preyed incidentally on the NER until 2004/2005; 18 elk were Killed in 2004/2005 and 63 were killed in
2005/2006 (USFWS/NPS, 2007). Grizzly bear numbers were positively correlated with calf:cow ratios in
this area, more so in unfed than fed elk (Foley et al., 2015).
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2.7 Elk Feedgrounds

Currently, 22 elk feedgrounds are maintained in Wyoming by the WGFD, independently of the
NER. Feedgrounds are mostly located adjacent to active cattle allotments within Bridger-Teton National
Forest (BTNF) and along boundaries between U.S. Forest Service (USFS) lands and private lands. Bienen
and Tabor note two reasons for feeding, including “keeping brucellosis infected elk from foraging on cat-
tle ranches, and maintaining consistently higher numbers of elk than the available range could support,
which satisfies hunters and outfitters and brings revenue to the state” (Bienen and Tabor, 2006). The Wy-
oming Game and Fish Department states three reasons for maintaining the feedgrounds: (1) to prevent
depredation on stored crops, (2) to prevent elk-livestock comingling, and (3) to reduce winter elk mortali-
ty (WGFD, 2011). However, there is some disagreement about the benefits of feedgrounds (Bienen and
Tabor, 2006). In the absence of feeding, elk disperse and give birth alone which limits disease transmis-
sion. Additionally, there is concern that the mortality from an epidemic of chronic wasting disease that
could be facilitated by high elk densities on feedgrounds would exceed any losses resulting from reducing
or eliminating feeding.

From 1982-1987, the number of elk counted on the feedgrounds, including the NER, increased from
17,770 to 20,145, but since then the number has been relatively stable in the range of 20,000 to 26,000
(Cross et al., 2010a). From 1998-2013, the NER has fed 5,000-8,000 elk (USFWS/NPS, 2007) which
means that approximately 15,000-18,000 elk have been fed on the other feedgrounds since 1998. Since
1998, the WGFD tried to reduce large elk aggregations on several feedgrounds by distributing food across
a broader area and by stopping feeding earlier in the year (Cross et al., 2013). Targeted elk hunts have
been implemented in some areas of southwestern Montana and western Wyoming to disperse large
groups, move them away from cattle, and reduce population sizes.

In theory, supplemental feeding would reduce negative effects of dry growing seasons and severe
winters on forage availability, which would then result in increased elk reproduction and survival (Foley
et al., 2015). However, one study found no evidence that feedgrounds affected midwinter calf:cow ratios
(Foley et al., 2015). Calf:cow ratios of fed elk were more strongly correlated with environmental factors
(snow and summer rainfall), while calf ratios of unfed elk were more strongly correlated with predator
densities, particularly bear density. In contrast, an earlier study found that survival of calves supplemen-
tally fed in winter exceeded survival of calves not fed (Smith and Anderson, 1998).

Population growth is also affected by juvenile and adult survival (Lubow and Smith, 2004). Howev-
er, variation in juvenile survival is primarily affected by environmental conditions, particularly snowpack
and duration of winter, and is little affected by feeding (Smith and Anderson, 1998). Also, female elk that
fed on feedgrounds had negligibly higher survival rates than unfed elk, and any differences in survival
due to feeding were due to effects on older animals which have lower reproductive values (Foley et al.,
2015).

Supplemental feeding can alter the seasonal migrations of elk (Jones et al., 2014). Fed elk migrate
shorter distances, arrive on summer ranges later, and depart from summer ranges earlier than unfed elk.
Feeding disrupts the migration of fed elk from the timing of spring green-up, and it decreases the time elk
spend on summer range by 26 days, thereby reducing access to quality forage (Jones et al., 2014). If sup-
plemental feeding were phased out, elk might make greater use of summer ranges to at least partially
compensate for the loss of feed. Supplemental feeding of elk also increases dense aggregations which in
turn increases stress levels; this has been detected through increases in glucocorticoid, a metabolite asso-
ciated with stress that has been hypothesized to reduce immune function and increase disease susceptibil-
ity (Forristal et al., 2012). Relocating, reducing, or eliminating feedgrounds are options that have previ-
ously been considered but not pursued by WGFD in their Brucellosis Area Management Plans (WGFD,
2011). Reasons cited by WGFD for not pursuing these options include land availability constraints with
relocating feedgrounds (including permitted grazing allotments) and lack of support from various constit-
uencies (agriculture, land management agencies, sportsmen) for reducing or eliminating feedgrounds.
However, as part of a Target Feedground Project, major reductions in the length of the feeding season
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have already occurred at certain feedgrounds since 2008, and minor reductions have occurred at other
feedgrounds since 2009.

2.8 The National ElIk Refuge

In 1912, the NER was created as a place for supplemental elk feeding that would mitigate the loss of
natural winter range and minimize impacts to livestock operations. Historically, elk moved longer dis-
tances to areas, including the upper Gros Ventre Basin, Idaho, the Green River area, and in severe win-
ters, the Red Desert (Murie, 1951; Cole, 1969; Boyce, 1989; Cromley, 2000; USFWS/NPS, 2007). Re-
cently, human settlement and conversion of winter range to livestock grazing areas has shortened
migration routes and caused elk to remain in Jackson Hole (USFWS/NPS, 2007). Supplemental feeding
increases the nutritional status® of 68% to 91% of the Jackson elk herd and reduces winter weight loss,
particularly in severe winters (Wisdom and Cook, 2000; USFWS/NPS, 2007).

The number of elk fed on the NER has varied from about 5,000-11,000 between 1971-1997, and
from 5,000-8,000 between 1998-2013. The Bison and EIk Management Plan calls for a reduction to 5,000
elk on the NER (USFWS/NPS, 2007). The population objective of 5,000 elk for the NER is distinct from
the population objective of 11,000 for the entire Jackson Herd Unit set by the WGFD. The herd objective
for the NER s set at a level that is in line with USFWS policy for refuges to contribute to natural popula-
tion densities and natural levels of variation at larger landscape scales, especially when habitat has been
lost in the surrounding landscape or ecosystem (USFWS/NPS, 2007).

Given concerns over the negative impacts of supplemental feeding on brucellosis transmission, it is
pertinent to determine how many elk could be supported on native ranges if feedgrounds were to be
phased out. In modeling the number of elk that could be supported across an area corresponding to the
Jackson Herd Unit, Hobbs and colleagues (2003) used a “Forage Accounting Model” to estimate forage
production, snow cover, and resulting forage availability for different habitat types. The model indicated
that supplemental feeding is necessary to support current numbers of elk in winters with above average
snowpack, but supplemental feeding far overcompensates for the loss of winter range in winters that have
average or below average snowpack (Hobbs et al., 2003). Without supplemental feeding, about half as
many elk could be supported compared to current numbers in winters with average snowpack. However,
reductions in forage availability in severe winters are natural occurrences. The model indicated that habi-
tat removals due to human settlements and livestock grazing have had negligible effects on forage availa-
bility (Hobbs et al., 2003).

According to the 2007 elk and bison management plan, a long-term goal is to implement a variety of
actions to transition from intensive supplemental winter feeding on the NER to a greater reliance on free-
standing forage (USFWS/NPS, 2007). This would need to be carried out with objective criteria and adap-
tive management actions that would be developed in collaboration with the WGFD.

3. CHANGES IN LAND USE AND CONSEQUENCES FOR ELK

Changes in land ownership in areas outside of YNP have affected elk distributions and the ability of
state wildlife authorities to manage elk populations. In three elk hunting districts just north of YNP, there
has been a shift in property ownership to more owners who are interested in natural amenities and who
exclude hunters in order to support elk for their own enjoyment, which consequently has created refugia
for elk (Haggerty and Travis, 2006). In those three hunting districts (HDs 313, 314, and 317), 18% of the
winter range is privately owned in one district (HD 313) while 71% and 46% of winter range is privately
owned in the other two districts (HD 314 and 317), respectively (Haggerty and Travis, 2006). The
MDFWP has been able to utilize a combination of general and late season hunts to achieve population

"Nutritional status indicates the degree to which an animal’s nutritional requirements are being met through for-
age intake. Nutritional status will decrease when requirements are not being met, and it will increase when intake
exceeds requirements.
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targets in HD 313, but this has proven more difficult in HDs 314 and 317, because the lands are “out of
administrative control” (Haggerty and Travis, 2006). Similar and even more pervasive land ownership
changes have taken place in the Paradise Valley (north of the Northern Yellowstone Management Unit)
and in the Madison Valley (west of the Park). These land use and land ownership conversions could have
contributed to a much larger fraction of the northern elk herd now being found outside of YNP in the win-
ter and in larger and denser groups than previously found.

More people are also settling across the GYA. From 1990-2010, the population of census blocks in
and near the GYA increased nearly 50% with much of that growth occurring in rural home development
(Mclintyre and Ellis, 2011). From 1970-1999, the population in the GYA increased by 58%, with rural
areas increasing by 350% due to exurban housing densities, demonstrating that developed land in the
GYA is increasing faster than the rate of population growth (Gude et al., 2006). The GYA consists of the
145,635 km? of land, with 32% privately owned, 32% managed by the USFS, 19% by the Bureau of Land
Management (BLM), and 7% managed by the NPS (Gude et al., 2007). Using the current rates of popula-
tion growth to predict future land use scenarios and their potential impact on biodiversity, Gude and col-
leagues (2007) predicted that 10% of elk winter range and 24% of wildlife migration corridors would be
affected in 2020.

With many core winter ranges north and northwest of YNP in private ownership, MDFWP has iden-
tified a number of management challenges. These challenges arise from a large fraction of the elk popula-
tion not being available to hunters due to reduced access to public land and adjacent private land, increas-
es in landowners who have less interest in allowing elk hunting, and elk that have shifted onto privately-
owned lands during the hunting season (Proffitt et al., 2010b). However, as of the writing of this report, a
proposed option in the Montana Fish and Wildlife Commission's Brucellosis 2017 Annual Work Plan
would allow for landowners in the Red Lodge area, which is outside the DSA, to request that a very lim-
ited number of potentially infected elk (ho more than 10) be culled to prevent contact with livestock
(French, 2016).

Changes in land use can also potentially increase the risk of elk-cattle contact. Across the GYA,
scrub/shrub and grasslands are the predominant land cover types on private lands (35% and 26% respec-
tively), and are the types most likely to be used for livestock grazing (Mclntyre and Ellis, 2011). Winter
ranges for large mammals (elk, mule deer, pronghorn antelope) also occur primarily on scrub/shrub
(9,804 km?) and grassland/herbaceous (7,001 km?) land cover types. Consequently, increased develop-
ment of private lands on land cover types that are used by both livestock and large mammalian wildlife
(including elk) could result in an increasing number of wildlife finding refugia from hunting on exurban
land holdings (Haggerty and Travis, 2006; Gude et al., 2007; Mclintyre and Ellis, 2011). Increased elk-
livestock interaction could occur in some areas where elk prefer private lands with livestock over lands
where public hunting occurs (Proffitt et al., 2010b). Although exurban development could reduce elk-
livestock interactions by reducing livestock numbers, this could be offset by increased elk-elk transmis-
sion due to denser concentrations of elk on exurban refugia.

4, BISON POPULATIONS AND DISTRIBUTIONS
4.1 The Yellowstone Bison Herds

The Yellowstone bison population consists of two herds: a central herd and a northern herd, with
some intermixing between them (Gates et al., 2005; Olexa and Gogan, 2007). The range for the central
herd includes the Hayden and Pelican Valleys in the east, across to the Firehole Valley and the Madison
River Valley in the west (see Figure 2-10). The range for the northern herd is at lower elevations, and in-
cludes the Lamar River Valley in the east and the Gardiner Basin in the west. Under the Interagency Bi-
son Management Plan, bison are allowed to use habitats outside the northern and western boundaries of
YNP (Zone 2 and Eagle Creek, see Figure 2-10).
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FIGURE 2-10 Bison range distribution conservation areas, and Zone 2 bison tolerance areas. SOURCE: Wallen et
al., 2015.

In 1966, the total bison population was 366 and had been managed through periodic herd reductions.
In 1968, a natural regulation policy was adopted for bison and elk, with the hypothesis being that popula-
tions would naturally achieve a dynamic equilibrium with forage production without human intervention.
The bison population grew steadily from 1968-1995 (see Figure 2-11). The first removals outside YNP
boundaries occurred in 1992, with considerable numbers of bison removed in winters of 1994-1998. In
2006, the population grew in size to 5,015 animals. Bison hunting was first allowed outside the YNP
boundaries in 2005-2006, and a substantial number of bison were hunted in the following years. Due pri-
marily to management removals from 2005-2008, the total population was reduced to less than 3,000 in
2009. Since that time, the total bison population has increased to nearly 5,000 in 2014, which increases
the population average to about 4,000 over the longer-term. Notably, most of this increase occurred in the
northern herd that has more than doubled in size since 2008; meanwhile, the central herd has remained
nearly constant in size. In 2015, YNP managers recommended removing or hunting approximately 900
bison per year in the two following winters to achieve a population target of 3,500, as recommended in
the Interagency Bison Management Plan (IBMP) (Geremia et al., 2014a). The number of bison that can
actually be removed depends on the number that cross the YNP boundary; however, it is realistic to as-
sume sufficient numbers would emigrate given the current size of the population.
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FIGURE 2-11 Bison counts and annual removals, northern and central herds. SOURCE: Geremia et al., 2014b.

Bison migrate seasonally along elevational gradients: moving from higher elevation summer ranges
to lower elevations during autumn through winter, and returning to summer ranges in June (Meagher,
1989; Bjornlie and Garrott, 2001; Bruggeman et al., 2009; Plumb et al., 2009). Migration to lower eleva-
tions is primarily driven by earlier snowfall and greater snow depths at higher elevations in autumn and
early winter. As the bison population increased, more bison began migrating earlier to lower elevation
winter ranges for better access to food resources (Meagher, 1989; Bruggeman et al., 2009; Plumb et al.,
2009). In the spring, bison progressively migrate to higher elevations, following the progressive snow
melt and green-up with increasing elevation.
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Bison movements out of YNP are driven by a combination of density and snow conditions that re-
duce forage availability. Density dependent dispersal has been observed in many animal populations
(Owen-Smith, 1983; Pulliam, 1988). Since 1998, more than 6,000 bison have been removed from the two
dispersal areas outside the northern and western boundaries during their annual winter migrations to lower
elevations, and the total population has been kept in the 3,000-5,000 range since 2002. However, the
northern range has now become a dispersal area for the central herd, numbers in the northern herd have
more than doubled, and animals crossing the northern boundary are coming from the central herd.

An analysis of bison removals versus population size showed that there were generally few remov-
als when the population was below 3,000. Above the threshold of 3,000, bison removals markedly in-
creased and removals were highly correlated with population size when snow water equivalent was above
17 inches. It was also suggested that exceptionally large numbers of bison would leave YNP when the
snow pack melts and refreezes to create an ice layer, as occurred in the winter of 1996-1997. A more re-
cent analysis using data through 2008 indicated that in average winters, most movements outside YNP
would be minimal if population sizes are kept <3,500 in the central herd and <1,200 in the northern herd
(Geremia et al., 2009). Migration beyond the northern boundary is affected by herd size, snow water
equivalent, and forage biomass while migration beyond the western boundary is less influenced by these
variables (Geremia et al., 2011). Kilpatrick and colleagues (2009) predicted that with 7,000 bison and av-
erage snowfall, more than 1,000 bison would leave in YNP 74% of the winters; with 3,000 bison and av-
erage snow, over 1,000 bison would emigrate in 9% of the winters; and with severe snow, more than
1,000 bison would leave in 25% of the winters.

In the past three decades, the increases in bison populations and bison movements outside YNP have
been partly attributed to more favorable conditions for bison movement and resultant range expansions.
Although road grooming for snowmobiles and coaches could increase population growth and facilitate
movements and range expansion (Meagher, 1993), more recent analyses have concluded that road groom-
ing has not affected range expansion or population growth (Gates et al., 2005; Bruggeman et al., 2007).
Bison have increasingly used road corridors to travel through certain landscape bottlenecks, such as can-
yons that connect the central and the northern herd ranges (Gates et al., 2005; Bruggeman et al., 2006,
2007, 2009). The resultant increased connectivity between the central and northern herds has likely con-
tributed to increased numbers of animals exiting the northern boundary.

Bison population growth rate decreases at higher population densities (Fuller et al., 2007). This is
because bison become increasingly resource limited at higher population densities, despite the added re-
sources resulting from range expansion as was seen in the 1980s and 1990s. Despite the declining popula-
tion growth rate at higher densities and removals at the boundaries, population growth rates have re-
mained positive, even at high densities.

The use of an ecosystem model to estimate food limited carrying capacity can be useful for predict-
ing population dynamics (Coughenour, 2005; Plumb et al., 2009). Coughenour (2005) predicted that a
mean bison population size of 6,000 could be sustained at food limited carrying capacity with no remov-
als at the boundaries. This is in comparison to the actual population of 5,000 where more bison could the-
oretically be supported by the forage base, however bison are intolerant of increased levels of competition
and nutritional stress at higher densities and prefer to migrate beyond the designated dispersal areas to
maintain adequate nutritional status. Also, elk compete with bison for forage due to overlapping diets and
habitat and bison numbers are affected by elk abundance (Coughenour, 2005). The decrease in elk on the
northern elk winter range could therefore have contributed to increased numbers of bison.

4.2 The Jackson Bison Herd

The Jackson bison herd is jointly managed by the NER, GTNP, WGFD, BTNF. Bison were first in-
troduced into GTNP near Moran in 1964 and were allowed to free range in 1969, then establishing well-
defined seasonal movement patterns in GTNP. However, since the winter of 1975/76, most of the herd
has wintered on the NER. In 1980, bison discovered the NER feedlines and subsequently the herd greatly
increased in size. Bison were initially culled or hunted, but since 1990 no reductions have taken place.
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The WGFD reinitiated hunting in 1998 outside the NER and GTNP; however, few have been killed be-
cause most habitats are inside the NER or GTNP. In 1990, the Jackson bison population was approxi-
mately 110; in 1998, it increased to about 430; and in 2006, it has increased further to about 950
(USFWS/NPS, 2007). The Bison and EIk Management Plan (USFWS/NPS, 2007) calls for a reduction to
500 bison and 5,000 elk. During feeding operations for elk on the NER, the bison are fed in order to min-
imize disruptions with the elk feeding operations. After feeding is discontinued in late winter or early
spring, the bison herd moves north of the NER to spring ranges, then moves further north to summer
ranges on the east side of GTNP. Calving occurs on both the spring and summer ranges.
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FIGURE 2-12 Bison population growth rates versus population sizes in the previous year, northern and central
herds. SOURCE: Geremia et al., 2014b.
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5. LIVESTOCK

There are approximately 450,000 cattle and calves in the GY A comprising those in Bonneville, Car-
ibou, Franklin, Fremont, and Teton counties in Idaho; Gallatin, Madison, and Park counties in Montana;
and Lincoln, Park, Sublette, and Teton counties in Wyoming (NASS, 2011; Schumaker et al., 2012). Ap-
proximately 85% of the operations are cow-calf producers with open range grazing in summer and pas-
ture supplemented with hay during the winter. Within the DSAs, there are 296 herds in Montana, 242 in
Wyoming, and 191 in Idaho (USDA-APHIS, 2014).

Since 1998, cattle operations immediately adjacent to YNP have been reduced as part of the IBMP.
Private lands just north of YNP have been acquired by the USFS for inclusion into the northern bison
management area. In 2006, there were 266 cattle in four herds in winter and 677 in nine herds in spring in
the northern bison management area (Kilpatrick et al., 2009). More recently, in the northern bison man-
agement area, there were just two small (25 each) cattle operations (USDA-APHIS, 2014). In the IBMP
western bison management area, there were no cattle in winter and 686 cattle in nine herds in spring (Kil-
patrick et al., 2009). Recently, it was reported that there were 4 seasonal operators (no year-around opera-
tions) with approximately 600 cow-calf pairs utilizing the western management area during summer after
June 15 (USDA-APHIS, 2014). Due to the reduced numbers of cattle and management operations that
maintain temporal and spatial separation from bison, few cattle have any exposure to infected YNP bison
(USDA-APHIS, 2014).

Originally, GTNP had 29 permittees grazing approximately 4,320 animals on 67,640 acres inside of
GTNP. The number of permittees has decreased to two as a result of permits expiring and ranches ceasing
to operate (USFS/NPS, 2007). The two remaining permittees graze on three grazing allotments that are
inholdings: one with 525 cattle animal unit months (AUMS) permitted (264 cattle present) and the others
with only horses. Just outside the GTNP are three ranches with 5514 cow-calf AUMs on two ranches that
seasonally move animals from one area to another, and one ranch with 60 breeding stock permitted (55
cattle present) (personal communication, S. Consolo-Murphy, NPS, 2015).

In the three counties in Wyoming at the southern end and just beyond the GYA (Lincoln, Sublett,
and Sweetwater Counties), there are approximately 105,000 cattle and 500 producers (personal communi-
cation, B. Schumaker, University of Wyoming, 2015). These counties contain portions of 17 WGFD elk
herd units and 15 of the 22 feedgrounds not including the NER. In conducting a cost-benefit analysis of
various brucellosis management options, a risk map was produced of elk-cattle interactions for this tri-
county area (Kauffman et al., 2013), which is a somewhat preliminary approach, but one that has consid-
erable potential for use in the future.

While there are many legally designated grazing allotments throughout the GYA (see Figure 2-13),
many of them are not active. The committee was unable to locate maps of all active versus non-active
allotments throughout the GYA. However, the Bridger-Teton National Forest (BTNF) provided the com-
mittee with information showing permitted livestock numbers, turn-on and turn-off dates, head-months
and animal unit months (AUMs) for each allotment (personal communication, T. O’Conner, USFS,
2016). In BTNF, there are 63 active grazing allotments with approximately 99,000 permitted cattle (see
Figure 2-14). A total of 34,337 livestock, 110,892 head-months, and 135,603 AUMs are permitted. The
permits included mature cows with a nursing calf, yearlings, and bulls. Turn-on dates varied from June 1
to July 15 and turn-off dates generally varied from September 15 to October 15. In Idaho, there are cur-
rently 163 resident cattle herds within the DSA with approximately 15,000 head; there are also 80 season-
al herds that use USFS, BLM, and private lands with approximately 16,000 head (personal communica-
tion, B. Barton and D. Lawrence, Idaho Department of Agriculture, 2015).

Although livestock numbers have been reduced or closely managed immediately adjacent to the na-
tional parks, there are large areas of private lands and grazing allotments that have considerable overlap
with elk throughout the GYA.
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FIGURE 2-13 Grazing allotments throughout the GYA. Each of the drawn polygons is an allotment, and the current
use of many allotments across the entire region were not easily accessible. SOURCES: Bureau of Land Management
(2014) and U.S. Forest Service (2008, 2009, 2015).

6. IMPLICATIONS OF CHANGING CLIMATE FOR ELK AND BISON

Climate change in the GYA has implications for elk and bison numbers and distributions, and thus
brucellosis in the GYA. A recent analysis of historic climate data concluded that over the past 100 years
minimum temperatures have increased 2.9°F and maximum temperatures have increased 1.2°F (Northern
Rockies Adaptation Partnership, 2014). Using climate model outputs from the Coupled Model Intercom-
parison Project, maximum temperature in the GYA is expected to rise 5-10°F and minimum temperature
is projected to rise 7-12°F, with winter maximum temperature predicted to rise above 32°F in mid-century
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and summer temperatures predicted to rise by nearly 5°F by mid-century and nearly 10°F by the end of
the century (Littell et al., 2011). Predictions for precipitation are uncertain, but there could be a slight in-
crease. Warming temperatures in the northern Rocky Mountains is associated with earlier spring snow-
melt, warmer summers, and longer growing seasons (Romme and Turner, 2015). Spring and summer
temperatures will rise 8-10°F by mid-century, with increased frequency of hot, dry summers (Westerling
et al., 2011). Snowpacks in the GYA have consistently declined due to increased temperatures, and a
long-term forecast in the GYA calls for less snow (Tercek et al., 2015). This conclusion is based on anal-
yses showing that temperature increases are the primary cause of decreased snowpack, and that tempera-
tures are continuing to trend upwards. Another projection calls for a 32% reduction in snowpack in areas
typical of elk habitats at mid elevations and a 56% reduction at higher elevations (Lapp et al., 2005; Creel
and Creel, 2009).

FIGURE 2-14 Active U.S. Forest Service grazing allotments in Bridger-Teton National Forest. SOURCE: Data
provided by U.S. Forest Service Bridger-Teton National Forest.
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Reduced winter snowpack will affect elk and bison by increasing winter forage intake and by caus-
ing spring snowmelt and green-up to occur earlier. Reduced snowpack may also reduce the energetic
costs of foraging and traveling in winter. As a result of greater forage intake and reduced stress, popula-
tion growth rates are likely to increase. An empirical elk population model predicted that warmer winters
could raise equilibrium population size in Rocky Mountain National Park elk by 50-100% depending on
whether summers are drier or wetter (Wang et al., 2002). Using an empirical population model driven by
climate model outputs, it is predicted that Montana elk populations will increase substantially due to re-
duced snowpack (Creel and Creel, 2009).

Similarly, the annual population growth rate of bison in the central YNP herd was negatively corre-
lated with snowpack, but not so for the northern herd likely due to deeper snow at higher elevations in
central YNP than northern YNP (Fuller et al., 2007). As previously discussed in this chapter, bison
movements in winter to lower elevations (including areas outside YNP) are driven by a combination of
increased animal density and increased snowpack. Thus, it is likely that reduced snowpack will reduce
bison outmigration from YNP, but this could be offset by increased population size unless the population
is managed. Increased population growth rate could also lead to increased numbers being removed out-
side the YNP boundary by management actions. Conversely, reduced snowpack will likely cause earlier
migrations upslope in the spring due to earlier green-up, resulting in a shorter duration of bison at low
elevations outside YNP.

Temperature and precipitation interactively affect plant growth and thus forage availability. In-
creased spring temperatures will result in earlier green-up and growth, but increased summer temperatures
in water-limited environments can lead to increased evapotranspiration, reduced soil moisture, reduced
growth, earlier curing of forage, and thus reduced forage quality. During the dry period of 1989-2009 in
the GYA, spring-summer temperatures were warmer and there was reduced spring precipitation, leading
to an increased rate and shorter duration of green-up (Westerling et al., 2006; Middleton et al., 2013a).
The dry conditions resulted in less green forage and lower pregnancy rate, and a mismatch between time
of green forage availability and the period of lactation could also lower recruitment rate, presumably
through reduced calf survival (Post and Forchhammer, 2008; Middleton et al., 2013a).

Overall, the positive effects of reduced snowpack and the negative effects of warmer temperatures
and increased dryness could counteract one another. The net outcome can most likely be predicted with
process-based models. Models of plant growth and snowpack that represent the effects of water, tempera-
ture, and snowpack on plant productivity, time of green-up, and time of senescence could be employed to
predict future patterns of forage availability seasonally and across the landscape. Such models can be
linked to models of animal distributions in response to changing distributions of snow, forage, and land
use, and process-based population dynamics models that consider the effects of forage availability on an-
imal nutritional status and consequent rates of reproduction and survival (e.g., Coughenour, 2005). The
implications for brucellosis arise from changes in predicted elk numbers and distributions in relationship
to livestock numbers and potential elk management actions.

7. SUMMARY

With elk now known to be a primary source of B. abortus transmission in the GYA, the scope and
dynamic complexity of brucellosis in the GYA has expanded. Whereas bison are primarily confined to
YNP or just outside its immediate borders, many tens of thousands of elk are spread across a very large
and heterogeneous area. Elk are likely a reservoir of brucellosis independent of bison. Elk populations in
the GYA have increased for the most part, and elk now occur in larger aggregations than in the past. The
change in elk numbers and distributions is in part due to land use changes, including land acquisitions by
owners who discourage or prohibit access by hunters, which then creates refugia from hunting offtake and
leads to elk aggregations. Also, large numbers of elk continue to be artificially fed in winter in the south-
ern GYA. Despite recognition by management agencies that feeding contributes to B. abortus transmis-
sion and that it would be desirable to phase out feeding, this goal remains elusive due to extensive habitat
overlap with livestock operations and questionable assertions that feeding is necessary to maintain abun-
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dant elk populations. These major factors have contributed to the sustainability of elk populations as a
reservoir for brucellosis.

The bison population has also increased, which has also shifted the distribution of bison across the
landscape. Bison are moving from central YNP to northern YNP, and consequently, the northern herd
segment has increased in size. Most of the bison exiting YNP do so at the northern boundary, with more
exiting when snow is deeper and the population is larger, and there are efforts to manage the bison popu-
lation through opportunistic removals at the YNP boundary. Northern YNP has shifted from being elk-
dominated to bison-dominated. Under the Interagency Bison Management Plan, bison have been success-
fully contained in designated dispersal areas just outside the YNP boundary. The dispersal area has been
enlarged, and bison have also been kept separated from livestock.
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3

Ecology and Epidemiology of Brucella abortus
in the Greater Yellowstone Ecosystem

1. REVIEW OF BRUCELLOSIS CASES SINCE 1998

At the time of the last National Research Council (NRC) report in 1998, there had been no B. abor-
tus infected cattle herds detected in the Greater Yellowstone Area (GYA) for several years. Between 2002
and 2016, a total of 22 cattle herds and 5 privately-owned bison herds were infected (see Figure 3-1 and
Table 3-1). These cases were distributed across all three states in the GYA (ldaho, Montana, and Wyo-
ming) and the number of cases appears to be increasing over time (Cross et al., 2013c). Available field
and molecular epidemiologic information on these herds suggest that elk are the most likely source of
infection in each of these cases (Rhyan et al., 2013; Kamath et al., 2016).

Nui

FIGURE 3-1 Number of cattle and domestic bison herds infected with B. abortus in the Greater Yellowstone Area
by state from 1990 to 2016.
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TABLE 3-1 Brucellosis Herds Detected in the Greater Yellowstone Area, 2002-2016

State Month  Year Herd Type  Herd Size County Method of Detection Disposition Trace Out States
ID Apr 2002  Beef cattle 50 Fremont Herd test conducted due to culture positive Depopulated ID, NE, WY
elk in the area
Nov 2005  Beef cattle Unavailable  Bonneville MCI trace Depopulated ID, CO, MT, NE, UT, CA
Nov 2005  Beef cattle 60 Butte Epidemiologic link to Bonneville herd Depopulated Unavailable
Nov 2009  Beef cattle 589 Jefferson Slaughter surveillance Partially depopulated  Unavailable
Apr 2012  Beef cattle 65 Fremont (outside California slaughter trace Test & Remove ID, UT, AZ, TX
of DSA)
Mar 2012  Bison 268 Bonneville DSA related test Test & Remove ID
MT May 2007  Beef cattle 260 Park (Carbon) Pre-interstate shipment test at a livestock Depopulated MT, MO, SD, MN, NE, ID, KS,
auction market. Cow had aborted twice prior CA, WI, CO, TX, IL, WY
to sale
May 2008  Beef cattle 28 Park Herd tested as part of MT effort to develop Depopulated ND, ID, HI, MT, WY, SD, WA,
risk mitigation herd plans near Yellowstone MN
National Park
Nov 2010  Bison 3,250 Gallatin DSA herd management plan test Test & Remove MT, NE, WY, TX, CO, ID, SD, KS
Sep 2011  Beef cattle 275 Park DSA related movement test Test & Remove ID, MN, MT, NE, SD, UT, WA
Nov 2011  Bison 1,550 Madison Trace herd test due to epidemiological link Test & Remove Unavailable
to the 2010 bison herd
Sep 2013  Beef cattle 1,500 Madison DSA related pre-slaughter test of a Test & Remove CA, CO, IA, KS, MN, MT, NE, SD
2-year-old female
Oct 2013  Beef cattle 700 Park Brucellosis certified annual herd test Test & Remove CA, MN, MT, NE, SD, TX
Oct 2014  Beef cattle 650 Park/Carbon DSA related movement test Test & Remove Pending
Nov 2014  Beef cattle 2,340 Madison DSA related movement test Test & Remove Pending
Nov 2016  Bison 178 Beaverhead Voluntary DSA herd test Test & Remove SD, GA
wy Nov 2003  Beef cattle 400 Sublette Slaughter Surveillance Depopulated Unavailable
Jan 2004  Beef feedlot 800 Washakie Trace herd test due to epidemiologic link Depopulated Unavailable
with the 2003 Sublette County herd
Jun 2004  Beef cattle 600 Teton Interstate movement test Depopulated SD, TX, MT, KS, NE, WY, CO, ID
Nov 2004  Beef cattle 800 Teton Trace herd test, contact with June 2004 Depopulated Unavailable

Teton County herd

(Continued)
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TABLE 3-1 Continued

State Month  Year Herd Type  Herd Size County Method of Detection Disposition Trace Out States

Jun 2008  Beef cattle 800 Sublette First-point test at a WY livestock auction Depopulated WY, NE, CA, CO, SD, MN, ID,
market KS, MT

Oct 2010  Beef cattle 500 Park DSA related change of ownership testingata  Test & Remove WY, MT
WY livestock auction market

Nov 2010 Bison 1,067 Park DSA related pre-sale movement testing of Test & Remove MT, WY, CO, NV
yearling heifers

Feb 2011  Beef cattle 500 Park DSA related movement test at a MT livestock ~ Test & Remove MT
auction market, 5-year-old cull cow

Jul/Sep 2011  Beef cattle 500 Park DSA related on-farm, pre-sale test of Test & Remove Unavailable
13-month-old heifers

Oct 2015  Beef cattle 515 Park DSA herd plan test Test & Remove Unavailable

Nov 2015  Beef cattle 717 Sublette DSA herd plan test Test & Remove WY, CO
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Ecology and Epidemiology of Brucella abortus in the Greater Yellowstone Ecosystem

1.1 Idaho

Between April 2002 and 2012, four cattle herds and one privately-owned bison herd in Idaho were
infected with brucellosis. Idaho lost Class Free status in January 2006, and a brucellosis action plan was
created resulting in Class Free status being regained in July 2007. Due to changes to the federal brucello-
sis regulations in 2010 relative to the requirements for retention of class-free status, Idaho has maintained
Class Free status despite finding three additional affected herds since 2009, including a Fremont County
cattle herd that was located outside of Idaho’s designated surveillance area (DSA). No herds remain quar-
antined for brucellosis as of March 2016.

1.2 Montana

Between May 2007 and November 2016, seven beef cattle herds and three privately owned bison
herds were diagnosed with brucellosis in Montana. The infected herds found in 2007 and 2008 were
slaughtered with federal indemnity, while all herds identified thereafter have undergone a test and remove
protocol under state quarantine. The Montana Department of Livestock developed and implemented a
Brucellosis Action Plan in May 2009, and the state successfully regained Class Free status in July 2009.

1.3 Wyoming

From 1989 to November 2003, no brucellosis infected herds were identified in Wyoming; but be-
tween November 2003 and November 2015, 10 cattle herds and 1 domestic bison herd were infected.
Wyoming lost Class Free status in 2004, and the Governor of Wyoming appointed a Wyoming Brucello-
sis Coordination Team to develop a Brucellosis Management Plan. The state regained Class Free status in
2006 and subsequently identified six cattle herds and one privately-owned bison herd as infected with B.
abortus.

1.4 Impacts Outside the GYA

As a result of the disclosure of brucellosis in cattle and privately-owned bison herds, animals that
left those herds prior to diagnosis are required to be traced and their disease status investigated. More than
15,000 animals that had left the affected herds were required to be traced, and a number of those animals
were found in non-GYA states (see Figure 3-2). The extensive movement of cattle from the DSA has
implications for the implementation of the DSA, because it relates to the likelihood of an infected animal
moving out of the area as well as the cost of testing to ensure that contact herds remain uninfected.

2. DISEASE DYNAMICS IN BISON AND ELK

As noted in the previous NRC report (1998), wild bison in the GYA have a relatively high seroprev-
alence of brucellosis. In bison from the National ElIk Refuge in Wyoming, the seroprevalence of brucello-
sis ranged from 40% to 83% from 2000 to 2008 (mean = 64%, 95% CI = [0.58, 0.69]) (Scurlock and
Edwards, 2010). The seroprevalence among adult females is relatively steady over time in YNP at 60%,
despite large changes in population size (Hobbs et al., 2015). This suggests that the population size of
bison may not be a strong determinant of brucellosis transmission rates in bison (Hobbs et al., 2015). By
combining serological data with culture results, active infections are more likely among 2-4 year-old
Yellowstone bison. Older bison, while likely to be seropositive, are less likely to be culture positive
(Treanor et al., 2011). However, this does not necessarily mean that those animals are not infected. In
chronically infected animals, there are often fewer organisms per gram of tissue, making it more difficult
to obtain a positive culture.
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FIGURE 3-2 States to which animals leaving Brucellosis-affected herds in the GYA were traced, 2002-2016.

One of the significant findings of the 1998 NRC report was that “B. abortus is unlikely to be main-
tained in elk if elk winter-feedgrounds were closed.” This was also the consensus of the respondents to
the 1998 NRC questionnaire as well as the conclusion of McCorquodale and Digiacomo (1985). This
conclusion was due in part to the low seroprevalence in elk anywhere outside of the supplemental feed-
grounds prior to 2000 (see Figure 3-3). Data collected after the 1998 NRC report, however, cast this earli-
er conclusion into doubt, because elk seroprevalence in some management units is now comparable to
areas with supplemental feedgrounds (see Figure 3-3). This does not appear to be due to a lack of sam-
pling in areas that were previously at low seroprevalence (see Figure 3-4). While the numbers of samples
in any given year may be low, the data, in aggregate, across many years suggest that these increases are
not an artifact of sampling error, but are consistent changes over a long time period (e.g., see Figures 3-5
and 3-6).

Whole genome sequencing of brucellosis isolates collected from 1985 to 2013 in cattle, elk, and bi-
son across the GY A suggest that brucellosis was introduced into GYA bison and elk on at least five sepa-
rate occasions, presumably from cattle (Kamath et al., 2016). One of these five lineages is associated with
bison within Yellowstone and a few elk isolates from the same area. The Brucella isolates from many of
the unfed elk in Montana and Wyoming, however, originated from the Wyoming feedgrounds instead of
Yellowstone bison. This suggests that control efforts implemented in bison within Yellowstone National
Park (YNP) are unlikely to have any effect on these unrelated lineages in elk populations outside of YNP.
Two different lineages were able to move from Wyoming feedgrounds to western Montana, potentially in
the 1990s to early 2000s, followed by subsequent local transmission rather than repeated invasions from
the feedgrounds (Kamath et al., 2016). This timing is coincident with increases in the seroprevalence in
elk in these regions (see Figure 3-5), and suggests that elk are able to maintain the infection locally after
those introductions. The B. abortus isolates from elk in the Wiggins Fork region of Wyoming also derive
from the feedgrounds, but the extent of local transmission among elk there is less clear as there are a large
number of isolates that connect directly back to the feedgrounds rather than other local isolates (Kamath
et al., 2016). Finally, genetics data have been used to estimate a diffusion rate of the disease over time,
which averaged 3-8 km/yr overall, but appeared more recently to be increasing in speed. The two fastest
lineages were expanding at a rate of 12 km/yr as of 2013 (Kamath et al., 2016).
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FIGURE 3-3 Maps of seroprevalence in elk using data prior to 2000 (left) and from 2010 to 2015 (right). The
designated surveillance area is represented by the red line while the polygons show elk management units.
SOURCE: Data provided by the state and federal wildlife agencies of Idaho, Montana, and Wyoming.

FIGURE 3-4 Maps of sampling effort in elk prior to 2000 (left) and from 2010 to 2015 (right). The designated sur-
veillance area is represented by the red line while the polygons show elk management units. SOURCE: Data provid-
ed by the state and federal wildlife agencies of Idaho, Montana, and Wyoming.
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Brucellosis seroprevalence in elk appears to be increasing in several herds in Montana. From 2001-
2013, seroprevalence in elk from district 323 was estimated at 28% (n = 36, 95% CI = [0.14, 0.45]) even
though the elk tracking data from that area do not suggest much overlap with either bison or elk from the
Wyoming feedgrounds (MDFWP, 2015; Proffitt et al., 2015). More recent testing in the Mill Creek area
of Paradise Valley, Montana, showed elk seroprevalence at 53% (n = 32, 95% CI = [0.32, 0.68]). Mon-
tana’'s elk management units 362 and 313 are two areas where there are sufficient data through time to
conclude that the seroprevalence does appear to be increasing (see Figure 3-5).

Several studies have been published on the seroprevalence of brucellosis in Wyoming elk. The
seroprevalence in elk on supplemental feedgrounds is strongly correlated with the length of the feeding
season, which overlaps with the presumed abortion period in the third trimester of pregnancy (Cross et al.,
2007). An increase in the end date of the feeding season is correlated with an increase from 10% to 30%
seroprevalence. Furthermore, the end date of the feeding season is highly correlated with the winter
snowpack from one year to the next. Excluding the NER, point estimates of elk population size or density
are not significantly associated with seroprevalence. Thus, disease transmission in this system may be
driven by an interaction between host density and the timing of disease transmission. Sample testing data
from 1993-2009 are aggregated over time for both on and off of supplemental feedgrounds in order to
have sufficient sample sizes to make comparisons across regions (Scurlock and Edwards, 2010). Howev-
er, there is some indication that seroprevalence may be increasing over time in some elk herds (Scurlock
and Edwards, 2010). In examining seroprevalence at the broad herd unit scale as well as at the finer hunt
area scale, areas south of the feedgrounds with relatively low elk densities did not appear to have any in-
crease in brucellosis (Cross et al., 2010a,b). Most of the observed increases in elk seroprevalence appear
to be in the mid-2000s in both Montana and Wyoming (Cross et al., 2010a,b; see Figure 3-6). Meanwhile
some regions show no evidence of increasing seroprevalence despite significant sampling efforts and be-
ing adjacent to supplemental feedgrounds (see Figure 3-7).

J
FIGURE 3-5 Elk seroprevalence in the East Madison Hunt District 362 (left plot) and Gardiner Area HD 313 (right
plot). Each point represents the raw seroprevalence for that year. Thick and thin gray error bars on each point repre-
sent the 50% and 95% confidence intervals on that estimate. The black line represents the temporal trend as estimat-
ed from a linear time trend in a logistic regression. Dotted lines are the 95% confidence interval on the predicted
seroprevalence using a quasibinomial error distribution. SOURCE: Data courtesy of Montana Department of Fish,
Wildlife, and Parks.
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FIGURE 3-6 Elk seroprevalence in the Cody (left plot) and Clarks Fork (right plot) regions of Wyoming. Each
point represents the raw seroprevalence for that year. Thick and thin gray error bars on each point represent the 50%
and 95% confidence intervals on that estimate. The black line represents the temporal trend as estimated from a line-
ar time trend in a logistic regression. Dotted lines are the 95% confidence interval on the predicted seroprevalence
using a quasibinomial error distribution. SOURCE: Data courtesy of WGFD.

FIGURE 3-7 Elk seroprevalence in the South Wind River (left plot) and West Green River (right plot) regions of
Wyoming, both of which are south and adjacent to regions with supplemental feedgrounds. Each point represents
the raw seroprevalence for that year. Thick and thin gray error bars on each point represent the 50% and 95% confi-
dence intervals on that estimate. The black line represents the temporal trend as estimated from a linear time trend in
a logistic regression. Dotted lines are the 95% confidence interval on the predicted seroprevalence using a quasibi-
nomial error distribution. SOURCE: Data courtesy of WGFD.
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Brucellosis was first observed in Idaho elk in 1998. Prior to 2002, elk seroprevalence was relatively
low in all areas tested except Rainey Creek, which was the site of an elk feedground that operated from
1978-2006 and fed between 150-600 elk (Etter and Drew, 2006). Since 2002, there have been observed
increases in elk seroprevalence in Montana and Wyoming, and although surveillance is being conducted
in those areas, there have been no recent studies published using Idaho data aside from Etter and Drew.
Data provided to the committee for this review suggest that elk seroprevalence remains low in districts
66A and 76, which are mostly outside of the DSA (see Figure 3-8). Other regions within the Idaho por-
tion of the DSA appear to have increasing levels of elk seroprevalence (in districts 61, 62, and 67; see
Figure 3-9). Due to the limited sampling in some regions, it is difficult to assess whether the dynamics of
brucellosis in some areas are changing (in districts 64, 65, and 66; see Figure 3-10).

3. EFFECTS OF POPULATION SIZE AND
AGGREGATION ON BISON AND ELK TRANSMISSION

To understand the dynamics of infectious diseases and implement control strategies for effectively
addressing brucellosis, it will be important to understand the relationship between host density and para-
site transmission (Anderson and May, 1991; McCallum et al., 2001). If transmission and host density are
correlated, models predict that the parasite cannot persist below a certain threshold of host density
(Kermack and McKendrick, 1927; Getz and Pickering, 1983). This forms the basis for using social dis-
tancing (e.g., school closures) to control pandemics (Glass and Barnes, 2007; Cauchemez et al., 2008;
Halloran et al., 2008). In natural populations, the distribution and abundance of a host species can be af-
fected by manipulating hunting pressure (Conner et al., 2007), artificial food and water sources (Miller et
al., 2003; Rudolph et al., 2006; Cross et al., 2007), and predator distributions (White et al., 2012).

FIGURE 3-8 Elk seroprevalence over time for two management units in Idaho, district 66A (left), district 76 (right).
Each point represents the raw seroprevalence for that year. Thick and thin gray error bars on each point represent the
50% and 95% confidence intervals on that estimate. The black line represents the temporal trend as estimated from a
linear time trend in a logistic regression. Dotted lines are the 95% confidence interval on the predicted seropreva-
lence using a quasibinomial error distribution. SOURCE: Data courtesy of Idaho Fish and Game.
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For directly transmitted parasites, contact rates may be more related to local measures of host densi-
ty (i.e., density or number of hosts in a group) rather than broader scale measures (i.e., density of a region
with many groups). Furthermore, many ungulate group size distributions, including elk, are highly right-
skewed whereby most groups are small, but there are a few very large groups (Cross et al., 2009, 2013c;
Brennan et al., 2015). This may result in super-spreader dynamics at the group-level whereby a few large
groups drive disease dynamics (Lloyd-Smith et al., 2005). This issue has been addressed in human sys-
tems under the “core-groups” moniker (e.g., intravenous drug users, Hethcote, 1978; May and Anderson,
1984; Becker and Dietz, 1995; Dushoff and Levin, 1995), but has not had much application to natural
populations. In social species like elk and bison, management approaches that alter group size distribu-
tions may be more effective at reducing disease transmission than lowering overall population densities.

FIGURE 3-9 Elk seroprevalence over time for management units in Idaho where the seroprevalence may be in-
creasing (Districts 61, 62, and 67). Each point represents the raw seroprevalence for that year. Thick and thin gray
error bars on each point represent the 50% and 95% confidence intervals on that estimate. The black line represents
the temporal trend as estimated from a linear time trend in a logistic regression. Dotted lines are the 95% confidence
interval on the predicted seroprevalence using a quasibinomial error distribution. SOURCE: Data courtesy of ldaho
Fish and Game.
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FIGURE 3-10 Elk seroprevalence over time for several management units in Idaho (Districts 64, 65, and 66) that
are too weakly sampled to assess any temporal trends. Each point represents the raw seroprevalence for that year.
Thick and thin gray error bars on each point represent the 50% and 95% confidence intervals on that estimate. The
black line represents the temporal trend as estimated from a linear time trend in a logistic regression. Dotted lines
are the 95% confidence interval on the predicted seroprevalence using a quasibinomial error distribution. SOURCE:
Data courtesy of lIdaho Fish and Game.

There are a number of scientific challenges involved in relating host density to disease transmission.
First, transmission is not directly observable, therefore seroprevalence is often used as a surrogate;
however, exposure could have occurred anytime from birth to the sampling date. Meanwhile individual
elk shift among groups relatively frequently. This makes it difficult to relate serology to group size met-
rics (Cross et al., 2013a). Second, it is unclear what the denominator should be when calculating elk den-
sity. Cross and colleagues investigated the relationship between the rate of increase in elk seroprevalence
and elk density at the broad herd unit scale (2010a), as well as the finer hunt area scale (2010b). In both
cases, the area used in the calculation of elk density was the total area of the management unit, which
probably includes a large amount of area that is not elk habitat. By further investigating multiple different
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metrics of elk density, Brennan and colleagues (2014) found that while all the spring time elk density
metrics were correlated with the increases in brucellosis, there was not one particular metric of elk density
that did much better than the others. Third, elk population size, density, and seroprevalence are factors
that change over time, and seroprevalence is likely to respond to changes in elk density at a lag. This is
not an easy problem to solve, because the temporal changes in both elk population size and brucellosis
seroprevalence are relatively slow, requiring a long time-series in any one location to be informative.
As a result, the spatial variation among regions may be more informative than the annual variation. With-
in Montana, elk density is associated with the seroprevalence of brucellosis (Proffitt et al., 2015). An
equilibrium assumption is being made that sites have higher prevalence due to elk density, and the as-
sumption does not account for how some sites may be changing over time whereby some areas may still
be of low seroprevalence, because the disease was only recently introduced in that location. Due to many
of these challenges, it is likely that the effects of host density on brucellosis transmission will tend to be
underestimated.

At a more local scale, measuring contact rates in free-ranging wildlife populations has traditionally
been difficult. Proximity loggers, however, are a recent technological advance that records the duration
and time when two loggers are within a predesigned distance from one another (Prange et al., 2006). Ide-
ally, a proximity logger would be placed on aborted fetuses to record subsequent contacts. Fetuses recov-
ered from other management activities could be used as a proxy to record elk-fetus contact rates (Creech
et al., 2012). By feeding elk across a broader area (low density feeding), >70% reductions in elk-fetus
contact rates occurred on the feedgrounds (Creech et al., 2012). No contacts were recorded with fetuses
that were randomly placed away from feedgrounds (Maichak et al., 2009). Elk-elk contacts could be con-
sidered as a surrogate for elk-fetus contacts. The contact rate (within ~2m) for a given elk pair declines
with increasing group size, but the individual contact rate strongly increases with elk group size, because
the number of total pairs increases with group size (Cross et al., 2013b). This suggests that large elk
groups may be driving much of the transmission of brucellosis within elk populations, but this pattern is
hard to observe in seroprevalence data due to the frequent mixing of individuals across groups of different
sizes. Therefore, additional research may consider treatments (e.g., targeted hunting, increased predator
tolerance in some areas, hazing operations) that affect the group size distribution (and in particular, large
groups).

Within bison, a frequency dependent model of brucellosis transmission appears to be more con-
sistent with the available data compared to a density dependent model (Hobbs et al., 2015). During the
time-series where seroprevalence data were available, the bison population size ranged from 2,000-5,000
individuals, while the seroprevalence remained relatively constant. This may be due to the grouping
behavior of bison in YNP, whereby the bison group size distribution appears to be relatively constant
even when the population size is dramatically reduced by boundary removals (Cross et al., 2013c). Thus,
although fetus exposure rates may be higher in larger groups of bison (i.e., density dependent transmis-
sion at the group scale), more groups are created as the bison population gets larger. As a result, group
sizes are relatively constant, so that disease transmission at the population scale appears frequency
dependent. Therefore, the indiscriminant reduction of bison populations is unlikely to affect brucellosis
transmission in bison.

4. SUPPLEMENTAL FEEDGROUNDS

The previous NRC review in 1998 highlighted the role of the supplemental feedgrounds in exacer-
bating brucellosis in elk. None of the research conducted since that review refutes that conclusion. The
seroprevalence of disease on the feedgrounds remains high (~20%) relative to elk populations in other
regions, particularly outside of the GYE (Scurlock and Edwards, 2010). As noted above, feedground sites
that were fed for longer and later into the spring had higher levels of seroprevalence (Cross et al., 2007).
This is probably because abortion events appear to be about five times more frequent in March, April, and
May than they are in February; no abortion events have been recorded in January (Cross et al., 2015).
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Supplemental feedgrounds played a role in the historic seeding of B. abortus infections in other, dis-
tant elk populations (Kamath et al., 2016), and increased local elk-elk transmission (Cross et al., 2007).
Feedgrounds, however, potentially mitigate local cattle risk compared to an area with similar elk sero-
prevalence without feedgrounds, because they separate elk from cattle during the majority of the trans-
mission season. From 2002-2014, only 3 of the 22 affected cattle herds were in regions with feedgrounds
despite the high seroprevalence in elk during that entire timespan on feedgrounds, whereas the seropreva-
lence in elk in other regions has only more recently increased (Brennan, 2015).

5. POTENTIAL EFFECTS OF PREDATORS AND SCAVENGERS ON BRUCELLOSIS

Wolves were reintroduced in the GYA in 1995, and wolves were only briefly mentioned in the pre-
vious NRC report (1998), but the potential role that wolves may have on elk or bison demography, space-
use, and aggregation patterns has been an active area of research since that time. Predators may preferen-
tially kill infected prey and may in turn reduce the level of disease (Packer et al., 2003). The mortality
hazard of brucellosis-infected African buffalo (Syncerus caffer) is about two times higher than uninfected
individuals (95% CI = 1.1-3.7) (Gorsich et al., 2015). Predation on brucellosis-infected hosts may occur
due to arthritis and lower body conditions that are associated with brucellosis infections (Gorsich et al.,
2015). However, if these complications occur after the infectious period of the disease, predation is un-
likely to affect the transmission dynamics. The direct effects of predation on disease dynamics are higher
for diseases where infected individuals are weakened prior to and during the infectious period. For Wyo-
ming feedground elk, evidence does not suggest a decreased survival rate of elk infected with brucellosis
(Benavides et al., 2017). A better test of selective predation would be in areas of more intensive wolf
presence, but the seroprevalence of brucellosis in YNP elk has historically been relatively low, making it
difficult to study the survival rates of seropositive and seronegative elk or bison (Ferrari and Garrott,
2002; Barber-Meyer et al., 2007). Outside the borders of national parks, hunting is the dominant cause of
adult elk mortality and hunters are unlikely to be selective for infected elk. Thus, there is no current evi-
dence to suggest that predators are selective for brucellosis-infected elk or bison.

Wolves may affect brucellosis transmission by altering population size, distribution, or altering ag-
gregation patterns (see Chapter 2), which may then affect contact and disease transmission rates. The be-
havioral effects of wolves on elk aggregation patterns would likely occur on shorter rather than longer
timeframes, and are unlikely to have longer-term population level effects of reduced survival and/or re-
cruitment. Creel and Winnie (2005) found that the mean elk group size declined on days when wolves
were present from 22 to 9. Similarly, Proffitt and colleagues (2009) found that in the presence of wolves,
elk were more disaggregated in sagebrush areas. In grassland areas, however, elk were aggregated in larg-
er average group sizes in response to increasing wolf predation risk (Gower et al., 2009; Proffitt et al.,
2009). Even though the majority of elk groups are relatively small in size, the majority of elk (as individ-
uals) tend to be in the largest groups (Hebblewhite and Pletscher, 2002; Brennan et al., 2015). In combi-
nation with increasing contact rates in the largest groups, this suggests that the majority of disease trans-
mission may occur in large groups (Cross et al., 2013b). Thus, average elk group sizes may not be an
important metric for inference about disease transmission. Wolves may shift the spatial distribution of elk
either by affecting elk behavior and dispersal or altering the population growth rate of elk. While the im-
pacts of wolves on elk calves are well documented (Wright et al., 2006), evidence is limited indicating
that wolves have behaviorally shifted elk distributions at broad spatial scales.

Wolves appear to be attracted to large elk group sizes, as the 90th percentile of the elk group size
distribution is positively correlated with wolf abundance on open and private lands (Brennan et al., 2015).
Over the longer term, wolves are likely to reduce elk population sizes, although the degree of reduction
that is directly attributable to wolves remains contested due to the potential confounding effects of hunt-
ing, changing climate, and other predators (Vucetich et al., 2005; Middleton et al., 2013; Christianson and
Creel, 2014). An interesting correlation has been found between fecal progesterone, the number of calves
per 100 adult female elk, and the ratio of wolves to elk, which suggest that wolves may reduce elk repro-
duction (Creel et al., 2007). While the strength of this finding has been disputed (White et al., 2011; Creel
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et al., 2013; Christianson and Creel, 2014; Proffitt et al., 2014), if it is true, wolves would potentially di-
rectly reduce brucellosis transmission by reducing the primary mechanism of transmission—pregnancy
and the associated abortion events. Finally, in the northern range of Yellowstone the percentage of elk
spending the winter outside of YNP has increased coincident with the arrival of wolves (MacNulty,
2015). Migratory elk in the Clarks Fork region of Wyoming had reduced pregnancy and calf.cow ratios
relative to non-migratory elk, which had lower exposure to wolves and bears (Middleton et al., 2013).
Over time, this would result in higher populations of elk remaining on private lands throughout the year.
Due to the relatively slow changes in elk populations and brucellosis seroprevalence along with many
potential confounding factors, it is difficult to currently assess these short- and long-term effects of
wolves on brucellosis in elk.

The previous NRC report (1998) reviewed the number of carnivores seropositive for brucellosis,
presumably due to consuming infectious material. Even though Davis and colleagues (1988) demonstrat-
ed that coyotes were able to infect cattle when held in a confined space and B. abortus could remain via-
ble in coyote feces and urine, carnivores are probably dead-end hosts and not likely to re-infect ungulates
(NRC, 1998). To date, there has been no subsequent research that would further support or contradict that
conclusion. Aune and colleagues (2012) found that half of fetuses were moved over 100 m and one was
moved almost 2 miles by a red fox, confirming that carnivores play a role in locally transporting infec-
tious material to new locations (NRC, 1998). However, the 1998 NRC report suggested that “a healthy
complement of predators [is] almost certain to be a major factor in reducing the probability of B. abortus
transmission within the wildlife community and between wildlife and domestic stock. Predation and
scavenging by carnivores likely biologically decontaminate the environment of infectious B. abortus with
an efficiency unachievable in any other way.” Since 1998, several studies of fetus contact and fetus re-
moval rates have been completed. Cook and colleagues (2004) found that the disappearance rate of bo-
vine fetuses was on average 27 hrs at the National EIk Refuge, 40 hrs at other Wyoming feedgrounds, and
58 hrs at Grand Teton National Park and coyotes were the dominant scavenger. Similarly, Maichak and
colleagues (2009) found that 70% (28 of 40) elk fetuses were removed within 24 hours from the Wyo-
ming state feedgrounds, while only 38% (3 of 8) were removed within 24 hours from neighboring winter
range locations. In contrast, fetus removal rates around YNP averaged 18 days with a maximum of 78
days (Aune et al., 2012). Also, B. abortus remained viable on the underside of fetuses for a median of 30
days, but exposed areas had a median survival time of 10 days (Aune et al., 2012). Collectively, these da-
ta suggest that scavengers are removing fetuses faster from the feedgrounds than from other areas, which
may be one reason why the seroprevalence in elk at the feedgrounds (20%) is roughly equivalent to the
seroprevalence in some non-fed elk populations despite the more intense aggregations on the feed-
grounds. Despite the potential positive role coyotes might have on scavenging to reduce brucellosis
transmission, coyotes are removed by U.S. Department of Agriculture Animal and Plant Health Inspec-
tion Service (USDA-APHIS) Wildlife Services at the request of landowners to reduce predation and live-
stock losses. In addition, coyotes are not regulated and can be shot year-round without a license in Idaho,
Montana, and Wyoming. The effects of these removals may have on brucellosis transmission is poorly
known and requires further study.

6. EFFECT OF DISEASE ON BISON AND ELK POPULATIONS

Although B. abortus induces abortion events and has the potential to have significant impact on in-
dividual animals (such as testicular abscesses, retained placentas, arthritis, death of neonates), it is not
generally considered a direct threat to the sustainability of either elk or bison populations. Fuller and
colleagues (2007) estimated that the complete eradication of brucellosis from bison would increase bison
population growth rate by 29%, and similar results were found by others (Ebinger et al., 2011; Hobbs et
al., 2015). This increase in population growth would most likely result in increased bison removals at the
boundary. Cross and colleagues (2015) estimated that 16% (95% CI = [10, 23]) of seropositive pregnant
female elk will abort every year. Based on those estimates, the expectation is that an area with 30% sero-
prevalence would only experience a 5% decline in the population growth rate even if there were no com-
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pensatory shifts in calf mortality due to brucellosis. However, Foley and colleagues (2015), found no rela-
tionship between brucellosis seroprevalence and the ratio of elk calves to adult females at the elk man-
agement unit scale.
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4

Scientific Progress and New Research Tools

The scientific knowledge base of Brucella abortus and B. abortus-induced disease pathogenesis has
expanded since the previous 1998 National Research Council (NRC) report was issued. This chapter pro-
vides a summary of progress since 1998 in understanding B. abortus infection biology; diagnosis of bru-
cellosis in cattle, bison, and elk; and Brucella vaccinology. Coupled with systems biology, there is now
the ability to more fully understand the infectious process of B. abortus and enable more rapid discovery
of brucellosis vaccines and diagnostics for elk and bison.

1. INFECTION BIOLOGY AND PATHOGENESIS OF
B. ABORTUS IN CATTLE, BISON, AND ELK

1.1 Background

When Brucella abortus come in contact with mucous membranes in the alimentary or respiratory
tracts of the host, they invade by attaching to host epithelial cells and quickly transmigrate across the mu-
cosa, where they are engulfed by phagocytic cells. The Brucella-containing phagocytic cells disseminate
to regional draining lymph nodes and the blood by the lymphatic system, establishing an intermittent bac-
teremia. They can then colonize the placenta, fetus, mammary glands, testes, and regional draining lymph
nodes of those tissues or organs; colonization of the placenta and fetus frequently results in abortion.

Brucellae primarily replicate within macrophages, neutrophils, dendritic cells, and placental tropho-
blasts using different survival strategies; however, the pathogen has the ability to replicate in a wide va-
riety of additional mammalian cell types including epithelial cells and endothelial cells. The intracellular
growth and survival of Brucella in specialized compartments limits exposure to the host immune respons-
es, sequesters the organism from the effects of some antibiotics, and is responsible for the unique features
of pathology in infected hosts (Anderson and Cheville, 1986; Myeni et al., 2013; Celli and Tsolis, 2015;
de Figueiredo et al., 2015). The pathology in pregnant ruminants is typically divided into three phases: the
incubation phase which is before clinical signs are evident, the acute phase during which the pathogen is
disseminated among host tissues, and the chronic phase during which massive replication B. abortus oc-
curs in the placental trophoblasts resulting in severe necrotizing placentitis and fetal death (Anderson and
Cheville, 1986). Chronic infection results from the ability of the organism to persist in the cells of the
host, which is variable for cattle, elk, and bison (Qureshi et al., 1996; Olsen, 2010).

1.2 Infection Biology and Molecular Pathogenesis

While research on the infection biology and molecular pathogenesis of brucellosis has made tre-
mendous progress since the 1998 NRC report, several aspects of the host-Brucella relationship remain to
be elucidated (Atluri et al., 2011). For example, it is now known how Brucella enter host cells (Rossetti et
al., 2012) and exploit this ability to cross mucosal surfaces (Rossetti et al., 2012, 2013). However, the
receptors involved in binding host cells are only partially understood (Castaneda-Roldan et al., 2004;
Seabury et al., 2005). The intracellular invasion and survival of Brucella depends largely on its Type 1V
secretion system although exact targets of its effectors are still elusive (O’Callaghan et al., 1999; Comerci
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et al., 2001; de Jong and Tsolis, 2012; Chandran, 2013; Lacerda et al., 2013; Myeni et al., 2013; Ke et al.,
2015).

After entering the host, Brucella foils host protective responses by evading the so-called innate im-
mune responses (Barquero-Calvo et al., 2007; Carvalho Neta et al., 2008; Gorvel, 2008; de Jong et al.,
2010; Gomes et al., 2012; Rossetti et al., 2012; von Bargen et al., 2012). Brucella dampens inflammatory
responses, relative to what occurs with other pathogens that infect through the gut mucosa (Oliveira et al.,
2008; Rossetti et al., 2013). Brucella also restricts proinflammatory immune responses, including matura-
tion of cells known as dendritic cells which are crucial for induction of protective adaptive immune re-
sponses (Radhakrishnan et al., 2009; Sengupta et al., 2010; Chaudhary et al., 2012; Kaplan-Turkoz et al.,
2013; Smith et al., 2013). The curtailed host immune responses together with Brucella’s ability to live
inside host cells and adapt to low oxygen tension make it a successful pathogen (Kohler et al., 2002;
Kohler et al., 2003; Billard et al., 2007; Al Dahouk et al., 2008; Lamontagne et al., 2009; Barbier et al.,
2011; Hanna et al., 2013). Because Brucella can persist inside host cells indefinitely, this contributes to
its spread within the host including to placental trophoblasts, fetal lung, male genitalia, skeletal tissues,
reticuloendothelial system, and endothelium (Kim et al., 2013; Roop and Caswell, 2013; Xavier et al.,
2013).

Because, minimal information is available to describe the interaction of Brucella with target cells
and tissue, a holistic systems biology analysis of the pathogenesis of brucellosis at the level of the whole
host is needed for bison, elk, and cattle (Carvalho Neta et al., 2008; Delpino et al., 2009; Rossetti et al.,
2013; Sankarasubramanian et al., 2016). Identification of the most critical components of pathogenesis
will enhance the ability to rationally design vaccines, diagnostics, and therapeutics for elk and bison. For-
tunately, many of the currently available molecular approaches and methods can be directly applied to in
vitro and in vivo research on both the pathogen and the host for a comparative molecular pathogenesis
approach.

1.3 Clinical Disease

Under natural conditions, a B. abortus infection is usually acquired by contact with the placenta, fe-
tus, fetal fluids, or vaginal discharges from infected cows in all three host species of interest (cattle, bison,
elk). Studies both before and since 1998 have shown that following infection, clinical manifestations of B.
abortus infection in bison are largely similar to those of cattle (Nicoletti, 1980; Davis et al., 1990, 1991,
Rhyan et al., 1994; Roffe, 1999a,b; Olsen and Holland, 2003; Olsen et al., 2009; Rhyan et al., 2009;
Xavier et al., 2009; Van Campen and Rhyan, 2010; Xavier et al., 2010). Since 1998, it has been con-
firmed that elk are also similar in that systemic clinical signs do not usually occur in the acute stages of
infections (Thorne and Morton, 1978; Kreeger et al., 2000; Cook et al., 2002; Kreeger et al., 2002; Van
Campen and Rhyan, 2010). In the later stages of infection, the primary clinical disease manifestations are
fetal or newborn death, weak calves, metritis with retained placentas—although it is now known that the
latter does not occur in elk (Rhyan et al., 2009). Abortions usually occur during the second half of gesta-
tion, accompanied by mild mastitis and reduced milk production. After the first abortion, subsequent
pregnancies are generally normal, with cows occasionally giving birth to weak calves. But because B.
abortus infection may persist, organisms can still shed in milk and uterine discharges (Meador et al.,
1989). In chronic stages of brucellosis, infertility may occur in both sexes due to metritis in cows or orchi-
tis, epididymitis, seminal vesiculitis, and testicular abscesses in bulls with arthritis and hygromas devel-
oping after long-term B. abortus infections.

1.4 Pathology and Pathogenesis
The pathogenesis of brucellosis has been most extensively studied by in vitro and in vivo experi-
ments in non-target hosts, especially the murine model (Cheers, 1984; Tobias et al., 1993; Grillo et al.,

2000; Silva et al., 2011). While studies in models have revealed extensive valuable information on the
molecular pathogenesis of brucellosis, these models do not reflect the important differences in the infec-
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tion biology of brucellosis in elk, bison, and cattle (Olsen and Palmer, 2014). Studies of the molecular
pathogenesis in elk, bison, and cattle have been largely limited because of onerous Select Agent require-
ments, lack of large animal biocontainment facilities, and costs for large animal experiments. As a conse-
guence, few critical studies have been conducted.

The principal lesions of all three species occur in adult female and male reproductive tracts—the
placenta and testes, respectively—and the fetal respiratory tract (Rhyan, 2013). The gross pathology and
histopathology of infected bison, elk, and cattle have been described in varying levels of detail (Thorne
and Morton, 1978; Rhyan et al., 1997; Rhyan et al., 2001; Xavier et al., 2009; Xavier et al., 2010; Olsen
and Palmer, 2014), but the pathological lesions are more similar than they are different among the three
host species (Payne, 1959; Thorne and Morton, 1978; Davis et al., 1990; Samartino and Enright, 1993;
Williams et al., 1993; Rhyan et al., 1994, 1997, 2001, 2009; Palmer et al., 1996; Rhyan et al., 1997;
Adams, 2002; Xavier et al., 2009; Carvalho Neta et al., 2010; Xavier et al., 2010; Poester et al., 2013;
Rhyan, 2013). Nonetheless, there are some significant differences in animal behavior, disease expression,
and susceptibility to brucellosis. For example, elk normally calve in solitary confined conditions in con-
trast to cattle and bison where parturition is a herd event attracting other members to sniff and lick the calf
or aborted fetus (Van Campen and Rhyan, 2010), potentially affecting the exposure dose of B. abortus
and thus transmission and frequency of disease. Studies on elk have shown they rarely have mastitis or
retained placentas compared to cattle and bison, which means they may be less negatively affected by the
disease (Rhyan, 2013).

Bison may be considerably more susceptible to brucellosis than cattle, as abortions occurred in <2%
of pregnant cattle vaccinated with the B. abortus strain 19 (S19) vaccine compared to 58% of pregnant
vaccinated bison (Davis et al., 1991). Higher infection and abortion rates also occurred in experimentally
challenged, non-vaccinated bison compared to cattle (Olsen, 2010; Olsen and Johnson, 2011). Additional-
ly, clearance time of the B. abortus RB51 vaccine is twice as long in bison as compared to cattle, yet less
bacterial colonization of the udder and less mastitis is seen in bison than cattle (Cheville et al., 1992;
Roffe et al., 1999a,b; Rhyan et al., 2001).

2. DIAGNOSTICS
2.1 Background

Diagnostic assays are vital for the identification of brucellosis in humans and animals for clinical,
regulatory, and research purposes (Bricker, 2002a). Bacterial and antibody detection have had key roles in
the brucellosis eradication program since its inception in 1934, and there have been numerous advance-
ments in the area of diagnostics in the past few decades.

Multiple diagnostic approaches have been used in both domestic and wild animals. Livestock sur-
veillance initially tested all cattle within a vicinity, but has evolved to focus on animals at surveillance
nodes where cattle are accessible, such as slaughter and first point testing (e.g., markets, shows, and sales)
while maintaining wide area testing in communities with known infections. Whole herd follow-up testing
has also been a mainstay in surveillance, trace-back, and eradication programs. All have used serological
assays in a tiered approach with initial high-sensitivity assays followed by confirmatory testing using as-
says with greater specificity.

Isolation of the bacteria through culture and subsequent identification of B. abortus has been im-
portant for confirmation (the so-called “gold standard”) in serologically positive animals. However, the
success of culture is dependent on a number of variables. For example, in chronically infected animals, B.
abortus may only be present in certain lymph nodes and in fewer numbers than in acutely affected ani-
mals. Thus, while a culture positive animal is confirmed as infected with brucellosis, false negative cul-
ture results can be obtained if inappropriate tissues are collected or if tissues are not properly collected
and handled during collection or laboratory processing. Additionally, in an infected population, sera from
animals in early stages of infection or with latent infection may not exhibit positive test reactions
(O’Grady et al., 2014).
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2.2 DNA-Based ldentification of B. abortus

Compared to clinical settings, researchers have been able to use a broader repertoire of diagnostic
assays in brucellosis research. In particular, multiple DNA amplification and detection methods provide
sensitive and rapid identification and quantification of B. abortus in tissues and fluids originating from
live and dead animals. Detection of B. abortus by polymerase chain reaction (PCR) is useful for research
purposes, where a positive PCR result after experimental infection is definitive evidence of the presence
of B. abortus. The specificity of singleplex and quantitative PCR (qPCR) assays used in research are ex-
cellent at the genus level, although much lower at the species and subspecies levels without modification
of amplification primers and conditions (Bricker, 2002b; Tiwari et al., 2014). However, neither singleplex
nor gPCR are a part of routine diagnostic and regulatory program testing.

Other means of specifically identifying various Brucella species, strains, and biovars by DNA-based
methods have been developed, including multiplex assays targeting multiple genes and genomic regions,
restriction fragment length polymorphisms, and the use of tandem repeat sequences. It can be challenging
to determine both analytic and diagnostic sensitivity and specificity for multiplex assays, which impacts
the decision-making process for accepting these tests for regulatory purposes. Nevertheless, multiplex
PCR assays—such as the “AMOS” test, the “Bruce Ladder,” and more recent modifications of these
tests—can differentiate multiple Brucella species and biovars, and can differentiate both S19 and RB51
strains from wild type B. abortus (Bricker et al., 2003; Lopez-Gofii et al., 2008; Kang et al., 2011).

2.3 Serology

Obtaining tissues for culture is often infeasible especially in wildlife populations, and culturing B.
abortus is not always successful from infected animals. As a result, antibody detection is used as a proxy
for infection (Gilbert et al., 2013). Serological tests reveal past exposure but not necessarily whether an
individual is actively infectious, and the interpretation of seropositivity relative to the likelihood of an
animal being infected needs to be evaluated relative to the knowledge of the population being tested
(Nielsen and Duncan, 1990). In populations where prevalence is high, results are less likely to be false
positives and more likely to be accurate indicators of disease (Gilbert et al., 2013). Although some ani-
mals may become transiently seropositive yet not infected after exposure, those animals usually do not
retain a positive titer for the long term.

A positive serological result is an accurate indicator of infection in bison (Clarke et al., 2014). Bru-
cella abortus biovar 1 was cultured from all but 3 of 36 seropositive bison (91%), and of the 88 seronega-
tive bison, none had positive results of culture from any tissues (Clarke et al., 2014). Furthermore, infect-
ed seropositive bison cows likely remain seropositive and infected for a prolonged time, with positive
antibody titers to B. abortus remaining remarkably stable over time (Rhyan et al., 2009).

The ability of an infected animal to transmit brucellosis varies, depending largely on the reproduc-
tive status of that animal. Therefore, predicting “infectiousness” of a particular animal in a known infect-
ed population can be difficult. For disease management purposes, all seropositive animals in a known in-
fected population would be considered likely to be infected with the potential to be infectious to other
animals at various times.

The types of serological tests and algorithms for identifying B. abortus infected cattle and bison for
regulatory purposes is outlined in the USDA-APHIS Uniform Methods and Rules (UM&R) for brucello-
sis eradication, and the Standard Operating Procedures for Submission and Testing of Brucellosis Sero-
logical Specimens (USDA-APHIS, 2003, 2014). The currently accepted testing procedures for serology
that are most commonly used in approved brucellosis testing laboratories include the Buffered Acidified
Plate Antigen (BAPA), Rapid Automated Presumptive (RAP) Examination, Fluorescence Polarization
Assay (FPA), and Complement Fixation (CF) test. Under certain conditions, the UM&R also allows for
the use of other tests, such as Card Agglutination, Particle Concentration Fluorescence Immunoassay
(PCFIA), and IDEXX HerdCheck Milk Antibody ELISA, as well as the various brucellosis milk surveil-
lance tests for herd testing.
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While the FPA has been much more broadly adopted over the past decade in laboratories approved
for brucellosis testing, there have been no new developments for routinely used regulatory tests since the
1998 report. This largely reflects the confidence in the level of validation resulting from decades of use
that is the basis for regulatory decision making. As specified in the UM&R, these assays are approved for
use in both cattle and bison testing.

Cross-reactions are possible in serological assays due to antibodies directed against other bacteria
(e.g., E. coli, Salmonella, Francisella and Yersinia spp.). These cross-reactions appear as false-positives
and affect the specificity of the diagnostic test. In general, serological tests in cattle have high specificities
(>96%), suggesting that false positives are relatively rare in cattle (Nielsen, 2002). Similarly, cross-
reactivity does not appear to be a problem in bison (See et al., 2012), and the BAPA, Card, SPT, RIV, and
CF tests are of high specificity in elk (Clarke et al., 2015). When the seroprevalence began to increase in
some elk herds in Montana, it was suspected that the cause was cross-reactions with Y. enterocolitica
O-antigen side chain epitopes (Shumaker et al., 2010). As a result, there was an increased use of the west-
ern blot test to rule out potential cross-reactions (Gevock, 2006; Anderson et al., 2009). However,
Montana Department of Fish, Wildlife, and Parks noted that three of seven culture positive elk samples
for which blood samples are also available were incorrectly identified as Yersinia cross-reactions by the
western blot test (Anderson et al., 2009). In recent unpublished work provided to the committee,
researchers with the WGFD have demonstrated under experimental conditions that routine tests used for
B. abortus diagnosis in cattle and bison (such as RAP, FPA, and others) show cross-reactions using serum
from Brucella-negative, Yersinia enterocolitica infected elk. However, elk titers against Y. enterocolitica
do not persist beyond an average of 4 months after infection (personal communication, W.H. Edwards,
2015). The lack of persistent titers, together with the relatively few false-positives observed in areas with-
out brucellosis, suggest that cross-reactivity observed with Yersinia infected elk may be minimal (Clarke
et al., 2015). Lastly, immunoblot testing is in general more difficult to perform and interpret consistently
in the diagnostic laboratory, which makes quality management a challenge. For these reasons, the western
blot is not the best routine assay for detecting Brucella infected elk.

2.4 Elk Testing and Interpretation

The BAPA test is the best alternative among existing and commonly used Brucella diagnostic as-
says to screen elk serum for Brucella antibodies, as indicated by data on sensitivity and specificity of var-
ious routinely used Brucella antibody detection assays (CT, rivanol, standard plate, CF, and BAPA)
(Clarke et al., 2015). Consistent with these data, the United States Animal Health Association passed a
resolution in 2011 recommending the use of the BAPA for presumptive testing of elk. A competitive
ELISA assay has also been validated for use in elk (Van Houten et al., 2003). The cELISA can differenti-
ate S19 vaccinated from unvaccinated but infected elk, and has a reasonable degree of overall accuracy if
the purpose of testing is determining seroprevalence in a vaccinated elk herd. However, the cELISA
failed to identify approximately 10% of elk from which it was possible to culture B. abortus. All culture
positive elk were also positive on conventional Brucella serology assays. Thus, the specificity obtained
by using a cELISA, while helpful in differentiating vaccinated from infected animals, was offset by
somewhat reduced sensitivity. This is a disadvantage for presumptive testing of individual animals when
a high degree of sensitivity is essential. There is no perfect serological test for brucellosis and no single
test alone is reliable, thus the use of multiple tests increases the confidence in diagnosis (Nielsen and
Duncan, 1990).

Brucella abortus S19 vaccine has been known to cause positive test results in many animals, espe-
cially those recently vaccinated. The Wyoming Game and Fish Department began vaccinating elk with
S19in 1985 on the Grey’s River supplemental feedground and gradually expanded the program across all
of the other feedgrounds except one (Dell Creek). In the supplemental feedgrounds, however, very few
elk are identified as vaccine strain positive at 1.5 years or older despite the vaccination of more than 90%
of juveniles. In addition, if S19 was creating false positives, one would expect a large fraction of 1.5-year
old individuals to be seropositive on conventional serological assays. Instead it appears as though S19

69



Revisiting Brucellosis in the Greater Yellowstone Area

induced seroprevalence gradually increases with the age of vaccination as would be expected for field
exposures. Therefore, S19 does not appear to induce long lasting serological titers on the elk feedgrounds
(Maichak et al., 2017).

A recent publication describes the use of synthetic oligosaccharides representing the O-
polysaccharide side chain of Brucella and related species in an indirect ELISA assay (McGiven et al.,
2015). Initial validation data provide proof of principle that synthetic oligosaccharides representing the
capping M-epitope of the side chain can provide excellent specificity in discriminating antibodies against
various Brucella species as well as Y. enterocolitica O:9. The use of synthetic oligos also provides a ready
source of antigen without the need for culture of B. abortus. While additional validation data are needed
to examine analytical sensitivity, diagnostic sensitivity, and diagnostic specificity, the data suggest that a
better serological assay for multiple species may be available in the near future.

In 2014, Idaho, Montana, and Wyoming agreed to a uniform testing and interpretation algorithm for
serological testing of elk. Both Rapid Automated Presumptive (RAP) Examination and Fluorescence Po-
larization Assay (FPA) plate tests are run in parallel on each sample. The interpretation algorithm (as
shown in Figure 4-1) uses a tiered approach similar to testing of cattle for regulatory purposes. However,
the current elk testing and interpretation schematic is rather complex and highlights the challenges with
serological testing of elk for Brucella infection.

FIGURE 4-1 Greater Yellowstone Area tri-state schematic for serological testing of elk. Test abbreviations are as
follows: RAP — Rapid Automated Presumptive; FPA — Fluorescence Polarization Assay; CFT — Complement Fixa-
tion Test.

NOTE: If the initial testing results are not interpretable (i.e., a “no test”), the manual card agglutination test is run.
*If initial RAP and FPA (plate) testing is positive and the FPA tube test is negative, submission to the National
Veterinary Services Laboratory (NVSL) for CFT is required if the animal is outside a known brucellosis endemic
area.
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3. COMMERCIAL VACCINES IN WILDLIFE

B. abortus strain 19 (S19) and B. abortus strain RB51 (RB51) are commercially available live vac-
cines against B. abortus that are licensed for use in cattle. A number of studies to evaluate their ability to
prevent infection and abortion in elk and bison are reviewed here.

3.1 Vaccination of Elk

The S19 vaccine was previously reported to be about 60% effective in preventing abortion in elk
when the animals were vaccinated as calves (Thorne et al., 1981; Herriges et al., 1989). This study in-
volved the vaccination of >40,000 elk on feedgrounds by the WGFD. However, since 1998, a study found
the effective rate to be much lower when a limited number of elk were evaluated in a controlled setting
(Roffe et al., 2004). While there were fewer abortions in the vaccinated group relative to the unvaccinated
group, the protection rate was considered too low to be efficacious, especially since Brucella was isolated
at equal rates from the calves and fetuses in the two groups. There have been guestions on whether the
number of Brucella organisms used to infect the elk in some studies represents a dose similar to that expe-
rienced by elk at feedgrounds that come into contact with aborted fetuses (Roffe et al., 2004). In the field,
the estimated exposure would be 4.1 x 10° live organisms for 10-cm diameter of skin contact (Cook,
1999). The challenge dose used in the above study was only about twice as large, making it a realistic
dose although slightly more stringent than a natural infection in the field. In another study, vaccination of
feedground elk with S19 delivered via ballistics did not decrease the rate of abortion or still births that
occurred following infection. However, if 100% of juveniles were vaccinated, there were fewer abortion
events relative to the rate that occurred when none were vaccinated (Maichak et al., 2017). Overall, S19
vaccination is considered to be inadequate for generating protective immunity in elk in the GYA.

The RB51 vaccine is composed of a mutant strain of B. abortus that lacks the O-polysaccharide side
chain. As a result, animals vaccinated with RB51 do not make antibodies to the O-polysaccharide; the
presence of such antibodies is used as an indicator of infection in conventional brucellosis diagnostic
tests. Given at one of two dosages (10° live organisms for adults and 10 for calves), RB51 is considered
to be as efficacious in preventing infection and abortions in cattle as the S19 vaccine (Cheville et al.,
1996; Olsen, 2000; Olsen et al., 2009). In contrast, experimental trials indicate that the RB51 vaccine is
ineffective at protecting elk from brucellosis (Cook et al., 2000) in that the RB51 vaccine resulted in only
low levels of protection when administered intramuscularly or by biobullets (Cook et al., 2002; Kreeger et
al., 2000). Animals given a booster dose of RB51 1 year after the initial RB51 vaccination aborted at a
rate equal to or higher than that of unvaccinated animals, demonstrating that RB51 is not efficacious for
elk (Kreeger et al., 2002).

3.2 Immune Responses by Elk to Vaccination

Since neither S19 nor RB51 vaccines protect elk from infection or abortion, it is likely that the im-
mune responses in elk differ from those of cattle. Immune responses are manifested as antibodies and in-
terferon (IFN)-y, a product of the immune system’s T lymphocytes, known as a cytokine, important for
controlling brucellosis. IFN-y production can be measured using a commercially available kit made for
measuring IFN-y of red deer (Olsen et al., 2006). The expressed IFN-y gene sequence for red deer is iden-
tical to elk except for the last amino acid; therefore, the same kit can be used to detect elk IFN-y
(Sweeney et al., 2001). Antibody responses to the vaccine strains of B. abortus were detected in vaccinat-
ed elk and an expansion of CD4 T lymphocytes were seen after vaccination, but in vitro tests determined
that lymphocyte multiplication in response to bacteria was not greater for vaccinated than unvaccinated
elk. In comparison, lymphocyte replication in response to bacteria was detected for cattle and bison cells
following vaccination with RB51 (Stevens et al., 1995; Olsen et al., 2002). A similar discrepancy oc-
curred when elk were vaccinated with Mycobacterium bovis (BCG), a vaccine that typically induces a
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strong IFN-y response in cattle but not in elk, indicating that this is not peculiar to Brucella alone. To
guantitatively and qualitatively evaluate the differences in immune responses between cattle and elk, it is
necessary to first understand the elk immune system. To do this, tools are needed to identify and measure
the cells and molecules involved in elk immune responses; however, those tools currently do not exist.

3.3 Vaccination of Bison

Both B. abortus S19 and RB51 vaccines have variable efficacy in bison (see Table 4-1). When S19
was given to adult pregnant bison, either by needle or ballistically using hollow pellets containing freeze-
dried S19 organisms, 50% aborted (Davis et al., 1991). This demonstrated that pregnant bison are more
sensitive to abortion with S19 than pregnant cattle. Nevertheless, when bison were challenged with B.
abortus strain 2308 (a fully virulent field isolate) in their second trimester of pregnancy having been pre-
viously vaccinated with S19, 67% of bison were protected from abortion and 39% were protected from
infection while only 4% of nonvaccinated bison failed to abort (Davis et al., 1991). These levels of pro-
tection in bison following S19 vaccination are only slightly lower than the range found for cattle. Howev-
er, other studies showed that S19 vaccination of bison calves is inadequate (Davis, 1993; Davis and Elzer,
2002).

In contrast to S19, RB51 vaccination is safe in male bison, pregnant female bison, and in bison
calves (Elzer et al., 1998). However, a number of studies show that RB51 efficacy varies in bison adults
and calves. Protection from abortion using RB51 ranged from 0% to 100%, while protection against fetal
infection ranged from 0% to 81% as summarized in Table 4-1. Calfhood vaccination of bison with RB51
was shown to provide protection from abortion when bison were challenged with virulent B. abortus
S2308 mid-gestation in one study (Olsen et al., 2003). RB51 vaccination also reduced the recovery of
S2308 from calf tissues, but not maternal tissues. In contrast, another group did not obtain significant ef-
ficacy in RB51-booster vaccinated bison (Davis and Elzer, 1999).

Studies have also shown mixed results on the efficacy of RB51 booster doses in pregnant bison.
Adult pregnant bison given two doses of RB51 did not abort even though RB51 was present in fetal
tissues (Olsen and Holland, 2003). Another study demonstrated that the booster dose resulted in higher
IFN-y (the immune system product associated with protective immunity to Brucella) responses, and none
had infected fetuses (Olsen and Johnson, 2012a,b). Adult female YNP bison that had been previously
vaccinated with 10" or 10° live RB51 organisms were revaccinated during the first trimester and boosted
during the second trimester. An additional group of Kansas bison that had been previously vaccinated
with 10° live RB51 organisms was also boosted during pregnancy. While abortion rates were slightly
lower than for unvaccinated animals, the investigators concluded that RB51 was not significantly protec-
tive and questioned whether vaccination with the standard dose would be more effective (Davis and Elzer,
1999; Elzer et al., 2002). No significant differences in abortion or calf infection rates were seen among
animals vaccinated once, left unvaccinated, or vaccinated twice. Thus, RB51 vaccination did not protect
against abortion and only one-third of all the calves were protected against infection in that study (Elzer et
al., 2002).

To address whether booster vaccination with RB51 can enhance protection in yearlings, one group
of bison heifer calves was vaccinated subcutaneously while a second group was darted (Olsen and
Johnson, 2012b). All animals were naturally bred, some of the subcutaneously RB51 vaccinated animals
were boosted with RB51, and pregnant bison were challenged with virulent B. abortus S2308. Unvac-
cinated controls had an 83% abortion rate compared to 33% for the animals that received a single-dose of
RB51, 57% for the darted animals, and none of the twice-vaccinated bison aborted. The results again in-
dicate that multiple doses of RB51 has efficacy in bison. However, regardless of vaccination status, 100%
of the fetuses/calves had viable wild-type B. abortus in their tissues (Olsen and Johnson, 2012b).
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TABLE 4-1 Summary of RB51’s Efficacy in Bison

% Bison
# of Age of Primary Vaccine Dose Strain 2308 Time of Protected % Bison Protected
Bison/ Vaccine & Booster at 1° & Booster Challenge Dose Challenge (Days Against Against Fetal
Study Bison Source Vaccine Group  Group Doses Vaccinations Vaccinations (CFUs) (CFUs)* of Gestation) Abortion Infection
Olsen et al., lowa saline 13 - 3-8 months old 0 107 150-180 38% 38%
2003
lowa RB51 37 1 3-8 months old 1.2-6.1x10% 10’ 150-180 85% 81%
Davis and Colorado saline 19 - adult 0 10’ 150-180 21% Not determined
Elzer, 1999 9719 7 i
Kansas RB51 8 2 adult 10°/10 10 150-180 50% Not determined
Yellowstone RB51 20 3 adult/1st trimes./ 107 or 10%/10%10° 10’ 150-180 50% Not determined
National Park 2nd trimes.
Elzer et South Dakota - 27 - 6 months old 0 10’ mid-gestation 67% 0%
al., 2002
South Dakota RB51 28 1 6 months old 10" 10’ mid-gestation 75% 0%
South Dakota RB51 28 3 6/12/18 months  10™/10'%/10%° 10’ mid-gestation 71.4% 32%
old
Olsen and Brucellosis-free  saline 6 - 8-10 months old 0 10’ 170-180 17% 0%
Johnson, 2012b herd
Brucellosis-free  RB51 7 1 8-10 monthsold  darted with 1.8x10™ 10’ 170-180 43% 0%
herd
Brucellosis-free  RB51 6 1 8-10monthsold ~ 2.2x10™ 10’ 170-180 67% 0%
herd
Brucellosis-free  RB51 5 2 8-10/23-25 1.1x10%%/2.2x10% 10’ 170-180 100% 0%
herd months old
Olsen et al., Brucellosis-free  saline 6 - 8-11 months old 0 107 170-180 0% 17%
2015 herd
Brucellosis-free  RB51 5 1 8-11monthsold  1.6x10™ 10’ 170-180 80% 40%
herd
Brucellosis-free  RB51 14 2 8-11/19-22 1.6x10"/2.8x10" 10’ 170-180 93% 57%
herd
Olsen et al., Brucellosis-free  saline 8 - 10 months old 0 107 170-180 0 0%
2009 herd
Brucellosis-free  RB51+sodC, 6 1 10 months old 7.4x10" 10’ 170-180 33% 0%
herd wboA
Brucellosis-free  RB51 6 1 10 months old 4.26x10" 10’ 170-180 66% 0%

herd

NOTE: *Bison were challenged via the conjunctival route with virulent wild type B. abortus strain 2308.
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Alternative methods for delivering RB51 have been evaluated. Vaccinating bison by darts induced
immune responses similar to those achieved by hand vaccination, but neither the dart or hand vaccination
method protected the bison from abortion when challenged with B. abortus S2308 (Olsen and Johnson,
2012b). However, bison that were given a booster dose showed protection from abortion. A follow-up
study demonstrated that giving a booster dose of RB51 results in a greater IFN-y response as measured by
MRNA transcripts, reduced percentage of abortions, and less bacterial colonization of tissues (Olsen et al.,
2015).

4. NEW SCIENTIFIC TOOLS INFORMING BRUCELLOSIS
INFECTION BIOLOGY, PATHOGENESIS, AND VACCINOLOGY

New molecular tools have recently been developed that link cell biology with genetics and ge-
nomics. Bioinformatics has also emerged as an important tool to manage and analyze massive datasets of
biological information. The expansion of the “-omics” (fields of study related to the genome, transcrip-
tome, proteome, metabolome), genomics tools, and next-generation sequencing technologies now enable
in-depth analyses needed to understand cellular function and behavior of B. abortus and its hosts (includ-
ing elk, bison, and cattle).

4.1 Brucella Genome

More than 30 complete Brucella genomes have been sequenced since 1998, providing a database for
comparative analysis of gene structure and homologies, gene expression, regulatory networks, protein
synthesis, and metabolic pathways. Gene variations among strains have been identified by comparative
genomics and through speciation. The identified variations only partially explain the differences in viru-
lence among Brucella species and their specificity for certain host species (He, 2012).

Genes of a pathogen can be interrogated by a process known as reverse vaccinology to identify their
potential to induce immune responses in their host and this has been applied to the Brucella genomes (He
and Xiang, 2010; He, 2012; Gomez et al., 2013a,b; Vishnu et al., 2015). Candidate gene products have
been tested for in vivo efficacy, an approach that could be used to tailor brucellosis vaccines for elk, bi-
son, and cattle (Ko and Splitter, 2003; Wang et al., 2012; Gomez et al., 2013a; Gomez et al., 2013b). For
example, Vaxign (a Web-based vaccinology tool) identified 14 outer membrane proteins that are con-
served in six virulent strains of B. abortus, B. melitensis, and B. suis (He and Xiang, 2010). Some of these
proteins were shown to induce antibody and T cell responses in immunized mice (Gomez et al., 2013a).
This type of information may also be useful for developing new diagnostic tests.

Whole genome sequencing and other sequence-based technologies can show evolutionary relation-
ships of Brucella relative to geography and host origin. This is a particularly relevant tool for understand-
ing the epidemiology of Brucella infections among cattle, elk, and bison in Yellowstone National Park
(Beja-Pereira et al., 2009; Higgins et al., 2012; Rhyan et al., 2013; Kamath et al., 2016).

Gene expression analysis of Brucella during host adaptation has identified critical factors for viru-
lence and long-term survival of Brucella (Kim et al., 2013, 2014). Inactivation or knockout of Brucella
genes allows gene function to be identified in pathogenesis and virulence. This could also facilitate en-
hanced vaccine development by producing new attenuated strains of the bacteria (O’Callaghan et al.,
1999; Rosinha et al., 2002; Ficht, 2003; Arenas-Gamboa et al., 2008, 2009; Kim et al., 2014).

4.2 Host Genomes

Substantial progress has been made on assembling the Bison bison bison reference genome (NIH,
2016). A bison reference genome provides fundamental information and can eventually help identify any
genetic basis for increased susceptibility of bison to B. abortus. A deer reference genome (red deer, Ca-
nadian elk) is also being completed and validated (Brauning et al., 2015). Functional genomics can detect
host genes that are either expressed or repressed, and could further reveal the mechanism by which B.
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abortus survives. For example, gene silencing (using RNA interference) was used to knockdown specific
host genes during Brucella infection in model systems, which allowed scientists to identify the genes con-
trolling major infection pathways (Qin et al., 2008; Rossetti et al., 2012). While genetic resistance against
brucellosis is a complex polygenic trait in cattle and bison, newer genetic tools can provide the means to
better understand the genetic basis for susceptibility to B. abortus in elk and bison and to clone livestock
or wildlife for enhanced genetic resistance to B. abortus (Adams and Templeton, 1998; Westhusin et al.,
2007; Adams and Schutta, 2010).

Brucella and host gene expression and proteome datasets have been generated in the past decade,
which will provide future opportunities for a comprehensive analysis of both host and pathogen responses
during infection (Rajashekara et al., 2006; Carvalho Neta et al., 2008; Lamontagne et al., 2009; He et al.,
2010; Rossetti et al., 2010; Viadas et al., 2010; Weeks et al., 2010; Lin et al., 2011; Wang et al., 2011; Liu
et al., 2012; Rossetti et al., 2012, 2013; Karadeniz et al., 2015). To date, datasets have been analyzed to
understand gene regulatory networks, characterize Brucella stress responses, and understand modulation
of host responses (He et al., 2010; He, 2012; Hanna et al., 2013; Kim et al., 2013, 2014; Karadeniz et al.,
2015).

5. CONCLUSION

Even though there is now a greater scientific understanding of B. abortus than in 1998, there contin-
ue to be major gaps in understanding infection biology and molecular pathogenesis of brucellosis in each
host. New tools and reagents are needed to gain a basic understanding of the uniqueness of the elk im-
mune system response to Brucella to develop elk specific vaccines. There has been limited progress in
understanding Brucella host preference and genetic resistance to brucellosis to manage transmission be-
tween domestic animals and wildlife species (Godfroid et al., 2011, 2014), but new molecular and bioin-
formatics tools offer greater hope to understand these phenomena (see Chapter 9 on Remaining Gaps for
Understanding and Controlling Brucellosis).
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5

Federal, State, and Regional Management Efforts

1. BRIEF HISTORICAL OVERVIEW OF BRUCELLOSIS CONTROL EFFORTS

In 1934, as part of an economic recovery program during the Great Depression to reduce the cattle
population, efforts were initiated by the U.S. Department of Agriculture (USDA) to eradicate brucellosis
caused by Brucella abortus in the United States. This was seen as an opportunity to address the most sig-
nificant livestock disease problem facing the country at that time, with brucellosis affecting 11.5% of
adult cattle in 1934 and 1935 (Ragan, 2002). Recognizing the magnitude of the negative economic impact
of brucellosis on the cattle industry and on human health, the U.S. Congress appropriated funds in 1954
for a comprehensive national effort to eradicate brucellosis. The brucellosis eradication program required
cooperation between federal agencies, states, and livestock producers (Ragan, 2002). The eradication pro-
gram has been modified several times since then as the science and technology of brucellosis has devel-
oped over the years through research and experience. There were a number of key developments that
were major turning points in the program. Some of these were advances in technology, while others were
procedures learned through trial and error (Ragan, 2002). The brucellosis eradication program made tre-
mendous progress, resulting in a dramatic decrease in brucellosis affected cattle herds in the United States
over time. At the end of 2001, for the first time in the United States, there were no known brucellosis-
affected herds remaining (USAHA, 2001). The number of human brucellosis cases also declined steadily
over the course of the brucellosis eradication program. There are now only about 100 cases of human bru-
cellosis reported per year, most often associated with travelers who have consumed unpasteurized milk
and milk products abroad that were infected with B. melitensis (Glynn and Lynn, 2008).

2. CHANGES IN STATUS AND CLASSIFICATION OF STATES

Brucellosis regulations have provided a system of classifying states or areas within states based on
incidence of findings of brucellosis in cattle or privately owned bison herds within the state or area (9
CFR Part 78). The classifications are Class Free, Class A, Class B, and Class C. As each state moves or
approaches Class Free status, restrictions on interstate movement of cattle and domestic bison become
less stringent. The achievement of Class Free status has historically been based on the finding of no B.
abortus infected herds within the state or area within 12 months preceding classification as Class Free
with documentation of adequate surveillance. Maintenance of Class Free status by states or areas required
surveillance through biannual ring testing at dairies, and slaughter surveillance from at least 95% of all
cows and bulls 2 years of age or over at each recognized slaughtering establishment.

In 1997, the Brucellosis Emergency Action Plan was initiated and it emphasized rapid response, en-
hanced surveillance, epidemiology and herd management, and depopulating affected herds. All activities
involving new cases of brucellosis and brucellosis surveillance handled as a top priority. As part of the
new emphasis, herds identified with brucellosis in a Class Free state had to be depopulated within 60 days
of diagnosis in order for that state to continue to be designated as Class Free. Two herds diagnosed with
brucellosis in any 24-month period was cause for downgrade to Class A status.
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In February 2008, every state along with the territories of Puerto Rico and the Virgin Islands
achieved Class Free State status for the first time in the 74-year history of the U.S. brucellosis program.
This accomplishment was short-lived, as Montana lost its Class Free status in September 2008 after two
brucellosis-affected cattle herds were found within a year. Recognizing the success of the Brucellosis
Eradication Plan across the United States, and that the last known wildlife reservoir of B. abortus exists in
the bison and elk populations in the Greater Yellowstone Area (GYA), USDA’s Animal and Plant Health
Inspection Service (USDA-APHIS) determined that a new direction was necessary to allow Veterinary
Services and the states to apply limited resources effectively and efficiently to this disease risk (USDA-
APHIS, 2009).

In 2010, USDA-APHIS published an interim rule that made several changes to the regulations con-
sistent with the goal of shifting resources to more efficiently address B. abortus control and eradication in
the domestic livestock population. States that had been classified as brucellosis Class Free for 5 or more
years now maintain status without Brucellosis Milk Ring Surveillance (BMST), and slaughter surveil-
lance nationwide has been significantly reduced. Instead of depopulating herds, states or areas can main-
tain Class Free status while managing herds affected with brucellosis under quarantine with an approved
herd plan.

Under the interim rule, specific requirements are imposed on states with infected wildlife reservoirs
to ensure the spread of B. abortus between wildlife and livestock is mitigated. The rule also moved away
from requirements for automatic status downgrades in states when two or more herds are identified with
brucellosis within 24 months or if an infected herd is not depopulated within 60 days. Instead, USDA-
APHIS allows states to maintain Class Free status if the state makes appropriate disposition of any affect-
ed herds and conducts surveillance “adequate to detect brucellosis if it is present in other herds or
species” (USDA-APHIS, 2010).

3. REGIONAL AND NATIONAL CONTROL PROGRAMS

USDA-APHIS has the regulatory authority to manage animal diseases in livestock. However, bru-
cellosis in the Greater Yellowstone Area (GYA) is complicated by the fact that there are a multitude of
federal and state agencies involved, with differing mandates, management responsibilities, and authori-
ties. Although regulated livestock disease programs generally fall under USDA-APHIS and state animal
health agencies, wildlife are managed by state wildlife agencies and the U.S. Department of the Interior
(DOI). Thus, USDA-APHIS cooperates with state wildlife management agencies in the management of
wildlife diseases, and with state animal health and livestock agencies in the management of livestock dis-
eases. Management of national parks falls under the purview of the National Park Service
(USDOI/USDA, 2000).

3.1 Involvement of Federal Agencies

Within the boundaries of Yellowstone National Park (YNP), the Secretary of the Interior has exclu-
sive jurisdiction to manage the Park’s natural resources, including bison and elk (USDOI/USDA, 2000).
When the bison and elk are outside of YNP on National Forest Service lands, the USDA Forest Service
has responsibilities under federal laws to provide habitat for wildlife. Federal law also requires USDA-
APHIS to control and prevent the spread of communicable and contagious diseases of livestock. There-
fore, depending on what lands the bison or elk are located on, management responsibilities and authorities
differ and change when wildlife cross certain boundaries. Table 5-1 below illustrates federal agency juris-
diction and involvement.
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TABLE 5-1 Federal Agency Jurisdiction and Involvement in Brucellosis

Federal Agency

Mission

Relevant Jurisdiction

GYA Involvement

USDA:

Animal and Plant Health
Inspection Service

USDA:

U.S. Forest Service

DOI:

National Park Service —
Yellowstone National
Park (YNP)

DOI:

National Park Service —
Grand Teton National
Park (GTNP)

To protect the health and value of
American agriculture and natural
resources.

To sustain the health, diversity, and
productivity of the nation’s forests and
grasslands to meet the needs of present
and future generations.

To preserve unimpaired the natural
and cultural resources and values of
the National Park System for the
enjoyment, education, and inspiration
of this and future generations. The
Park Service cooperates with partners
to extend the benefits of natural and
cultural resource conservation and
outdoor recreation throughout this
country and the world.

To preserve unimpaired the natural
and cultural resources and values of
the National Park System for the
enjoyment, education, and inspiration
of this and future generations. The
Park Service cooperates with partners
to extend the benefits of natural and
cultural resource conservation and
outdoor recreation throughout this
country and the world.

Federal law requires APHIS to control and
prevent the spread of communicable and
contagious diseases of livestock.

When the bison are on national forest
system lands, the U.S. Forest Service has
responsibilities under federal laws to
provide habitat for the bison, a native
species.

Within the boundaries of YNP, the
Secretary of the Interior has exclusive
jurisdiction to manage the parks natural
resources, including bison and elk.

Within the boundaries of GTNP, the
Secretary of the Interior has exclusive
jurisdiction to manage the parks natural
resources, including bison and elk.

The objective of the national brucellosis program: eradicate brucellosis from

the United States so it no longer poses a threat to domestic livestock, wildlife,

and public health

Three main objectives:

(1) safeguard the health of livestock;

(2) maintain the economic viability and trade capabilities of the U.S. cattle
industry; and

(3) protect public health and food safety.

Of the GYA, 48% is National Forest Service lands and 15% is Bridger-Teton

National Forest.

Recognize the role of the States to manage wildlife and fish populations

within their jurisdictions and the responsibility of the Fish and Wildlife

Service to manage fish and wildlife resources within its authority.

Forest Plan Goals which are potentially pertinent to the current discussion

include:

(1) Supporting community prosperity through authorization of livestock
grazing;

(2) Providing habitat to support populations of game and fish.

(3) Supporting community prosperity through re-establishing historic elk
migration routes.

The elk feedgrounds located on NFS lands are authorized through a special

use permit.

Manage bison, elk and other wildlife within YNP.

In the late 1960s, the National Park Service decided to end the direct
management of the bison herd to allow natural forces to affect and determine
the herd size. Since then, the herd has increased from nearly 400 to more than
4,000.

Bison currently regulated between 3,000 and 5,000.

Elk population about 5,000.

Protect wildlands and wildlife habitat within the Greater Yellowstone Area,
including a program for the permanent conservation of elk within the park.
Includes “controlled reduction of elk...when found necessary” by NPS and
the Wyoming Game & Fish Commission.

February 2015 bison count: 691. High % seropositive for brucellosis.
Allows some grazing leases.

(Continued)
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TABLE 5-1 Continued

Relevant Jurisdiction

GYA Involvement

Federal Agency Mission

DOI: Working with others to conserve,
protect, and enhance fish, wildlife,

U.S. Fish and Wildlife plants, and their habitats for the

Service, National ElIk continuing benefit of the American

Refuge people.

DOI: To sustain the health, diversity, and
productivity of America’s public lands

Bureau of Land for the use and enjoyment of present

Management and future generations.

The National Elk Refuge provides,
preserves, restores, and manages winter
habitat for the nationally significant
Jackson Elk Herd as well as habitat for
endangered species, birds, fish, and other
big game animals.

Administer grazing permits and leases for

livestock on BLM managed land.

There are an estimated 11,000 elk in the Jackson elk herd. The elk migrate
across several jurisdictional boundaries, including the National Elk Refuge,
Grand Teton National Park, John D. Rockefeller, Jr. Memorial Parkway,
Yellowstone National Park, Bridger-Teton National Forest, Bureau of Land
Management resource areas, and state and private lands. EIk use extensive
spring, summer, and fall ranges to the northwest, and east of the refuge and as
far away as southern Yellowstone National Park. Summer distribution of the
Jackson herd is estimated to be approximately 30% Grand Teton National
Park, 30% Gros Ventre, 25% Yellowstone National Park, and 15% Teton
Wilderness.

Most of the Jackson bison herd winters on the refuge but are in areas where
they cannot be easily viewed by the public. During the summer, bison
primarily use nonforested areas of grassland and sage-steppe in Grand Teton
National Park. In spring and fall transitional periods, bison may be found
throughout both summer and winter range.

Administer 18,000 grazing permits and leases for livestock on more than 21,000
allotments across the nation under BLM management.

SOURCES: USDOI/USDA, 2000; USDA-APHIS, 2015; BLM, 2016; FWS, 2016a,b,c,d; NPS, 2016a; USFS, 2016.
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3.2 Involvement of State Agencies

The Idaho Department of Agriculture, the Wyoming Livestock Board, and the Montana Department
of Livestock each have authority and responsibility for livestock disease control and eradication, regula-
tion of livestock importation into the state, and protection of the livestock interests of the state. The mis-
sion of Montana Department of Livestock also includes the responsibility to prevent the transmission of
animal diseases to humans. The agencies also are responsible for overseeing brucellosis surveillance in
livestock, managing the risk of brucellosis to livestock in the GYA, and prevention and response efforts
to any brucellosis outbreaks in livestock in their respective states. The agencies are also responsible for
the designation of and management of the brucellosis designated surveillance areas (DSAS) in their re-
spective states.

The Idaho Department of Fish and Game (IDFG), the Wyoming Game and Fish Department
(WGFD), and Montana Department of Fish, Wildlife, and Parks (MFWP) are responsible for wildlife
management in their respective states, including preserving and protecting wildlife and managing wildlife
hunting. Table 5-2 illustrates state agency jurisdiction and involvement.

Test and Remove Pilot Program in EIk

Since 1912, the U.S. Fish and Wildlife Service (USFWS) has implemented a supplemental feeding
program on the National ElIk Refuge (NER) for the purpose of sustaining elk populations, reducing winter
mortality, and reducing crop damages on private lands. The same rationale was cited by WGFD for com-
mencing a supplemental feeding program in 1929. Today, between 20,000 and 25,000 elk are fed annual-
ly along the 22 feedgrounds in western Wyoming (in Lincoln, Sublette, and Teton counties) and the NER
(Scurlock et al., 2010).

WGFD implemented a $1.2 million pilot project occurring over a 5-year span to reduce brucellosis
prevalence in elk. From 2006-2010, a test and remove strategy targeted three feedgrounds in the Pinedale
elk herd unit. This pilot project was endorsed by the Wyoming Brucellosis Coordination Team (WBCT)
and conducted in response to a goal of reducing seroprevalence and eventually eliminating brucellosis in
wildlife, specifically addressing winter elk feedgrounds (WBCT, 2005). Male elk were not targeted due to
their insignificance in brucellosis transmission. Although at least two trapping attempts were conducted
every year, only 49% of adult and yearling female elk available were captured and tested. Brucellosis se-
roprevalence reductions were also observed on the two other feedgrounds included in the study (Scurlock
et al., 2010).

During the pilot project, the seroprevalence of B. abortus decreased significantly in elk captured at
the Muddy Creek feedground: from 37% in 2006 to 5% in 2010 (Scurlock et al., 2010) (see Figure 5-1).
In 2007, seropositive elk that were also culture positive ranged from 36% in Scab Creek to 77% at Muddy
Creek. The results of this pilot project showed reduced seroprevalence by over 30 percentage points in
5 years as a result of capturing nearly half of available yearling and adult female elk attending a feed-
ground and removing those that tested seropositive. Seroprevalence trends on other state feedgrounds did
not result in a similar decrease in seroprevalence, which indicates that removing seropositive individuals
reduces prevalence beyond natural oscillations (Scurlock et al., 2010). Although the seroprevalence was
significantly reduced, brucellosis transmission events were not disrupted because only half of the elk were
captured. After the 5-year pilot project was discontinued, the seroprevalence of brucellosis in elk on the
feedgrounds resurged.
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TABLE 5-2 State Agency Jurisdiction and Involvement in Brucellosis

State Agency Mission (Relevant Sections) GYA Involvement
Idaho Department of Disease control and eradication. Oversees administration of the DSA in ldaho.
Agriculture Maintaining an animal disease-free status for the state. Responsible for brucellosis control and eradication

Montana Department of
Livestock

Wyoming Livestock Board

Idaho Department of Fish
and Game

Wyoming Game and Fish
Department

Montana Fish, Wildlife
and Parks

Inspection and testing of animals, milk and milk products.

Enhancing the viability of rural communities by providing leadership in managing
Idaho’s natural resources and assistance in resolving rangeland management issues.

To control and eradicate animal diseases, prevent the transmission of animal diseases to
humans, and to protect the livestock industry from theft and predatory animals.

“The Wyoming Livestock Board Animal Health Unit exercises general supervision over and
protection of the livestock interests of the state from disease by implementing board rules and
regulations, assisting in enforcement, monitoring the import of livestock and biologic agents
into the state and disseminating lawful and accurate information.”

“All wildlife, including all wild animals, wild birds, and fish, within the state of Idaho, is hereby
declared to be the property of the state of Idaho. It shall be preserved, protected, perpetuated,
and managed. It shall be only captured or taken at such times or places, under such conditions,
or by such means, or in such manner, as will preserve, protect, and perpetuate such wildlife, and
provide for the citizens of this state and, as by law permitted to others, continued supplies of
such wildlife for hunting, fishing and trapping.”

Provides an adequate and flexible system of control, propagation, management and protection
and regulation of all wildlife in Wyoming.

Provides for the stewardship of the fish, wildlife, parks, and recreational resources of Montana
while contributing to the quality of life for present and future generations.

in livestock.

Oversees administration of the DSA in Montana.
Responsible for brucellosis control and eradication
in livestock.

Oversees administration of the DSA in Wyoming.
Responsible for brucellosis control and eradication in
livestock.

Works to maintain or improve game populations to meet
the demand for hunting. Works to reduce or eliminate the
risk of transmission of disease between captive in free
ranging wildlife. Collaborates with other agencies and
education institutions on disease control, prevention and
research.

Manages 22 state-operated elk feedgrounds in Wyoming.
Also oversees Brucellosis Management Action Plans
(BMAPs) for elk herds as well as the Jackson bison herd
and the Absaroka bison herd.

Administers elk management plans in Montana. Conducts
and participates in research projects related to brucellosis
in elk.

SOURCES: IDFG, 2015, 2016; MFWP, 2016a,b; WGFD, 2016a,b; Wyoming Livestock Board, 2016.
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FIGURE 5-1 Seroprevalence of B. abortus in elk by year for test and slaughter pilot project at Muddy Creek
Feedground. Pilot was discontinued after 5 years and seroprevalence resurged. SOURCE: Scurlock et al., 2010.

Use of Feedgrounds for Separating Cattle from EIk

Although elk are currently considered one of the primary reservoirs of B. abortus, feedgrounds serve
as a primary method to maintain separation of elk and livestock and prevent intraspecies transmission of
brucellosis (Maichak et al., 2009). In Wyoming alone, 22 elk feedgrounds and the National Elk Refuge
support up to 25,000 elk (Maichak et al., 2009). With brucellosis transmitted from elk to cattle in the
GYA (Rhyan et al., 2013), minimizing contact between the two species on feedgrounds has become even
more important. There is the perception that feedgrounds reduce the risk of interspecies brucellosis by
separating elk and domestic cattle. However, several cases of brucellosis have been discovered in cattle
near feedgrounds (FWS, 2016d).

Vaccination of Elk on Wyoming Feedgrounds

Vaccination of wildlife has been shown to reduce and in some cases eliminate diseases from host
wildlife populations (Plumb et al., 2007). Oral rabies vaccine (ORV) in wildlife has been used in several
European countries to successfully eliminate rabies in red foxes (Vulpes vulpes). In the United States, the
integration of ORV into the dog vaccination program was a major factor leading to the country’s canine
rabies free status, which was declared in 2007 based on World Health Organization standards (Slate et al.,
2009).

In 1985, a Brucella abortus strain 19 (S19) vaccination program began on the elk feedgrounds in
Wyoming due to a high seroprevalence of brucellosis in elk. S19 was delivered via biobullet to animals
frequenting the feedgrounds (Scurlock, 2015). From 1985-2015, approximately 91,145 juvenile elk (99%
average vaccinated per year) and 19,336 adults (6% average vaccinated per year) were vaccinated with
S19 (Scurlock, 2015). In comparing the seroprevalence of feedground elk before and after vaccination,
there are no relevant effects of vaccination (see Figure 5-2). In addition, the amount of vaccination cover-
age at a feedground did not correlate with reduced seroprevalence after accounting for confounding fac-
tors. Finally, the seroprevalence at vaccinated feedgrounds was not demonstrably lower than a non-
vaccinated feedground (Maichak et al., 2017).
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FIGURE 5-2 Efficacy of elk Brucella strain 19 vaccination. SOURCE: Scurlock, 2015.

Numerous studies have been conducted to evaluate the efficacy of S19 in elk relative to protection
from abortion and or infection. In a controlled challenge study, S19 vaccine provided low protection
against abortion and no protection from infection (Roffe et al., 2004). In addition, single abortions on
feedgrounds may expose many elk, and individual elk could receive multiple exposures from more than
one fetus. Therefore, a naturally acquired challenge dose for exposed animals could easily and realistical-
ly be much higher than an experimental challenge dose (Roffe et al., 2004). A single calfhood vaccination
of elk with S19 produces a very low level of immunity in vaccinated elk and would be highly unlikely to
lead to significant reduction or eradication of brucellosis from feedground elk (Roffe et al., 2004). How-
ever, other challenge studies have indicated that S19 provided modest protection against reproductive
failures (Thorne et al., 1981; Herriges et al., 1989).

One possible reason for the inconsistent findings relative to S19 efficacy in various experimental
and field conditions may be related to frequent and highly concentrated exposure to fetal abortion materi-
als (such as tissues and fluids) on feedgrounds. Two factors appear to drive the transmission of B. abor-
tus: there are massive amounts of B. abortus present in the placental fluids and general exudates from the
aborting female, combined with the strong attractant effect of expelled fetal membranes (NRC, 1998).
Elk-fetus contact levels were highest when fetuses were placed on traditional feedlines (Maichak et al.,
2009). Recent fetal contact studies on an elk feedground have shown that more than 30% of a population
can be exposed to one fetus or abortion within 24 hours (Creech et al., 2012). This high rate of exposure
to aborted materials minimizes the effect of vaccination as the likelihood of infection is related to the dos-
age of the infectious challenge, and each gram of aborted material tissues typically has billions of Brucel-
la organisms (Enright, 1990).

In 2013, SolidTech Animal Health, Inc., the sole producer of biobullets and projectors, terminated
their ballistic technologies division and had not sold the rights or equipment to produce biobullets
(Scurlock, 2015; Maichak et al., 2017). Therefore, remote vaccination of elk with S19 vaccine is no long-
er an option for managers at this time.

4. INTERAGENCY COOPERATIVE BODIES
Several cooperative state and federal interagency bodies were developed to address brucellosis-

specific issues in the GYA: the Greater Yellowstone Interagency Brucellosis Committee (GYIBC), Inter-
agency Bison Management Plan (IBMP), and Wyoming Brucellosis Coordination Team (WBCT).
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4.1 Greater Yellowstone Interagency Brucellosis Committee

The GYIBC was formed in 1995 through a Memorandum of Agreement signed by the Secretaries of
the U.S. Departments of Agriculture and of the Interior, and the governors of Idaho, Montana, and Wyo-
ming (Brunner et al., 2002). The GYIBC consisted of an executive committee, two subcommittees, a
technical subcommittee, and an information and education subcommittee (NPS, 2016b). Governmental
representatives to the committee included the state veterinarians and directors of state wildlife agencies
from states of Idaho, Montana, and Wyoming. Federal voting members of the GYIBC executive commit-
tee included the USDA-APHIS Veterinary Services, USDA Forest Service, the National Park Service
(DQI), U.S. Fish and Wildlife Service (DOI), and the Bureau of Land Management (BLM). There were
also three nonvoting members represented on the GYIBC committee: the U.S. Geological Survey, USDA
Agricultural Research Service, and the InterTribal Bison Cooperative (OMB, 2007).

The goal of the GYIBC was to protect and sustain the existing free-ranging elk and bison popula-
tions in the GYA and protect the public interests and economic viability of the livestock industry in Ida-
ho, Montana, and Wyoming (GYIBC, 2005). Toward this end, the mission of the GYIBC facilitated the
development and implementation of brucellosis management plans for elk and bison in the GYA
(GYIBC, 2005).

The GYIBC had a number of management objectives intended to guide their activities (GYIBC,
2005):

e Recognize and maintain existing state and federal jurisdictional authority for elk, bison, and
livestock in the GYA;

e Maintain numerically, biologically, and genetically viable elk and/or bison populations in the re-
spective states, national parks, and wildlife refuges;

e Maintain the brucellosis-free status of Idaho, Montana, Wyoming and protect the ability of pro-

ducers in the respective states to freely market livestock;

Eliminate brucellosis-related risks to public health;

Eliminate the potential transmission of Brucella abortus among elk, bison, and livestock;

Coordinate brucellosis-related management activities among all affected agencies;

Base brucellosis-related management recommendations on defensible and factual information

while encouraging and integrating new advances and technology;

Aggressively seek public involvement in the decision making process;

e Communicate to the public factual information about the need to prevent the transmission of
brucellosis, the need for its eradication, and the rationale for related agency management ac-
tions; and

e Plan for elimination of Brucella abortus from the GYA by the year 2010.

In May 2005, after the GYIBC memorandum of understanding (MOU) expired, USDA and DOI
agreed upon a revised GYIBC MOU and presented the draft to the governors of Idaho, Montana, and
Wyoming for consideration (U.S. Congress, 2007). The revised MOU was ultimately not signed by the
governors, and the GYIBC was disbanded.

4.2 Interagency Bison Management Plan (IBMP)

The IBMP was developed to address the issue of bison exiting YNP and entering the state of
Montana. Signed in 2000, the IBMP was a result of federal and state agencies recognizing that a coordi-
nated, cooperative management regime was necessary for providing consistency and reliability to the pro-
cess of managing bison that move from YNP into Montana. This interagency management plan resulted
from 10 years of mediated negotiations in Montana between agencies to come to agreement. The IBMP
was strictly a plan to manage bison that exit YNP and enter the state of Montana. It was not intended to be
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a brucellosis eradication plan, but a means to manage bison and cattle to minimize the risk of interspecies
transmission. The IBMP also states that “these management actions demonstrate a long-term commitment
by the agencies to work towards the eventual elimination of brucellosis in free ranging bison in Yellow-
stone National Park” (USDOI/USDA, 2000).

Specifically, the IBMP seeks to (IBMP, 2016):

Maintain a wild, free-ranging bison population;

Reduce the risk of brucellosis transmission from bison to cattle;

Manage bison that leave Yellowstone National Park and enter the State of Montana;
Maintain Montana's brucellosis-free status for domestic livestock.

The IBMP has been effective in maintaining the separation of bison and cattle, and there is no evi-
dence that there has been transmission of brucellosis from wild bison to cattle in the GYA since the IBMP
was implemented. Management of elk was outside of the scope of the IBMP negotiated agreement
(USDOI/USDA, 2000). The IBMP is evaluated regularly and modified as needed through adaptive man-
agement.

4.3 Wyoming Brucellosis Coordination Team

The Wyoming Brucellosis Coordination Team (WBCT) was created in 2004 by the governor of
Wyoming to address the issue of brucellosis for Wyoming. The impetus for the formation of the WBCT
resulted from a case of brucellosis in a herd of cattle from Sublette County, Wyoming. This case is be-
lieved to be the result of contact with infected elk from the nearby Muddy Creek elk feedground area
(Galey, 2015). The WBCT included 19 members and 10 technical advisors including sportsmen, outfit-
ters, ranchers, state, university, legislators, federal managers, and representatives from the governor’s
office (Galey, 2015).

The WBCT was tasked “with identifying issues, describing best management practices, and devel-
oping recommendations related to brucellosis in wildlife and livestock in the state” (WYBCT, 2005). It
was also asked to provide recommendations that detail actions, responsibilities, and timetables where ap-
propriate. In 2005, the WBCT presented a report to the Governor of Wyoming which contained 28 specif-
ic recommendations for action under four topic areas (WBCT, 2005). The four topics include “(1) re-
claiming Class-Free brucellosis status for cattle, surveillance, and transmission between species; (2)
developing an Action Plan of what to do in the event of a new case in cattle; (3) addressing human health
concerns; and, (4) reducing, and eventually eliminating brucellosis in wildlife, specifically addressing
winter elk feedgrounds” (WBCT, 2005). Many of the recommended measures have been implemented,
and the WBCT continues to meet biannually to combine efforts of agencies, landowners, and others to
move the Wyoming brucellosis management issue forward.

5. SURVEILLANCE
5.1 National Surveillance for Brucellosis

The Market Cattle Identification (MCI) surveillance program was formerly comprised of samples
collected from at least 95% of test-eligible adult dairy and beef cattle presented for slaughter at all state
and federally recognized slaughter establishments, as well as from adult cattle offered for sale at livestock
auction markets. This surveillance stream provided a 99% confidence level that the prevalence of brucel-
losis was less than one infected animal per one million animals (0.0001%) in the national herd (USDA-
APHIS, 2010). This MCI surveillance was supplemented by BMST of dairy herds. In states officially de-
clared free of brucellosis, BMST was required two times per year in commercial dairies and four times
per year in states not officially free of brucellosis. The development of this surveillance system was no
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small undertaking and required ample federal funding to maintain state and federal staffing at levels that
would facilitate the cooperation and coordination of sample collection and testing. State-federal coopera-
tive brucellosis laboratories in each state were staffed, equipped, and supplied to accomplish these goals.
Annual reporting by states contributed to the information USDA-APHIS used to designate each state’s
status.

USDA-APHIS began looking at changes to the National Brucellosis Surveillance program as more
states achieved and maintained freedom from brucellosis. The agency recognized that the MCI and
BMST surveillance systems may no longer be necessary, particularly as many states had been free of the
disease for 5 or more years.

Nearly 5.3 million head of cattle were tested under the MCI in FY 2011. This included 4.1 million
head tested at slaughter and 1.2 million tested at livestock markets (Carter, 2012). Changes were made to
the national slaughter surveillance program beginning in 2011 consistent with the publication of the 2010
interim rule, including a reduction in sample collection at slaughter to approximately 3 million samples.
Target sampling numbers were further reduced to 1 million samples in 2012 due to budgetary concerns
(Carter, 2013). In FY2014, USDA-APHIS reported approximately 2 million samples collected at slaugh-
ter, and 97,000 tested at livestock auction markets (Belfrage, 2015).

Only 9 slaughter plants across the nation now participate in sample collection for brucellosis surveil-
lance (see Table 5-3). This level of surveillance is currently designed to detect brucellosis at a prevalence
not to exceed 1 infected animal per 100,000 animals, with no disease detected or documented at that level
(Belfrage, 2015). However, this surveillance system is not designed to detect brucellosis in animals leav-
ing the DSA for slaughter. Each GYA state has a requirement for testing animals that leave the DSA for
purposes of slaughter. The age at which animals are to be tested varies by state, from 12-18 months. Some
variation also exists in GYA state exemptions to testing DSA livestock leaving the DSA if they are des-
tined for a livestock auction market, where it is assumed they will be tested prior to being sold to slaugh-
ter, which unfortunately is not always the case.

The 2010 interim rule requires states with a wildlife reservoir of B. abortus (in other words, GYA
states) to continue testing all adult cattle at slaughter, which includes adult cattle both within and outside
of the DSAs. One of the flaws in this policy is that there are no major adult cattle slaughter plants in Wy-
oming or Montana, and only one slaughter plant in Idaho that is classified as a “top-40” plant by number
of cows slaughtered in the United States.® No major slaughter capacity for cattle exists in the GYA largely
because of the distance from feed sources and feedyards.

Adult cattle that are culled from breeding herds are often transported from Idaho, Montana, and
Wyoming to livestock auction markets in neighboring states where routine brucellosis testing is not con-
ducted. Auction markets in South Dakota, for example, receive cull cows and bulls from Montana and
Wyoming as they move from the rangelands of the west to feed yards near cornfields to the east and
south. These cattle are identified with a backtag reflecting the state of the livestock market, and not the
state of origin, although traceability information is expected to be in place to allow tracing of an official
identification device, per the Animal Disease Traceability rule (2012/9CFR). These animals are no longer
tested at the auction market and are delivered to slaughter plants across the country, most of which do not
participate in the national slaughter surveillance program. This scenario creates a void of surveillance in-
formation that represents an at-risk population of cattle outside of the boundaries of the DSAs.

!Large slaughter establishments are responsible for a majority of the slaughter conducted in the United States. In
addition, large slaughter establishments are almost universally specialized to process only one of two broad catego-
ries of cattle: fat cattle or culls. Fat cattle are generally young (under 36 months), while cull cattle are older cows
and bulls that have been culled from the herd for various reproductive or performance-related reasons.
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TABLE 5-3 Estimated Number of Samples Collected by Slaughter Plant for FY2017 (October 1, 2016, through
September 30, 2017)

Slaughter Plant by State Estimated Number of Samples
California 180,000

Colorado (2 bison plants) 26,000

Minnesota 138,000

Nebraska 410,000

Pennsylvania 115,000

Texas (2 plants) 438,000

Utah 75,000

Wisconsin 110,000

TOTAL 1,492,000

SOURCE: Herriott, 2017.

5.2 Designated Surveillance Areas (DSAS)

The concept of zoning or regionalization for a disease is an effort to reduce the economic impact to
the smallest, appropriate, and manageable geographic area. The OIE recognizes this approach when con-
sidering trade implications related to disease status. Idaho, Montana, and Wyoming began using DSAs
when USDA-APHIS drafted a paper outlining a concept for a new regulatory control approach (USDA-
APHIS, 2009). As the 2010 interim rule was implemented, all three states developed DSAs based on past
surveillance in wildlife as well as the locations of recent bovine cases of brucellosis.

States in which a wildlife reservoir of B. abortus exists are required to describe and justify the
boundaries of the DSA in a USDA-APHIS approved Brucellosis Management Plan (BMP). USDA-
APHIS conducted a review of the three states” BMPs for the first and only time in 2012. The reports gen-
erated from the reviews describe the strengths and weaknesses of each state’s implementation of their
DSA and BMP, and provide recommendations for improvement. Collectively, the reports also reflect the
wide variation in how each state sets, monitors, and enforces DSA boundaries and regulations. Variation
also exists in testing requirements for movement of livestock outside of the DSA, exemptions for testing,
timing of testing, and how state agencies permit movement and enforce DSA-related testing (USDA-
APHIS, 2012). For example, all three states require testing of sexually intact “test eligible” cattle which
change ownership or are moved from the DSA within 30 days of such an event. Yet Montana and Wyo-
ming define test eligible cattle as 12 months and older, while Idaho defines test eligible age as 18 months
and older. Montana includes bulls in its definition of test eligible animals, while Idaho and Wyoming do
not. Although bulls are not thought to spread brucellosis, it is an interesting surveillance finding that only
infected bulls were identified as a result of DSA related testing in 3 of the 10 cattle and domestic bison
herds designated as infected in Montana between 2007 and 2016. Also, Idaho tests only animals that re-
side in the DSA anytime between January 1 and June 15 of the calendar year, while Wyoming waives the
30-day requirement if the test is conducted between August 1 and January 31, and Montana considers this
same exemption for cattle tested between July 16 and February 15. All three states allow movement with-
out test to approved livestock auction markets, provided those markets will test eligible cattle upon arrival
before sale.

Idaho, Montana, and Wyoming have each expanded their DSA boundaries at least once since the
initial development of those boundaries. The most common reason for DSA expansion is finding sero-
positive elk outside of the current DSA boundaries, although there are no uniform recommendations or
requirements for states to adjust DSA boundaries based on seroprevalence of B. abortus in wildlife. Sur-
veillance conducted by WGFD has identified seropositive elk outside of the DSA each year from 2012-
2015, yet the boundaries of the DSA have not been adjusted since the last USDA review in 2012. As pre-
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viously noted, culled livestock leaving this area may or may not be subject to slaughter surveillance or
testing at livestock auction markets. Lack of testing adult livestock from areas where seropositive wildlife
have been identified may represent an unknown risk of disease transmission. Additional standardization
of DSA designations and oversight of DSA surveillance and associated movement controls by USDA-
APHIS may be warranted to prevent movement of potentially infected livestock outside of high risk areas.
In addition, more frequent reviews of state BMPs by USDA-APHIS may ensure that the three states are
uniformly adhering to their plans in accordance with national animal health program goals.

Seropositive elk have been found in some areas outside of DSA boundaries. If adjustments are not
accordingly made to the DSA boundaries in recognition of expanding seropositive wildlife, then cattle
residing in those areas may not be subject to DSA testing requirements and early detection opportunities
may be missed.

6. BISON SEPARATION AND QUARANTINE

Quarantining bison, followed by repeated test and removal of positive animals, is a viable tool for
establishing brucellosis-free bison from infected bison populations. In December 2000, state and federal
agencies involved in the management of YNP bison reached a record of decision to implement the IBMP
for the purpose of managing bison that exit YNP into the state of Montana. In negotiations and hearings
that were conducted to develop the IBMP, agencies were instructed to examine the feasibility of bison
guarantine, with the intent of being able to certify bison as brucellosis free. There have also been frequent
discussions regarding bison conservation strategies in North America and the potential for restoring the
species to grassland ecosystems (Ryan Clark et al., 2014). The agencies agreed that capturing and relocat-
ing bison to other suitable habitats would be an appropriate alternative to lethally removing bison that
exceeded population objectives for YNP, as described in the IBMP. As a result, the USDA-APHIS Bru-
cellosis Eradication Uniform Methods and Rules (UM&R) (USDA-APHIS, 2003) included a proposed
guarantine protocol to ultimately qualify bison from YNP and Grand Teton National Park as brucellosis
free.

A study was conducted to determine whether the proposed UM&R protocol could be used to qualify
animals originating from the YNP bison herd as free from brucellosis, including latent infections (Ryan
Clark et al., 2014). The study validated the guarantine protocol as outlined in the UM&R, and demon-
strated that it is feasible to take sub-adult seronegative bison from an infected bison population and quali-
fy animals as free of brucellosis in less than 3 years (Ryan Clark et al., 2014). Because the primary meth-
od of transmitting brucellosis in the YNP herd is through abortion and birthing events, removing bison at
less than 1 year of age from the infected herd minimizes the field exposure of each animal to B. abortus
(Ryan Clark et al., 2014). Additional data were provided to indicate that a seropositive result is an accu-
rate indicator of infection, supporting the approved testing protocol for older bison as outlined in the
UM&R, and demonstrating that collection of tissues and swab samples immediately after birth was essen-
tial to accurately determine that bison are not shedding B. abortus (Ryan Clark et al., 2014). Thus, utiliz-
ing a separation and quarantine procedure to obtain brucellosis-free bison from the YNP herd provides a
viable conservation measure to obtain genetically pure bison for repopulating other grassland ecosystems.
While separation and quarantine could be used to safely remove bison from the YNP herd, the value of
this approach for overall bison population control in YNP is limited by logistical challenges of separating
and quarantining hundreds of animals annually.

7. COSTS OF PROGRAMS

Two key points underlying ongoing contention on brucellosis in the GYA are the direct monetary
costs and combined benefits of brucellosis oriented programs by multiple parties operating in the GYA.
Economic value estimates can vary greatly depending on the set of factors considered and the scope of the
evaluation. For example, the economic value of wildlife is larger if including the entire country’s demand
for tourism viewing. Similarly, the economic value of disease mitigation efforts that private livestock
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owners may undertake is larger if the entire nation’s livestock herd is considered rather than solely con-
sidering the herd residing within the GYA. No known study has comprehensively documented direct
monetary costs. Similarly, the committee is unaware of any systematic assessment of associated benefits
and effectiveness of how existing programs mitigate brucellosis risks. To provide context, even if not all
inclusive, this section includes estimates to document substantial expense to both private and public par-
ties and highlights the lack of a more comprehensive assessment as a critical knowledge gap.

The national scope of bovine brucellosis concerns is clearly reflected by state, federal, and private
eradication efforts exceeding $3.5 billion over the past 75 years (NRC, 1998; Ruckelshaus Institute of
Environment and Natural Resources, 2010). The GYA is estimated to support roughly 450,000 cattle and
calves’ that have the potential to come into contact with approximately 125,000 elk and 3,000 to 6,000
bison residing in the GYA (Schumaker et al., 2012). The populations of livestock and wildlife outside the
GYA are also substantial. The magnitude of these populations is key in understanding ongoing private
and public costs of brucellosis mitigation efforts. Moreover, recognizing that DSAs in all three GYA
states have expanded since 2010 reiterates the impact of these populations interacting across expanding
geographic space (personal communication, D. Herriott, USDA-APHIS, 2015). The following sections
provide examples of costs incurred in current mitigation efforts and programs in cattle and wildlife.

7.1 Cattle

Most livestock operations make decisions motivated by profit-oriented goals. Even though risk re-
duction options are available to livestock producers, those options may not appear advantageous to pro-
ducers or are only partially implemented because the costs borne by individual producers outweigh the
potential benefits. This reflects the reality that private costs and benefits need to be taken into account
when considering policies and procedures to address brucellosis.

Ongoing livestock producer costs include expenses associated with an array of brucellosis manage-
ment activities including fencing haystacks, modifying winter feeding practices, vaccinating and spaying,
and ongoing herd testing (Schumaker et al., 2012). The annual costs of ranch-level brucellosis manage-
ment efforts range from $200 to $18,000 per operation (Roberts, 2011). Increased production costs from
required brucellosis testing may range from $1.50 to $11.50 per head with an estimated 330,000 cattle in
WY tested in 2004 alone (Bittner, 2004). Given this, in 2004 the combined testing costs to WY producers
were estimated to total between $495,000 and $3.7 million per year (Ruckelshaus Institute of Environ-
ment and Natural Resources, 2010). Those estimates do not include the expenses incurred by the owner
(i.e., gathering, sorting, and handling the cattle) or the potential loss of market opportunities. Moreover,
the effectiveness of these efforts in reducing risks largely remains unknown (Schumaker et al., 2012).

Separate from ongoing testing and compliance expenses, the costs of implementing brucellosis pre-
vention activities and expenses realized under quarantines for a single producer could be considerable.
Schumaker and colleagues estimate that if a 400-head cow-calf operation was quarantined during the win-
ter feeding season following contact with an infected herd, uncompensated costs incurred by the producer
would be $2,000 to $8,000 (Schumaker et al., 2012). If this producer’s herd is positive for brucellosis, the
uncompensated costs are estimated at $35,000 to $200,000.

Considering a representative cow/calf-long yearling operation in WY, Roberts and colleagues pro-
vide estimates of annual expenses and the baseline level of risk reduction (effectiveness) needed for the
operation to breakeven in implementing each brucellosis prevention activity (see Table 2-3 in Roberts et
al., 2012). For most mitigation activities, even if mitigation resulted in complete risk reduction (e.g.,
100% effectiveness), the private decision would remain to not adopt because implementation and mainte-
nance costs are higher than the benefits of risk reduction (Roberts et al., 2012). This underlies the central
aspects of private vs. public considerations and economics of externalities.

*Data available on livestock numbers are aggregated to the county level by USDA National Agricultural Statistics
Service to protect the confidentiality of livestock operations.
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While these estimates (Roberts et al., 2012; Schumaker et al., 2012) are valuable in understanding
the economic situation faced by an individual operation, they do so in a status quo manner without con-
sideration of broader social or whole-system effects. That is, the distinction between private break-even
analyses and whole system or societal optimization is critical as individual break-even points are identi-
fied presuming no external cost-sharing or outside incentivizing of adoption. While it is critical to under-
stand economic incentives of individual cattle producers (Pendell et al., 2010; Tonsor and Schroeder,
2015), it is also important to understand the aggregate impacts and the prospect for policies that reflect
social outcomes and hence alter individual incentives to adjust their behavior. This broader aggregate un-
derstanding remains a key knowledge gap in understanding the broader impacts of brucellosis.

At the state level, the Wyoming Livestock Board incurred more than $1 million in brucellosis ex-
penses between July 2012 and June 2014 (personal communication, J. Logan, October 2015). While the
state of Wyoming pays for required brucellosis testing of cattle, producers still incur expenses every time
an animal is handled. The cost of working an animal through a chute is between $6-$11 reflecting injury,
equipment, labor, and animal shrink (personal communication, J. Logan, October 2015). Moreover, an-
other expense is lost market access or price discounts by buyers of cattle originating from within DSAs
(personal communication, J. Logan, October 2015). As the DSA expands, the total number of cattle sus-
pect to these impacts grows as additional cattle operations become directly impacted.

There are a few documented cases of cow-calf operations switching to stocker operations to reduce
brucellosis-related expenses. The limited number of enterprise changes largely reflects a view that such
adjustments are not cost effective or feasible given biological and market forces (personal communica-
tion, J. Logan, October 2015). This however reflects a situation where broader social evaluation of the
optimal split between cow-calf and stocker has yet to be examined nor have there been any consideration
of policies that may encourage additional shifting away from cow-calf production.

While a large brucellosis outbreak would result in substantial economic costs, perhaps $100-$300
million, the small reduction in probability of an already low-frequency event make testing of all DSA-
origin breeding cattle something that is not deemed a cost-effective brucellosis mitigation strategy
(USDA-APHIS, 2014). These cost estimates—and hence the conclusion that testing of all DSA-origin
breeding cattle is not cost-effective—may not capture all involved expenses such as the costs involved if
an infected animal went initially undetected or the costs associated with risks of incubating heifers who
may test negative until close to calving only to be erroneously exported from the GYA.

7.2 Wildlife

The annual expenses incurred by state and federal agencies toward elk feeding operations are worth
noting. Under average conditions, the estimated annual feeding costs for the National Elk Refuge (7,500
elk for 79 feeding days) is $337,488 in 1999 dollars, with alfalfa pellets being the largest expense item
(Smith, 2001). This also suggests the cost of wintering one elk is about $56 (in 1999 dollars) per winter,
with estimates ranging from $35 to $112. These expenses do not include fixed expenses such as admin-
istration, contracting, or monitoring of feeding programs, which likely are substantial (personal commu-
nication, E. Cole, U.S. Fish and Wildlife Service, 2015). For example, Idaho Department of Fish and
Game (2015) estimates that approximately $100,000 is spent annually in Idaho’s state elk brucellosis
management plan, yet Idaho is home to significantly fewer elk than Wyoming.

7.3 Multi-Species, Federal Programs

Some federal program expenditures are allocated to individual states without a specific application
to targeting cattle, elk, or bison. Cooperative agreements focused on brucellosis in Idaho, Montana, and
Wyoming have ranged from $1.26 million to $1.72 million per year over the past 6 years (personal
communication, D. Herriott, USDA-APHIS, 2015). These federal funds are used to cover expenses of
maintaining DSAs in the three GYA states. More broadly, a very small portion of federal program
expenditures are allocated to research, and most is spent focused on testing and surveillance. While the
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Agricultural Act of 2014 (better known as the 2014 Farm Bill) did authorize brucellosis as a priority area
for research due to its classification as a zoonotic disease with a wildlife reservoir, funds have yet to be
appropriated for this priority issue to date.
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6

Adaptive Management

The concept of adaptive management has existed for decades (Holling, 1978; Walters, 1986; Reever
Morghan et al., 2006, McCarthy and Possingham, 2007; Williams et al., 2009, Williams, 2011; Allen et
al., 2013). As indicated in the previous National Research Council (NRC) (1998) report, “an adaptive
management approach that has research designed to provide data to reduce areas of current uncertainty
should eventually give a more realistic assessment of the feasibility of eradication of B. abortus in the
GYA.” Although resource managers are generally aware of the approach, the term continues to be mis-
used and misunderstood (Williams, 2011). In addressing brucellosis, the term adaptive management is
used in different ways and its meaning has not always been clear. In this chapter, the committee reexam-
ines adaptive management in the context of addressing brucellosis in the GYA and offers clarification for
correction.

1. DEFINING ADAPTIVE MANAGEMENT

Adaptive management is most clearly and succinctly defined as “a systematic approach for improv-
ing resource management by learning from management outcomes” (Williams et al., 2009). Adaptive
management is a form of structured decision making that is carried out iteratively over time, as opposed
to a process that is applied only once (Martin et al., 2009). Structured decision making enables decision
makers to focus on what, why, and how actions will be taken. It involves stakeholder engagement, prob-
lem identification, specification of objectives, identifying alternative approaches, projecting the conse-
guences, and identifying uncertainties (Williams et al., 2009). The following definition of adaptive man-
agement is cited by the U.S. Department of the Interior’s technical guide (Williams et al., 2009) and
adopted from the 2004 NRC report Adaptive Management for Water Resources Planning:

Adaptive management [is a decision process that] promotes flexible decision making that can be
adjusted in the face of uncertainties as outcomes from management actions and other events become
better understood. Careful monitoring of these outcomes both advances scientific understanding and
helps adjust policies or operations as part of an iterative learning process. Adaptive management
also recognizes the importance of natural variability in contributing to ecological resilience and
productivity. It is not a ‘trial and error’ process, but rather emphasizes learning while doing. Adap-
tive management does not represent an end in itself, but rather a means to more effective decisions
and enhanced benefits. Its true measure is in how well it helps meet environmental, social, and
economic goals, increases scientific knowledge, and reduces tensions among stakeholders. (NRC,
2004)

According to the original authors of the concept (Walters and Holling, 1990), there are three ways to
structure management as an adaptive process (Walters 1986): (1) evolutionary or “trial and error,” in
which early choices are essentially haphazard, while later choices are made from a subset that gives better
results; (2) passive adaptive, where historical data available at each time are used to construct a single
best estimate or model for response, and the decision choice is based on assuming this model is correct; or
(3) active adaptive, where data available at each time are used to structure a range of alternative response
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models, and a policy choice is made that reflects some computed balance between expected short-term
performance and long-term value of knowing which alternative model (if any) is correct.” Active adaptive
management seeks to increase the rate of learning by applying two or more management actions simulta-
neously, which are in turn based on alternate hypotheses or models of system function. When it is possi-
ble to carry out an active approach, it is possible to decide which experimental approaches should be op-
timally tested based on what is already known about the likelihoods of system responses and associated
risks (Walters and Holling, 1990). As in any scientific experimentation, it is necessary to pay attention to
principles of statistical design such as controls, randomization, replication, and stratification.

Williams and colleagues (2009) put forth six steps of adaptive management: (1) assessing the prob-
lem, (2) designing a management approach, (3) implementing the management approach, (4) monitoring
the responses to the management actions, (5) evaluating the responses, and (6) adjusting the management
approach based on what was learned (Williams et al., 2009). These six steps are then repeated over time.
Westgate and colleagues outlined an alternative set of six steps: (1) identification of management goals in
collaboration with stakeholders, (2) specification of multiple management options, one of which can be
“do nothing,” (3) creation of a rigorous statistical process for interpreting how the system responds to
management interventions which typically involves creation of quantitative models and/or a rigorous ex-
perimental design, (4) implementation of management action(s), (5) monitoring of system response to
management interventions (preferably on a regular basis, and (6) adjust management practice in response
to results from monitoring (Westgate et al., 2013). Step 3 from the latter is key to active adaptive man-
agement. It is essentially equivalent to the scientific method of hypothesis formulation (conceptual model-
ing) and hypothesis testing (using well-formulated experimental designs). Experimentation is used not
only to support or refute hypotheses, but also to provide new knowledge that can be used to incrementally
refine or replace the hypotheses and the model.

Modeling is essential to the process of adaptive management, as models provide the basis for mak-
ing predictions of how the system will respond to management actions as well as other environmental
variations. A model, its structure, and its parameters embody a set of hypotheses about how the system
works. A model can be conceptual or quantitative, but it always embodies current understanding and it
can be used to make informed predictions of system dynamics in response to the environment or man-
agement actions. Model predictions are compared with data, and the hypothesis is then rejected, support-
ed, or revised.

Modeling has often been beneficially used to inform bison and elk management in the GYA. For ex-
ample, models have been built of bison movements (Bruggeman et al., 2007; Geremia et al., 2011,
2014a), bison population dynamics (Coughenour, 2005; Geremia et al., 2009, 2014b; Hobbs et al., 2015),
elk population dynamics (Coughenour and Singer, 1996; Taper and Gogan, 2002; Lubow and Smith,
2004; Eberhart, 2007), elk-wolf dynamics (Varley and Boyce, 2006), elk spatial distributions (Mao et al.,
2005; Cross et al., 2010Db), brucellosis transmission and seroprevalence (Cross et al., 2010a; Hobbs et al.,
2015), and ecosystem dynamics (Coughenour, 2002, 2005). These models simulate and predict system
responses to various management actions, and researchers and resource managers use the models’ insights
and predictions to make informed management decisions.

New modeling approaches have recently been used to incorporate epidemiological, demographic,
and ecological processes across space and time. These include improved epidemiological models, spatial-
ly explicit population models, Bayesian models, ecosystem models, and linked epidemiological-
demographic models (Cross et al., 2010a; Hobbs et al., 2015). Spatial modeling has advanced markedly in
the last two decades, and spatial heterogeneity and processes have increasingly been recognized as critical
for understanding wildlife ecology and ecosystem dynamics. Land use change and its drivers have also
been modeled with increasingly sophisticated approaches over the past two decades (e.g., Argarwal et al.,
2002; Basse et al., 2014). Such landscape models could be useful in addressing brucellosis, as these mod-
els can incorporate animal disease dynamics and the effects of land use and wildlife management across
spatially heterogeneous ecosystems (Millspaugh et al., 2008; Sandifer et al., 2015).

Models also address uncertainty, another hallmark of adaptive management. It is essential to explic-
itly acknowledge uncertainties arising in model formulation, parameterization, and environmental varia-
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bility. Once the sources of uncertainty are quantitatively identified, experiments can be designed to reduce
uncertainties in parameter estimation and more attention can be given to key aspects of model formula-
tion. Uncertainty can be stated qualitatively or quantitatively. There are a number of different ways to
guantify uncertainty, including simple statistics, information theoretic statistics, uncertainty analysis, sen-
sitivity analysis, model verification, and validation. Bayesian statistics was suggested early on to be par-
ticularly well suited for adaptive management (Walters, 1986), and this approach has been useful in mod-
eling the best options for managing brucellosis in Greater Yellowstone Area (GYA) bison (Hobbs et al.,
2015).

Adaptive management plans for bison, elk, and brucellosis in the Greater Yellowstone Ecosystem
could make greater uses of models in identifying and evaluating management actions. Models serve as
formal hypotheses of the ways that populations, disease, and ecosystems function and respond to man-
agement actions. Models could also be used to a greater extent as focal points for multi-stakeholder in-
volvement and understanding.

2. ADAPTIVE MANAGEMENT IN THE GYA: CASE STUDIES
2.1 The Interagency Bison Management Plan

Adaptive management is employed with the Interagency Bison Management Plan and the U.S. Fish
and Wildlife Service (USFWS) management plan for elk in the southern Greater Yellowstone Ecosystem
(GYE) (USDOI and USDA, 2000a,b; USFWS/NPS, 2007), but there are areas for improvement. The In-
teragency Bison Management Program (IBMP) calls for an adaptive management program that “includes
intensive monitoring and coordination, as well as research projects with specified resultant management
actions responding to the research results” (USDOI and USDA, 2000b). This was also specified in the
modified preferred alternative in the Environmental Impact Statement (USDOI and USDA, 2000a):

In the context of the bison management plan and the modified preferred alternative, adaptive man-
agement means testing and validating with generally accepted scientific and management principles
the proposed spatial and temporal separation risk management and other management actions. Un-
der the adaptive management approach, future management actions could be adjusted, based on
feedback from implementation of the proposed risk management actions....By its nature, a plan us-
ing adaptive management requires monitoring and adjustments as new information is obtained.

Response to 2008 GAO Report

In 2008, the U.S. Government Accountability Office (GAQ) issued a review that was critical of the
IBMP’s implementation and pointed out essential components of adaptive management that were lacking
(GAO, 2008). According to GAO, the implementation of the IBMP lacked: (1) linkages among key steps
including identifying measurable management objectives, a monitoring program about the impacts of
management actions, and decision making based on lessons learned from past management actions; (2)
key agency partner collaborations; and (3) engagement of key stakeholders (GAO, 2008). In response,
agencies involved in implementing the IBMP made significant improvements in their approach. Adjust-
ments to the IBMP were based on the adaptive management framework and principles outlined in the
U.S. Department of the Interior’s technical guide on adaptive management (Williams et al., 2009). Begin-
ning in 2008, the IBMP has produced annual report updates describing adaptive adjustments to the IBMP,
and these reports are posted online. In particular, the adjustments to the IBMP included the creation of
measurable objectives and the development of a specific monitoring program to assess important scien-
tific and management questions (IBMP, 2008).

The IBMP annual adaptive management reports are highly structured and are based on principles of
structured decision making with stated overarching goals and a series of management objectives. For each
objective, a series of management actions are described; and for each action, a set of corresponding moni-
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toring metrics and management responses are outlined. This framework ensures that the objectives are
clearly defined and that there are clear linkages between the objectives and the other components of the
IBMP. The approach can be illustrated using the example of Goal #2 from their 2014 report, with the
IBMP specifying other actions aimed at increasing the understanding of bison genetics and the ecological
role of bison to inform adaptive management (IBMP, 2014).

Goal #2: Conserve a wild, free-ranging bison population.
Objective 2.1. Manage the Yellowstone bison population to ensure the ecological func-
tion and role of bison in the Yellowstone area and to maintain genetic diversity for future
adaptation.
Management action 2.1.a. Increase the understanding of bison population dy-
namics to inform adaptive management and reduce sharp increases and de-
creased in bison abundance.
Monitoring metric: Conduct aerial and ground surveys to estimate the
annual abundance of Yellowstone bison each summer.
Management response: If abundance estimates decrease to <2,300 bi-
son, then the agencies will increase the implementation of non-lethal
management measures.

The structure of this framework appropriately links management actions to management objectives,
specifies monitoring metrics to measure the responses to the actions, and specifies management responses
to monitoring results. The annual reports are available online, with opportunity for public feedback. The
approach has proven successful because the goals and objectives are agreed upon by the IBMP agencies,
and because the proposed management actions are based on practical knowledge, experience, scientific
research, and creative thought. Importantly, the objectives are stated and results of management actions
taken to achieve the objective are monitored and reported. This provides the transparency and accounta-
bility that the GAO had previously noted was needed (GAO, 2008).

Need for Clarification Due to Varied Usage and Application

The term adaptive management is used in three different ways in the IBMP. The most pervasive use
of the term is in reference to “adaptive management changes,” such as incrementally expanding the zone
of tolerance for bison outside of Yellowstone National Park (YNP) or allowing limited hunting. Incre-
mental changes are predicated on what has been learned through management about actions that are suc-
cessful, and the assumption is that more learning will occur through applying the adaptive changes. How-
ever, there is no stated intention for carrying out adaptive management for the purpose of learning more
about the system in a scientific sense.

A second way the term adaptive management is used is by inference: as management actions are
part of a larger adaptive management plan, these actions are considered as adaptive management actions.
However, many of the stated IBMP management actions are merely statements of actions to be taken,
without any apparent use of prior knowledge or intent to gain knowledge through the action. The follow-
ing examples are excerpted from the IBMP (2012, 2014):

e Management Action 1.1a: Allow untested female/mixed groups of bison to migrate onto and oc-
cupy the Horse Butte peninsula and the Flats each winter and spring in Zone 2.

¢ Management Action 1.3c: Annually, the Gallatin National Forest will ensure conflict-free habi-
tat is available for bison and livestock grazing on public lands, as per management objectives of
the IBMP.

e Management Action 2.2a: Use slaughter only when necessary; attempt to use other risk man-
agement tools first.
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e Management Action 3.1a: Continue bison vaccination under prevailing authority.

These actions would be considered as passive, but not active adaptive management, as the focus is
on achieving management objectives and learning becomes an untargeted byproduct (Williams et al.,
2009). Some of these actions are also examples of “management based on resource status,” which is also
not adaptive management (Williams et al., 2009).

The third way the term is used is more aligned with the original definition: to make decisions based
on what has been learned and to carry out research to inform management. Several management actions
explicitly call for knowledge and research to inform adaptive management. The following examples are
drawn from the IBMP (2012, 2014):

¢ Management Action 1.1b: Use adaptive management to gain management experience regarding
how bison use Zone 2 in the Gardiner basin, and provide space/habitat for bison in cattle-free
areas.

¢ Management Action 1.1c: Use research findings on bison birth synchrony and fetal and shed
Brucella abortus field viability and persistence to inform adaptive management.

e Management Action 2.1a: Increase the understanding of bison population dynamics to inform
adaptive management and reduce sharp increases and decreases in bison abundance.

e Management Action 2.1b: Increase the understanding of genetics of bison in YELL to inform
adaptive management.

e Management Action 2.1c: Increase understanding of the ecological role of bison to inform
adaptive management by commissioning a comprehensive review and assessment.

However, with the possible exception of action 1.1b, the actions listed do not use management by
experiment. As stated in the previous NRC report, adaptive management has “research designed to pro-
vide data to reduce areas of current uncertainty,” and it means “conducting management activities as hy-
pothesis tests.” This corresponds to active adaptive management, which uses experimental management
that focuses directly on learning, or “quasi-experimental management that focuses simultaneously on
learning and achievement of management objectives” (Williams et al., 2009). Both approaches carry out
management in ways that aim to increase learning about processes that control system dynamics, and they
both involve “management by experiment.” While the other actions aim to use research findings to inform
management decisions, they do not use management to learn and therefore cannot be considered as adap-
tive management. Whether passive or active, the hallmark of adaptive management is the intent to use
management to learn about the system in order to inform future management.

2.2 Vaccination of Feedground Elk

The vaccination of feedground elk populations is an example of adaptive management applied to re-
ducing brucellosis. At the time of the previous NRC review (1998), there was recognition that better vac-
cines were needed. It was known at the time that syringe vaccination was deemed inappropriate and cost-
ineffective, but the lyophilization of B. abortus strain 19 (S19) vaccine and its incorporation into hydrox-
ypropyl cellulose “biobullets” allowed remote vaccination where dense populations of elk could be close-
ly approached on feed grounds in winter (NRC, 1998). Thus with the relatively new approach for vac-
cinating elk with S19, it was an available adaptive management tool that could be used in the short term
and its successes and failures could be monitored (Thorne et al., 1981).

From the outset, success and failure was measured by trends in seroprevalence, and in some places
and years, by close observation of rates of abortion (Herriges, 1989). S19 biobullet vaccination was im-
plemented as the primary short-term adaptive management tool for reducing brucellosis in feed-ground
elk in the mid 1980’s, with the hope it would reduce disease prevalence in elk and thus reduce risk of cat-
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tle exposure. At the time of the previous NRC review, declining seroprevalence suggested it might indeed
be a key to reducing rates of infection in feedground elk.

Biobullet vaccination of elk with S19 continued to be monitored for 30 years, making it now one of
the longest lasting example of adaptive management of a wildlife disease. Seroprevalence rates initially
declined (Herriges et al., 1989), but long-term studies over the last decade have shown increasing sero-
prevalence and no decline over three decades (Schumaker, 2015; Maichak et al., 2017). B. abortus chal-
lenge trials revealed single calf-hood vaccination with S19 had low efficacy in preventing infection,
would likely have only little to moderate effect on Brucella prevalence in elk, and was unlikely to eradi-
cate the disease in wildlife of the GYA (Roffe et al., 2004). Immunology studies revealed that vaccination
of elk with S19 and B. abortus strain RB51 induces poor protection against brucellosis (Olsen et al.,
2004). Kauffman and colleagues (2013) note that “Since 1985, nearly 100,000 elk have been inoculated.
However, efficacy of S19 in preventing abortions in elk is low (25%) (Roffe et al., 2004), and reductions
in brucellosis prevalence among elk attending vaccinated feed-grounds have not been observed.”
Furthermore, in addition to the weight of scientific evidence against S19 vaccination of elk, it appears that
WGFD is halting the vaccination program due to logistical constraints associated with the manufacturer
discontinuing production of biobullets (Scurlock, 2015).

What started as a short-term adaptive management effort became a long-term effort, and effectively,
a long-term experiment. By making adjustments along the way based on continued observation and data
collection, the experiment has provided useful information on efficacy and cost-effectiveness (Maichak et
al., 2017). However, a number of aspects could have led to a faster learning process and more rapid man-
agement changes. First, replicate control feedgrounds could have been used during the initiation of the
program. Second, more continuous assessment of the program’s efficacy and scientific peer-review could
have been conducted periodically through the process. Third, the cessation of vaccination on feedgrounds
could have been implemented across different groups of feedgrounds in different years so as to control for
other temporal changes.

This example shows how long-term commitment to adaptive management can reveal strengths and
limitations of the applications of a particular tool or manipulation that intuitively seem likely to work.
Although long-term collection of data incurs labor and analysis costs, the results can be used to inform
potential decisions regarding application of S19 biobullet vaccination not only for feedground elk, but
also for free-ranging elk without risks and expenditures inherent in such an effort (Kauffman et al., 2013).

Other short term (but available) adaptive management tools to reduce brucellosis infection in
cattle—such as phasing out or eliminating some feedgrounds, using targeted elk population reductions,
reducing spatial and temporal overlap of elk and cattle on ranges, applying physical barriers around
feed—are now being tested and learning will take place through monitoring. To the extent they are effica-
cious and cost effective, they may become longer term tools or manipulations until a better option be-
comes feasible.
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Management Options

1. INTRODUCTION

Management actions are “tools” that can be used to reduce the risk of brucellosis transmission and
to mitigate the effects of infection in the Greater Yellowstone Area (GYA). This chapter provides a brief
overview of various approaches that have been used and are available for stakeholders in managing the
risk of B. abortus transmission. These management tools can and will need to be used in combination as
part of an active adaptive management approach.

2. INCENTIVIZING RISK MITIGATION EFFORTS

One way to affect change would be to provide incentives for action. In the context of managing bru-
cellosis, it could either take the form of incentivizing cattle producers to undertake risk mitigating efforts
and decisions, or to adjust the time or location for allowing cattle to graze on public or private lands.
These two options are discussed in more detail in Chapter 8. Two other tools include adjusting govern-
mental fixed rate and placement date approaches to public grazing, and an insurance approach to help
protect producers against damages. These are also discussed briefly in Chapter 8, and are expanded on
below.

2.1 Adjusting Governmental Fixed Rate and Placement Date Approaches

Public efforts could be better aligned to encourage certain outcomes. One option would be to com-
pensate cattle producers whose herds become infected in direct proportion to their risk mitigation efforts.
A producer could be compensated by the government in “full” if they provide evidence that they have
implemented a set of “best management practices” for reducing brucellosis risk. Conversely, if a producer
is able to provide only partial evidence of “good faith behavior,” then only some proportion of compensa-
tion would be available (for example, if a producer in the GYA elected to not fence off their haystacks,
they may then be eligible for only a proportion of the compensation level deemed available for brucellosis
based testing and damages). Indemnity claims have been used for other diseases—U.S. Department of
Agriculture Animal and Plant Health Inspection Service (USDA-APHIS) has regulations to specify con-
ditions for payment of indemnity claims for low pathogenic avian influenza (LPAIl)—and a similar
approach could also be considered as a possible tool for brucellosis. However, care will need to be taken
as the core role of indemnity compensation is to encourage timely and complete reporting by reducing the
economic incentive to censor information on disease events.

The establishment of public grazing fees and cattle placement dates also warrants further considera-
tion. Parcels vary in risk depending on their location, presence or absence of elk, and the time of year.
Currently, the fixed rate (updated annually) and entry date for federal grazing makes no consideration of
brucellosis risks (Rimbey and Toreel, 2011). For example, one parcel next to an elk feedground with no
fences will be riskier than another that is further away with fences; however, the federal grazing rate for
both parcels is the same even though the brucellosis exposure risk is different across the two parcels. This
is a classic example of an economically inefficient, fixed rate pricing program that fails to reflect the dif-
ferent impacts public grazing has on broader brucellosis risks in the area. The committee acknowledges

110



Management Options

the political challenges that may arise with a differential grazing rate system, yet the fixed rate approach
fails to account for risks and external costs. Even if a differential pricing system is infeasible upon further
assessment, it will be essential to restrict or adjust the placement and removal dates to reflect parcel-
specific brucellosis risk. If cattle were allowed to graze on “high risk” public lands with earlier placement
remaining available on “lower risk” parcels, producer actions would more directly internalize brucellosis
risks currently not captured by the fixed pricing and entry date system. To date, risk categorization of
public lands has yet to be clearly defined and a risk assessment is clearly needed (see Box 7-1 for an
example of land managers using a risk assessment to reduce contact between Sierra Nevada bighorn
sheep and domestic sheep).

Federal land management agencies could stipulate risk reduction “best management practices” in
exchange for the privilege of using public land grazing allotments. Although an individual producer may
not view these practices as necessary or cost effective, reducing risk of transmission between elk and cat-
tle in the GYA is in the public interest. Therefore this would be another area where policies could be used
to incentivize best practices. By considering additional private incentives, it may be possible to encourage
private action to better align with the broader, public interest.

2.2 Insurance

Insurance for livestock diseases provides monetary relief to producers, as some losses (such as busi-
ness interruption, welfare (feeding and care) costs for animals, and loss of markets) are not currently eli-
gible for U.S. government indemnification (Grannis et al., 2004). Insurance premiums subsidies could be
tied to evidence of implementing “best management practices,” a concept reflected in USDA’s recent ad-
justments to HPAI indemnity payments to poultry producers (USDA-APHIS, 2016). For example, pro-
ducers in the GYA could be eligible for an insurance premium discount if they wait until late June to
place cattle on public lands when the risk from elk is lower. Although the concept of an insurance pro-
gram is sound, there are a host of challenges to making it viable including knowledge gaps in accurately
assessing risk, whether there is sufficient interest by producers, and the government’s capacity to adminis-
ter and subsidize premiums (Goodwin and Smith, 2013; Reeling and Horan, 2014). Also, livestock pro-
ducers tend to implement even less costly risk management strategies than expected (Goodwin and
Schroeder, 1994; Pennings and Garcia, 2001; Wolf and Widmar, 2014). Information is currently lacking
to assess the viability of either a new insurance program or alternative compensation program. Insurance
programs are not prevalent in livestock disease prevention programs, but indemnity programs are (Hoag
et al., 2006; USDA-APHIS, 2016).

3. USE OF FEEDGROUNDS

Efforts to feed wildlife can range from individual efforts (such as backyard birdfeeders and baiting
on private property to aid in hunting) to state sponsored programs that feed large ungulates across the
western United States (Smith, 2001; Sorensen et al., 2014). Supplemental feedgrounds for elk and bison
in Wyoming are some of the largest and longest operating efforts. The original intent of feedgrounds was
both to buffer against starvation in severe winters (as traditional winter feed areas had been developed
into cattle ranches) as well as to limit the losses of hay on private properties due to elk (Smith, 2001). A
third reason for the feedgrounds is to reduce the likelihood of disease transmission by maintaining a sepa-
ration between elk and cattle. However, counter to that purpose, supplemental feeding increases elk and
bison aggregations and facilitates brucellosis transmission within these populations (NRC, 1998; Cross et
al., 2007). Although the intent is to minimize the chance of spillover to cattle, feedgrounds may exacer-
bate the problem by increasing seroprevalence in elk, not only in the southern GYA but also in other por-
tions of the GYA. While there are aesthetic or philosophical arguments for or against the feedgrounds,
this report confines the examination of feedgrounds to its role in either facilitating or limiting the spread
of brucellosis both within and between host species as well as their potential role in the future manage-
ment of brucellosis.
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BOX 7-1 Land Management Risk Assessment to Reduce Disease Risks

Risk assessments can be useful by allowing land managers to identify and assess risk and to
evaluate management options for mitigating that risk. In the case of Sierra Nevada bighorn sheep, risk
modeling was conducted to predict the effectiveness of various efforts to reduce contact between big-
horn sheep and domestic sheep, which can lead to outbreaks of fatal pneumonia in bighorns (Clifford
et al., 2009). Several management options were compared including trucking vs. trailing, use of guard
dogs, and modified grazing times and locations. The model predicted that restricting grazing time on
allotments perceived as high risk would result in a 76-82% reduction in the annual probability of a
pneumonia case for the Northern area and would have the most impact on reducing risk of disease
transmission (Clifford et al., 2009).

In the case of brucellosis, risk modeling could also be useful for identifying the areas of highest
risk for brucellosis transmission and for determining the effectiveness of modifications in grazing allot-
ments to reduce contact between cattle and elk. As part of such a risk assessment, the costs associ-
ated with various actions can also be compared to the level of risk reduction. The USDA Forest
Service and the Bureau of Land Management could similarly undertake risk assessments to help land
managers determine where and when to restrict grazing that will optimize risk reduction of brucellosis
transmission from elk to bison.

SOURCE: Clifford et al., 2009.

Supplemental feedgrounds have exacerbated brucellosis in elk and bison, facilitated the spread of
brucellosis across the GYA and increased the risk for the introduction of other diseases (such as chronic
wasting disease [CWD] or bovine tuberculosis). Brucellosis isolates taken from elk and livestock outside
of Yellowstone National Park had genetic ancestors from the feedgrounds rather than bison from Yellow-
stone (Kamath et al., 2016). Although the current genetic data suggest that the supplemental feeding
grounds likely sparked several outbreaks in distant elk populations, the rare dispersal events between
populations are unlikely to maintain the high seroprevalence of the disease currently observed in many
free-ranging elk populations (Cross et al., 2010a). Despite the potential drawbacks of feedgrounds, they
do provide some management opportunities. First, the number of cattle outbreaks in counties with sup-
plemental feedgrounds appears to be no higher than in areas without supplemental feedgrounds (Brennan,
2015). This suggests that feedgrounds may contribute to maintaining spatial separation between cattle and
elk even though they exacerbate disease in the elk population. Second, feedgrounds make elk more acces-
sible either for vaccination or for capture in corral traps or darting from the ground. Feedgrounds could
thus be used as a test case for management action. One example is for sterilizing elk that are likely to
abort (presumably young age seropositive females that may be in their first or second pregnancy), which
would slow the transmission of brucellosis and subsequently reduce elk seroprevalence over time.

Ecologically-oriented management actions may also help mitigate feedground associated problems.
Feeding elk later in the spring tends to be associated with higher seroprevalence: an additional 30 days of
feeding was associated with 2-3-fold increase in seroprevalence, as abortions and calving are more likely
to occur in the spring (Cross et al., 2007). However, the winter population size at the feedgrounds was not
a significant predictor of seroprevalence, which may be due to an interaction between density and timing
of transmission; if so, transmission occurring later in the spring would be less dependent on feedground
elk density in the winter (Maichak et al., 2009). These results have prompted the Brucellosis-Habitat-
Feedground Program at the Wyoming Game and Fish Department (WGFD) to attempt to implement a test
program of ending the feeding season earlier on some feedgrounds to test the causal link between the
length of the feeding season and the resulting elk seroprevalence. Even if this management action is suc-
cessful, it is potentially not without trade-offs. Even if elk seroprevalence declines, it is unclear whether
cattle risk may be reduced because additional elk-cattle contact outside of the feeding season may occur.
Thus, there may be short-term risks of local elk-cattle spillover around the feedgrounds prior to realizing
the potential long-term benefits of reduced elk seroprevalence. Feeding hay in a more widely distributed
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style is another approach that has been shown to markedly reduce elk-fetus contacts (Creech et al., 2012).
This treatment is being implemented on several feedgrounds, but it remains to be seen whether it results
in reduced elk seroprevalence.

At the time of the 1998 NRC review, brucellosis was limited to bison and the WY supplemental
feedgrounds, and therefore a recommended phase-out of the feedgrounds appeared at that time to be a
means toward wide-scale disease reduction in elk. This is no longer the case as elk populations distant
from both bison and elk appear to maintain the infection, and management actions on feedgrounds are
unlikely to have ramifications for distant elk populations (e.g., Montana elk, as well as the Cody and
Clark’s Fork regions of Wyoming) given that the disease is already present in those populations. Howev-
er, reductions on the feedgrounds may be beneficial for reducing potential spread to other regions, such as
northeastern Utah where another supplemental feedground operates. Several non-governmental organiza-
tions have argued for the complete phasing out of supplemental feedgrounds for a number of reasons, in-
cluding CWD. If this were to be considered, feeding could first be curtailed at the most cattle-sensitive
feedgrounds with the expectation that elk would move to less sensitive feedgrounds prior to a complete
phase-out. As noted above, feedground closures are likely to have short-term costs due to the potential for
increased elk-cattle contact while the seroprevalence in elk remains high, yet the long-term benefits could
include reduced elk seroprevalence. Feedgrounds appear to mitigate some of the cattle risk locally while
enhancing disease risks across the ecosystem (for B. abortus, CWD, and other diseases).

The concentration of elk and bison on supplemental feedgrounds has been associated with a number
of diseases in addition to brucellosis, which led to a recent court case against the U.S. Fish and Wildlife
Service for allegedly failing in its mandate to promote “healthy” wildlife (Defenders of Wildlife et al. v.
Salazar, U.S. App. D.C., N0.10-1544[2011]). Over half of the adult male elk that die on the National Elk
Refuge annually were infected with scabies, while only 5% of surviving adult males showed clinical signs
(Smith and Anderson, 1998). In addition, the management units with feedgrounds had variable calf ratios,
indicating no clear support for generally higher ratios in areas with supplemental feedgrounds (Foley et
al., 2015). Elk attending the feedgrounds had higher fecal glucocorticoids (FGCs)—hormones associated
with stress—than elk that were on native winter ranges (Forristal et al., 2012). These fecal glucocorticoids
also appeared correlated with the local density of elk at each site. Although glucocorticoids are known to
be immunosuppressive, it remains undetermined how these levels of fecal glucocorticoids relate to other
factors such as disease susceptibility, survival, or recruitment. Meanwhile, results from the analysis of
Brucella isolates suggests that the feedgrounds are the likely source for elk infections in other areas of the
GYA, with the exception of the Paradise Valley in Montana (Kamath et al., 2016).

Finally, CWD is often a major point of discussion with supplemental feeding programs (Smith,
2013). CWD is a transmissible spongiform encephalopathy that infects elk, mule deer (Odocoileus
hemionus), white-tailed deer (O. virginianus), and moose (Alces alces) (Williams and Young, 1980;
Williams, 2005). It can be transmitted by direct contact or indirectly via the deposition of prions in feces,
saliva, and urine in the environment. Several studies suggest that these prions persist in the environment
for years (Miller et al., 2004; Mathiason et al., 2006). While the prevalence of CWD in free-ranging elk
tends to be much lower than in either white-tailed or mule deer, the supplemental feedgrounds may repre-
sent a worst-case scenario that is more similar to the high potential for rapid spread in captive elk herds
where prevalence can be quite high. CWD may have dramatic effects on the elk populations visiting the
supplemental feedgrounds, but those effects are likely to occur over long timescales (e.g., 20-40 years)
(Wasserberg et al., 2009; Almberg et al., 2011).

4. HUNTING OF WILDLIFE

Hunting is often cited as the foundation for the system of wildlife management in North America
(Heffelfinger, 2013). Un-hunted wild ungulate populations—particularly in the absence of predators or
other natural mortality factors—often overpopulate their habitat to a point that negatively impacts forage
production, causes detrimental changes in the ecosystem, reduces ungulate carrying capacity, and causes
conflicts with humans (for example, agricultural losses and vehicular accidents) (Conover, 2001). When
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ecosystem level effects are seen, reproduction may decrease and mortality increase due to competition for
remaining resources (McCullough, 1979). Hunting is sustainable as long as off-take does not exceed re-
productive and survival capacity of the next generations. Overhunting was the cause of severe depletion
(elk deer, antelope, bighorn sheep) and near extinction (bison) of many game species in North America in
the late 19th century (Heffelfinger, 2013).

The distribution and abundance of wildlife can be changed by manipulating hunting pressure and its
spatial distribution (Conner et al., 2007). Public hunting can be used to alter numbers of free-ranging wild
ungulates (deer, elk, antelope, and bison), population densities, and sex ratios (Heffelfinger, 2013). How-
ever, public hunting is not a precise tool and has significant limitations when targeting specific popula-
tions, particularly if target animals are not easily identifiable in the field or are not on accessible lands.
Despite initial enthusiastic cooperation by hunters, efforts to use hunting to reduce or eliminate chronic
wasting disease in white-tailed deer in Wisconsin failed due to several factors including waning enthusi-
asm for the program and too little progress in reducing infection rates (Jennelle et al., 2014). This demon-
strates how hunting can be a limited tool for disease reduction purposes.

4.1 Hunting and Disease Control in the GYA

The management of wildlife is primarily the legal responsibility of state and federal governments,
and hunting of wildlife generally falls under the jurisdiction of state wildlife management agencies
(Krausman, 2013). Each state sets seasons and bag limits on a herd by herd basis through Herd Manage-
ment Plans (HMPs) (MDFWP, 2015; WGFD, 2015). The results of the previous year’s harvest, field ob-
servations, and marking studies (otherwise known as the marked capture/recapture index) of selected
herds are used to set HMP goals (MDFWP, 2015). There are instances in which hunting is allowed on
federal parks and refuges. A limited elk hunt is allowed at the eastern edge of Grand Teton National Park
(Consolo-Murphy, 2015). Elk and bison are taken by hunters on the National Elk Refuge, which is man-
aged by U.S. Fish and Wildlife Service (USFWS). Yellowstone National Park (YNP) does not allow
hunting. Hunting access is allowed on most Bureau of Land Management (BLM) and U.S. Forest Service
(USFS) lands and a large portion of the GYA, while hunting on private lands is managed by their owners.

Hunting could be used to reduce disease transmission risk by reducing elk populations in areas
where prevalence of brucellosis is relatively high, where incidence of infection appears to be increasing,
and where there is greater risk of contact with cattle. Increasing the proportion of female elk harvested
yearly can help reduce elk herd numbers and the number of potentially infectious females. Late season
antlerless hunts could also reduce the number of female elk numbers and proportion of infected females,
decrease the herd growth rate, and possibly break up dense aggregations of elk. This has been done to
some extent in Wyoming. However, it is difficult for hunters to identify and specifically target brucellosis
infected elk or bison. There are also temporal (e.g., seasons), physical (e.g., weather, terrain), and legal
(e.g., private lands) barriers that may limit the effectiveness of hunting as a disease control tool. A signifi-
cant barrier to wider applications of hunting for brucellosis management is the complex landownership
pattern that result in elk refugia forming on unhunted private lands during hunting seasons. Informational
outreach, incentives, and a case for hunting as a disease control tool may need to be made.

When disease transmission is correlated with host density as it is with brucellosis, disease agents
may be unable to persist if densities are lowered beyond a critical threshold. In wildlife systems, however,
those thresholds are difficult to define and there is countervailing evidence that merely decreasing elk
population size alone may not decrease seroprevalence enough to warrant management changes (Lloyd-
Smith et al., 2005; Cross et al., 2010b; Proffitt et al., 2015).

A secondary benefit of hunting in areas where elk populations exceed herd management goals could
be to ensure against catastrophic winter Kill in years of extreme weather. Hunting is a management tool to
be used with caution because increasing hunter tags at a broad regional scale may shift elk distributions to
areas of limited hunter access and thus intensify conflict on private land or drive elk to unhunted (refuge)
private lands.
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Blood samples can help track brucellosis exposure, and hunters are often willing to collect blood
samples from harvested animals to assist wildlife management agencies. The quality of samples and the
accuracy of location information have unfortunately been less than optimal for hunter-collected blood
samples provided to Wyoming Game and Fish Department. Montana Fish, Wildlife, and Parks has ceased
using hunter-collected blood samples in favor of samples collected from elk captured for marking and
herd studies. But as seen with recent cases of brucellosis on the Montana-Wyoming border near the Big-
horn Mountains, targeted hunter sampling (as opposed to general sampling) could help in monitoring bru-
cellosis at the DSA border and just beyond.

4.2 Economic Considerations

Hunting and harvesting elk and bison (and other wildlife) in the Greater Yellowstone ecosystem is a
source of income for individuals and small businesses (USFWS, 2012). Many in Idaho, Montana, and
Wyoming would even consider access to public lands for hunting a right and view the harvesting of an elk
(or deer, antelope, and to a lesser extent bison) as a yearly necessity for food security. Native Americans
have the legal right to harvest wildlife under various treaties (Organ, 2013). Although no hunting occurs
within the boundaries of Yellowstone National Park, bison culls and hunts do occur when bison move out
of YNP and into the Gardiner Valley and along the western YNP boundary. Bison that are not part of
YNP herds are hunted on public and private lands in Montana and Wyoming.

State game and fish departments derive a significant portion of income from hunting, with elk hunt-
ing revenue being one of the largest single sources of revenue for the game and fish departments in Idaho,
Montana, and Wyoming (Heffelfinger, 2013). In 2009, there were 62,620 elk-hunting licenses sold in
Wyoming which resulted in $8,649,005 in license sales alone, approximately 50% of revenue for the
Wyoming Game and Fish Department (WGFD). WGFD received $638 per animal, with net income to
WGFD of $1,765 per animal (WGFD, 2010). During the hunting season, hunters use the full array of lo-
cal business services and amenities (such as gas, food, lodging, sporting goods and equipment). In 20086,
762,000 people spent a total of $1.1 billion to take part in wildlife associated recreation in Wyoming
(USFWS, 2012). Of these, 84% reported participating in wildlife watching, 13% participated in hunting,
and 3% indicated other (undisclosed). Of the money spent, 44% were trip-related expenses (e.g., fuel, ho-
tels). The committee received public comments from ranchers in the GYA who are part-time hunting
guides and derive significant income from these activities, and ranchers also noted that they charge access
fees to allow hunters on their property. It is interesting to note that for Wyoming in 2010, the aggregate
gross value of cattle ranching for the entire state ($1.24 billion) is only slightly higher than the amount
spent on wildlife-related recreation ($1.1 billion) (USDA-NASS, 2010). Nationwide, the money generat-
ed by regulated sport hunting and the incentives it provides for wildland conservation is generally credit-
ed with being the primary reason for the recovery of elk, antelope, and deer populations, and to a lesser
degree bison in the last century (Heffelfinger, 2013). Therefore, a major reduction in elk numbers for bru-
cellosis control could potentially be in direct conflict with the interests of state game and fish depart-
ments.

Intense hunting activities involving brucellosis infected bison or elk could elevate the public health
risk if carcasses and offal are not removed. Approximately 50% of the bison that leave YNP and enter the
Gardiner, Montana, area in late winter and are subject to intensive hunting pressure in a relatively small
geographic area. Testimony and photos were provided to the committee during a public comment session
noting instances in which bison carcasses were left in close proximity to populated and public areas. The
failure to remove carcasses and “gut piles”—including the lymphoid organs and reproductive tracts of
animals—constitutes a potential health risk to the public, domestic livestock, and companion animals.
Timely removal and proper disposal of post-harvest animal remains could also help build public support
for the Interagency Bison Management Plan hunts.

In the past few decades, some prime hunting and ranching lands (particularly in Montana, north and
northwest of Yellowstone National Park) have been purchased by individuals who do not support hunting
(Haggerty and Travis, 2006). These are often large tracts of land that serve as refuges for elk and compli-
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cate efforts to regulate elk numbers by hunter harvest (Haggerty and Travis, 2006; MDFWP, 2015). Elk
habituating to use of private protected lands significantly compromises the ability of state wildlife agen-
cies to use hunting as a tool to manage elk numbers.

5. LAND USE
5.1 Brucellosis Management Action Plans

Brucellosis Management Action Plans (BMAPs) have been developed to consider a wide range of
efforts aimed at addressing brucellosis in a more holistic fashion. Many of these BMAPs have been
developed to address brucellosis by species (either elk or bison). For example, the Jackson elk herd
BMAP states its objectives are to “maintain livestock producer viability, reduce/eliminate dependence of
elk on supplemental feed, maintain established elk herd unit objectives, improve range health, and max-
imize benefits to all wildlife” (WGFD, 2011). A BMAP identifies the pros and cons for various options,
including fencing, habitat improvement, conservation easements, and switching from cow-calf operations
to stocker operations. The BMAP also acknowledges that for any action, such decisions would be under
the purview of various stakeholders including state agencies and individual producers. Land acquisition
and conservation easements would involve buying or long-term leasing of land, with decision authority
resting with private landowners, while transactions involving the WGFD (e.g., conservation easements)
would have to proceed ultimately through the WGFD (WGFD, 2011).

Land acquisition for winter range outside YNP remains a goal for many stakeholders interested in
bison welfare, habitat to support the free-roaming nature of bison, and less invasive management actions.
Land acquisition and deactivation of livestock grazing allotments has proven to be successful at not only
providing bison with more habitat, but also in reducing risks associated with bison-livestock interactions.
As has occurred under the IBMP, acquisition of bison winter range is achieved through purchase of graz-
ing rights, easements, or property from land owners and livestock producers, thus providing them with
economic compensation.

A BMAP for the Jackson bison herd was developed by the WGFD in cooperation with the National
Park Service (NPS) and the USFWS (WGFD, 2008a). The BMAP outlines efforts to conserve and im-
prove habitats, minimize bison/elk conflicts with adjacent landowners, provide for a feeding program co-
managed with WGFD, and a structured framework of adaptive management in collaboration with WGFD
to transition from intensive supplemental winter feeding to greater reliance on natural forage. The BMAP
calls for the WGFD to work with the Wyoming Livestock Board to keep bison and cattle separated
through several actions, such as hazing as appropriate and fencing. It also calls for the WGFD to work
with managers on the NER and USFS lands to use hunting to maintain a population objective. The BMAP
also calls for habitat enhancement, shorter feeding durations, and feeding in fewer years to reduce risk of
intraspecies transmission. A bison BMAP has also been developed for the Absaroka Bison Management
Area to address the few bison that wander from the YNP herd and exit the eastern boundary of YNP
(WGFD 2008b). This BMAP calls for many of the same management options as in the Jackson BMAP,
particularly efforts to maintain separation of bison from livestock. The Interagency Bison Management
Plan has been successful in managing bison, but it is not considered a BMAP as it does not directly ad-
dress brucellosis.

Livestock producers in the GYA have been working with federal and state management agencies to
reduce risks of transmission to their herds. Management efforts are developed as part of herd management
plans for the designated surveillance areas (DSAs). For their BMAP, WGFD has suggested management
options for fencing the elk and bison herds away from cattle in Wyoming. WGFD has also suggested that
the timing of cattle grazing on BTNF and GTNP grazing allotments be manipulated to achieve temporal
and spatial separation of bison and cattle. The same principle would also apply to managing the timing of
cattle grazing on allotments throughout the GYA and within the DSAs that are permitted by the USFS
and the BLM. The Cody herd BMAP provides management actions to redistribute elk and reduce nega-
tive impacts of land ownership on elk distributions and hunter access (WGFD, 2012). These proposed
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actions include working with landowners to maintain access for hunters to meet harvest objectives (possi-
bly through an incentive program), reducing or dispersing large groups of elk adjacent to and on private
lands, and preventing the comingling of elk and cattle during high risk periods which requires WGFD to
cooperate with landowners to move elk away from cattle. Similar management actions would be useful
throughout the broader GYA.

5.2 Biosecurity (Spatial-Temporal Separation)

Biosecurity is defined as “the implementation of measures that reduce the risk of disease agents be-
ing introduced and spread” (FAO, 2010). Biosecurity measures are used to prevent the entry of pathogens
into a herd or farm (external biosecurity); if a pathogen is already present, biosecurity measures are used
to prevent the spread of disease to uninfected animals within a herd (internal biosecurity).! Biosecurity is
one of the most important considerations in preventing brucellosis from getting into a cattle herd, espe-
cially given presence of free-ranging wildlife. Biosecurity measures within the GYA are focused on
external biosecurity, specifically the separation of cattle from elk and bison. Examples of practices rec-
ommended by state and local agencies include fencing of haystacks, testing cattle prior to adding them to
the herd, and not moving breeding stock to risky summer range until after mid-June.

USDA-APHIS conducts National Animal Health Monitoring System (NAHMS) surveys that docu-
ment the national adoption rates of biosecurity-related practices. The NAHMS surveys consistently find
that many biosecurity measures are only partially implemented by producers despite strong, long-standing
recommendations from experts. Although there is some available research that investigates necessary bi-
osecurity and security practices for operations outside the GY A (Brandt et al., 2008), little is known about
the factors affecting producers’ willingness to implement protective practices because literature related to
brucellosis for the GYA is limited. There are estimates on the costs of implementing brucellosis preven-
tion activities on a representative cow/calf-long yearling operation, which provides a break-even analysis
from the producer’s perspective (Roberts et al., 2012). However, analysis is lacking that captures a ger-
mane discussion of public goods and externalities for the GYA. Furthermore, the actual implementation
rate of brucellosis-focused biosecurity practices in the GY A remains unknown.

Cattle producers in the GYA incur additional expenses when implementing biosecurity measures,
which they consider costly as “it just makes doing business in this part of the world much harder”
(Lundquist, 2014; Rice, 2015). The costs and benefits of implementing a specific biosecurity measure
may vary across producers, yet this has not been fully documented. For instance, a producer bordering an
elk feedground faces different private benefits while a producer with more “home ranch” summer range
options faces lower costs of delaying movement of cattle onto higher risk, external summer range. More-
over, the impact of a given producer’s actions on other producers is not well documented yet is critical to
understand (Peck, 2010). This ties directly to externalities and the need for a broader bioeconomic model-
ing that considers more than just private aspects of these decisions (see chapter 8 on bioeconomics).

7. ZONING USING DESIGNATED SURVEILLANCE AREAS

The Brucellosis Eradication Program formerly relied on a state-by-state approach (defined by geo-
political areas and boundaries) for classifying brucellosis status in the United States. States with no cases
of brucellosis in livestock (zero prevalence) for at least a year with documented surveillance were classi-
fied as “Class Free” states. Interstate movement requirements and associated testing costs to producers
became less burdensome as a state’s status was upgraded (9 CFR Part 78, 2006). This approach worked
well because there was an incentive for livestock producers to work with states to eliminate brucellosis
and thus reduce or eliminate costs associated with testing. All 50 states were briefly recognized as free of

"When applied to biosecurity, the modifiers “internal” and “external” biosecurity differ from economic concepts
of internal and external economic impacts as further described in Chapter 8.
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brucellosis in 2009. It was then recognized that the identification of only a few cases of brucellosis in
livestock in a small geographic area, such as the GYA, could result in loss of Class Free status for the en-
tire state. Increased testing costs associated with loss of status would then be unnecessarily and ineffi-
ciently borne by all producers, even though the majority of the cattle herds resided in low risk areas of the
state far from the risk of infection. Politically challenging surveillance and disease control approaches
were often quickly implemented in an effort to regain statewide Class Free status.

DSAs were introduced by USDA-APHIS in a 2009 concept paper as a zoning approach for address-
ing brucellosis, and were implemented in a 2010 interim rule (USDA-APHIS, 2009; 75 Federal Register
81090 [2010]). A regionalization approach that defines brucellosis risk areas and is consistent with OIE
standards creates several advantages, including the ability to focus resources specifically in high risk
areas and increased flexibility in modifying the boundaries of the disease management area to reflect
changes in risk while still assuring trading partners of the brucellosis-free status for the remainder of the
country.

The success of the DSA concept relies on at least two important surveillance streams. First, it is de-
pendent on adequate surveillance in wildlife. The DSA encompasses areas with endemic brucellosis in
wildlife populations, thus surveillance on the DSA perimeter will need to be adequate to delineate the ar-
ea of risk to livestock species and determine the appropriate boundaries for the DSA. With financial sup-
port from USDA, state wildlife and animal health agencies cooperate to conduct surveillance in wildlife.
Secondly, the concept of zoning relies on sufficient surveillance to detect brucellosis in livestock within
and leaving the DSA. Adult breeding cattle are tested as they leave the DSA or as they change ownership
within the DSA, but there are exceptions in some states for livestock consigned to slaughter.

State animal health agencies are responsible for designating the boundaries of their DSA and de-
scribing their rationale via a Brucellosis Management Plan (BMP) that is subsequently approved by
USDA. Idaho, Montana, and Wyoming have BMPs, yet have varied approaches in meeting these two crit-
ical surveillance needs. DSA testing requirements have led to the disclosure of sixteen herds with brucel-
losis in the GYA since the DSAs were implemented. Each of the GYA states has consequently adjusted
their DSA boundaries at least once since initial designation because of seropositive elk. The lack of
uniformity in how states conduct surveillance, determine appropriate expansion of DSAs, and enforce
DSA boundaries may be a hindrance to rapid identification and adequate mitigation of infection. As pre-
viously mentioned in Chapter 5, these and other gaps in the management of animals leaving the DSA will
need to be addressed for the regionalization approach to be effective in addressing brucellosis (USDA-
APHIS, 2012).

8. TEST AND REMOVE

Testing and removal of brucellosis seropositive animals is a critical component of a strategy for
eliminating brucellosis from an affected population. Test and remove is one of many tools and has been
used in a variety of ways and to various degrees of success; however, it is rarely effective if used alone.
To reduce the possibility of transmission, seropositive animals in an affected population would need to be
removed from the herd and maintained separately from negative animals, or removed to either slaughter,
research, or to a properly monitored quarantined feedlot, if available. The failure to remove seropositive
animals likely results in continued transmission and an inability to control the disease. A major factor to
reduce exposure and transmission of brucellosis is detecting and removing infected cows prior to parturi-
tion (Nielsen and Duncan, 1990). High-risk animals, such as exposed bred heifers, are sometimes re-
moved as part of a brucellosis elimination strategy to ensure they do not seroconvert and continue to
spread the disease. In addition, highly susceptible seronegative animals are sometimes maintained sepa-
rately to prevent exposure and subsequent infection.

In livestock populations, testing and removal alone without any other disease mitigation efforts—
and especially testing and removal without consideration of the time of calving and abortion—has not
proven to be an effective strategy (Caetano et al., 2016). However, testing and removing seropositive an-
imals is an effective tool when property utilized as part of a disease control or elimination strategy. Three
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major strategies have been demonstrated as effective tools to control brucellosis in livestock when used in
combination with other tools: (1) strict biosecurity at the farm level, including herd management to mini-
mize the risk of contact with viable Brucella (such as calving management, separating replacement heif-
ers and managing them as a separate unit, increasing biosecurity so as to protect herds from purchasing
infected animals or becoming infected from community herds, and utilizing cleaning and disinfecting
when appropriate to minimize environmental contamination); (2) vaccination; and (3) testing and removal
programs (Pérez-Sancho et al., 2015).

In the United States, considerable progress was made toward eliminating brucellosis from cattle by
replacing blind test and slaughter methods of the 1970s with the development of individual herd plans
(Adams, 1990). These herd plans included the use of additional disease mitigation actions, such as vac-
cination and separation of high risk animals to reduce transmission and limit exposure of naive animals.
Vaccination alone is insufficient to eradicate brucellosis, but it increases resistance to infection and it re-
duces both the risk of abortions and excretion of Brucella (European Commission, 2009). The key to suc-
cess, however, is to test and rapidly remove infected animals before they have the opportunity to continue
to transmit the disease (PAHO, 2001).

In some countries, when the prevalence of brucellosis is high or socioeconomic resources are lim-
ited, mass vaccination is the most suitable tool for the initial control of the disease (Pérez-Sancho et al.,
2015). In those cases, systemic and mandatory vaccination is used to reduce infection rate to a level
where testing and removal can then be used to eradicate the disease. For brucellosis, it is estimated that
7-10 years of systemic vaccination are necessary to achieve this objective (PAHO, 2001).

In several cases with both privately and publicly owned bison herds, a testing and removal strategy
has been used in combination with other management actions to eliminate brucellosis. In combination
with vaccination, the test and remove strategy has been effectively used for brucellosis in bison in the fol-
lowing six cases:

1. Test and removal, combined with vaccination, was previously used in Yellowstone National
Park in the early 1900’s, and reduced the seroprevalence of bison from 62% to 15% in 2 years
(Coburn, 1948).

2. In 1961, the Henry Mountain bison herd in Utah was declared free of brucellosis after a 2-year
disease eradication campaign that utilized test and removal. This herd originated from Yellow-
stone National Park bison in 1941, and had a peak seroprevalence rate of approximately 10% in
1961 (Nishi, 2010). Recent research has shown that the Henry Mountain bison herd represents a
genetically important subpopulation of the YNP-based metapopulation. This herd meets the
YNP standard of no detectable cattle introgression, but is also free of brucellosis (Ranglack et
al., 2015).

3. In 1973, the Custer State Park bison herd in South Dakota was declared free of brucellosis after
a 10-year disease management program from 1963 to 1973. That herd had a peak seropositive
rate of 48% in 1961. A combination of annual vaccination of calves and yearlings, test and
removal, and herd size reduction were utilized (Nishi, 2010).

4. In 1974, the Wichita Mountain National Wildlife Refuge bison herd in Oklahoma went from 3%
seropositive to free of brucellosis after an 11-year disease management effort. A combination of
test and removal, population reduction, isolation of select groups, and vaccination of calves up
until 1973 were utilized to free the herd of brucellosis (Nishi, 2010).

5. In 1985, the Wind Cave National Park bison herd in South Dakota went from a high seroposi-
tive rate of 85% in 1945 to brucellosis free after a disease management effort conducted from
1964 to 1985. A combination of whole herd and calfhood vaccination and test and removal were
utilized (Nishi, 2010).

6. In 2000, a privately owned bison herd in South Dakota was released from quarantine after a
10-year effort to eliminate brucellosis from the herd. This was accomplished by a combination
of testing and removal of positive animals, and herd management to reduce exposure and trans-
mission. The main herd of older, chronically infected animals was depopulated in January 1999.
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Younger, uninfected animals from calf crops were separated, intensely vaccinated with RB51,
tested, and retained on the ranch to rebuild the herd (USAHA, 2000).

None of the cases above, however, are comparable to the bison herds in the GYA, and those situa-
tions did not involve affected elk populations. Data are limited on the use of test and removal alone or in
combination with other methods. Hobbs and colleagues (2015) forecasted the effects of annually remov-
ing 200 seropositive bison using a Bayesian model that included uncertainties associated with a number
of important parameters. Removal of seropositive bison was one of the few management actions likely to
reduce seroprevalence in the short term: from 55% to 14% over 5 years, although the credibility interval
was still large, ranging from 0.12% to 57% in the fifth year (Hobbs et al., 2015).

In elk, the Muddy Creek pilot project was conducted from 2006-2011 to assess the use of test and
remove to reduce prevalence of brucellosis in elk attending a Wyoming feedground. Data from that study
showed that capturing nearly half of available yearling and adult female elk attending a feedground, test-
ing for B. abortus, and removing those that test positive can reduce antibody prevalence of brucellosis in
captured elk by more than 30% in 5 years. However, once the pilot project ended, the seroprevalence of
brucellosis in elk on the feedgrounds resurged (Scurlock et al., 2010).

A variant of testing with the intention of lethal removal is test and quarantine. A bison quarantine pi-
lot project was initiated in 2005 to determine whether it was feasible to qualify animals originating from
the YNP bison herd as free from brucellosis. This project used the concept of separating seronegative,
young animals so as to minimize exposure, with testing and removal. A majority of those animals were
subsequently declared brucellosis-free and were moved to other locations, including to two Native Amer-
ican rangelands.

9. VACCINES AND DELIVERY SYSTEMS FOR CATTLE, BISON, AND ELK

Vaccination is proven to prevent or mitigate infectious diseases. A number of highly efficacious
commercial vaccines exist against bacterial diseases for use in cattle, including against Leptospira
borgpetersenei serovar Hardjo-bovis, as well as vaccines for human such as those against bacterial men-
ingitis, tetanus, and Haemophilus influenza B. Vaccines have been shown to be an effective tool to con-
trol the spread of brucellosis when combined with management practices. Adult cattle can be safely vac-
cinated with conventional Brucella vaccines via a primary or boosting dose, and cattle may be pregnant
when vaccinated. This has been shown to be efficacious and to increase the immune response as meas-
ured using in vitro tests. In wildlife, development of oral vaccination strategies would be preferable to
ballistic or needle injection, and a limited number of studies have shown promise.

9.1 Improving Cattle Vaccines

Cattle vaccines to date have been designed to protect against B. abortus-induced abortion and not
against infection. Many of the brucellosis concerns in cattle could potentially be resolved by improving
cattle vaccines for resistance to infection even under high dosage challenge conditions and even when
herd immunity is compromised by co-mingling with infected wildlife (bison and elk). In the long run, an
effective vaccine to protect against infection could reduce the legal, political, and financial costs associat-
ed with brucellosis in cattle. Improvements would be needed for adult vaccines (for both primary immun-
izations and booster doses for previously vaccinated cattle) and therapeutic vaccines that boost or retrain
immune responses of animals already infected with Brucella (Wright, 1942). If it were possible to devel-
op a vaccine that would not only prevent abortion but also prevent infection in cattle, the need for wildlife
vaccines may be less paramount. Comprehensive delivery of vaccines may be a particular challenge that
could be avoided if cattle vaccines were sufficiently improved.
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9.2 Delivery Systems for Brucellosis Vaccination of Wildlife

Vaccinating wildlife can be challenging. Vaccines have been delivered to elk by needle immuniza-
tion and biobullets, but have been ineffective. Elk are widely dispersed and mobile, and many herds—
including some that are infected at a high rate—do not concentrate on accessible feedgrounds in the win-
ter. Even if an efficacious vaccine were available for elk, vaccinating elk populations in the GYA is infea-
sible in the absence of a novel method for delivering the vaccine (beyond biobullets or darting). Progress
toward a feasible delivery system along with developing efficacious vaccines for elk will both be critical.
A recent modification of Komarov’s bullets has been made and was shown to induce both antibody and
cellular responses in cattle and bison with no detrimental effects (Denisov et al., 2010). While it can be
delivered from 100 meters, the safety range is 40-60 meters which may not be feasible for all terrains
found in the GYA (Denisov et al., 2010).

Oral vaccines have been suggested to better stimulate mucosal immunity, because exposure to bru-
cellosis is generally through the mucosa. The gut mucosa regularly samples antigens from in the intestinal
lumen via dendritic cells embedded within the epithelium or via specialized microfold cells. Brucella an-
tigens are then picked up and delivered to the mucosal and systemic immune systems to stimulate anti-
vaccine immunity. Thus oral vaccines may be more effective at preventing infection than parenteral
administration of the vaccine. The administration of B. abortus strain 19 (S19) vaccine by oral vaccina-
tion proved to be equally as effective as subcutaneous vaccination in protecting pregnant heifers from
Brucella-induced abortion (Nicoletti and Milward, 1983; Nicoletti, 1984). Cattle have been immunized
orally with B. abortus strain RB51 (RB51) as a model for wildlife. When RB51 was mixed with feed and
fed to beef heifers which were then bred and exposed to a challenge dose of 10 B. abortus strain 2308
organisms, it was shown that there was protection from abortion in 70% of the vaccinates but only 30% of
the unvaccinated controls (Elzer et al., 1998). Microspheres composed of eggshell-precursor protein of
Fasciola hepatica (Vitelline protein B) have been used to orally vaccinate red deer (Cervus elaphus
elaphus) with RB51. This was shown to induce a good cellular immune response, as measured by lym-
phocyte proliferation assays, as well as induce an antibody response (IgG) (Arenas-Gamboa et al.,
2009b). Following challenge with another vaccine strain (S19), there was reduced bacteria in the spleens
of vaccinates. A similar study using alginate microencapsuled S19 organisms to immunize red deer also
showed a cellular immune response (Arenas-Gamboa et al., 2009a). Less considered is uptake of brucel-
lae in the tonsils following exposures of the head and neck mucosa (Suraud et al., 2008). Vaccination of
the tonsils may improve protection against Brucella infections. Thus the development of oral and mucosal
vaccination strategies for wildlife are promising.

10. STERILIZATION AND CONTRACEPTIVES

The use of sterilization and contraceptives as a tool for wildlife management is controversial.
Although it cannot prevent infection, sterilizing bison or elk early in life could prevent them from breed-
ing, becoming pregnant, and if they are also infected with brucellosis, aborting and exposing cattle or oth-
er wildlife. Surgical sterilization of cattle (spaying heifers) has been a procedure used by stockmen for
years to reduce or prevent transmission of brucellosis in cattle herds. Surgically spaying wild elk and bi-
son is infeasible, but non-surgical reproductive control via contraception may be feasible. Contraception
of bison as a potential means to slow brucellosis transmission in wildlife may be more effective than test-
ing and removal (Ebinger et al., 2011). Ebinger and colleagues posit that in social species that form
groups, sterilized individuals essentially create herd immunity similar to effective vaccination efforts. On
the other hand, when seropositive individuals are removed from the population, the social group may re-
form and bring susceptible individuals into greater contact with the remaining infectious individuals,
thereby reducing herd immunity and increasing the potential for a strong resurgence of disease (Ebinger
etal., 2011).

USDA-APHIS has recently conducted research on the possible use of a gonadotropin releasing hor-
mone (GnRH) antagonist vaccine (GonaCon™) as a method of inducing sterility in bison and elk (Rhyan,
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2015). Earlier efforts using a zona pellucida vaccine were deemed ineffective (Kirkpatrick et al., 2011).
Experimental trials with GonaCon™ in elk were underway as of the writing of this report. Information
provided by USDA indicated that GonaCon™ has been approved by EPA for use in deer and wild horses
(Rhyan, 2015). In most species, GonaCon™ provided 2-3 years of sterility and the animals were anestrus
(did not come into breeding condition). However, 5-15% of animals became permanently sterile (up to
5 years), adjuvants caused some injection site reactions (abscesses), and protection was not 100% (Rhyan,
2015).

GonaCon™ has been better tested in bison than elk. From 2002-2008, five vaccinated captive bison
in Idaho did not calve while a small number of control bison calved 75% of the time (Rhyan, 2015). Bi-
son that were in mid to late pregnancy when first vaccinated calved normally. A dose-response study
showed that a high dose of GonaCon™ was 86% effective, low dose was 50% effective, and the medium
dose between those levels (Rhyan, 2015). In field trials with free-ranging bison in southern Colorado,
there were mixed results: GonaCon™ vaccinated cows had 7 calves while unvaccinated cows had 24
calves. A field trial at Corwin Springs examined rates of infection and abortion in 20 vaccinated and 20
control bison cows exposed to brucellosis, and GonaCon™ appeared to be effective at significantly re-
ducing abortion and birthing of infected bison calves (Rhyan, 2015). Another set of trials at Corwin
Springs with 15 vaccinates and 15 controls had mixed results. In the first year, 75% of controls became
pregnant while 20% of vaccinates did; in the second year, 77% of controls became pregnant while only
13% of vaccinates did; in the third year, 90% of controls became pregnant but so did 36% of vaccinates
(Rhyan, 2015).

No large, free-ranging wildlife population in North America has ever been successfully managed us-
ing contraception. Modeling studies for wild horses suggests that even highly effective contraceptives can
at best only slow population growth (Garrott et al., 1992; Gross, 2000; Ballou et al., 2008). Contraception
conjures up the notion of manipulation that may unacceptable to the public. By decreasing reproduction,
it could also be seen as decreasing future hunter harvest and potentially jeopardizing their acceptance. The
management of elk inside national parks is under the jurisdiction of the National Park Service and outside
national parks is under the authority of state wildlife management agencies. It is unclear whether state
agencies or the National Park Service would allow experimental use of GnRH vaccines in free-ranging
elk as part of brucellosis management efforts. With limited information available on GonaCon and other
contraceptive approaches at the writing of this report, they would currently not be considered as a viable
management option.

11. PREDATION AND SCAVENGERS

There are a number of mechanisms by which both scavengers and predators are likely to affect the
distribution and abundance of elk as well as the transmission and prevalence of brucellosis. Scavengers
and predators play a valuable role in suppressing the spread of brucellosis, as B. abortus is known to sur-
vive for weeks or months under typical GY A winter conditions, and up to 6 months if protected from sun-
light (Stableforth, 1959). For the most part, the efficacy of predation and scavenging to alter brucellosis
dynamics is unknown and untested. In the absence of healthy predator populations, however, elk may ex-
ceed management objectives, particularly in regions with limited hunter access (Haggerty and Travis,
2006; Cole et al., 2015). In this scenario, managers could consider further restricting the tag limits on
predators or increasing the tag limits for elk. This would likely be a contentious decision, and it remains
to be determined whether the benefits associated with fewer elk would be offset by the additional live-
stock losses that are likely to coincide with increasing predator populations in localized areas.

USDA-APHIS’s Wildlife Services removes coyotes from many regions across the country at the
request of individual landowners. Coyotes are categorized as predators and can be shot or trapped in Ida-
ho, Montana, and Wyoming without a license. However, coyotes are a major scavenger of aborted fetus-
es, and they are likely to reduce transmission rates both among elk and between elk and livestock
(Maichak et al., 2009). Coyote hunting is unregulated, thus it is unknown how many coyotes are removed
annually and whether restricting coyote harvest would have any beneficial effect on brucellosis transmis-
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sion. Again, this management tool is likely to incur a direct trade-off for the producer in the form of addi-
tional calf losses.

Several different avenues could be explored with respect to trained dogs (Wasser et al., 2004). First,
in localized areas such as winter feedlines, dogs could be used by producers to investigate an area for fe-
tuses daily prior to bringing cattle out. Because this would create a significant risk to the dog for becom-
ing infected with brucellosis, the dogs would need to be muzzled to prevent ingestion or trained to find
abortions in an area and to stay a safe distance away. In addition, dogs have been used in some cases to
detect certain forms of cancer in humans (Cornu et al., 2011). If detection dogs could be used pen-side to
detect actively infected elk, bison, or cattle, this would facilitate more targeted test-and-remove or sterili-
zation approaches.
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Economic Issues in Managing Brucellosis

1. INTRODUCTION

Brucellosis in the Greater Yellowstone Area (GYA) is not only a disease problem, but also a com-
plex social and economic problem. The disease is costly as it diminishes economic values associated with
ranching, tourism, and related outdoor activities such as wildlife viewing and hunting, in addition to
broader concerns about conservation. These costs may dramatically increase if brucellosis spreads beyond
the GYA, particularly if infected cattle were moved to new, high-risk areas. There is a collective desire to
address brucellosis, but managing it has been challenging as it involves allocating money among various
costly management options that produce uncertain benefits accruing over a long timeframe. Further com-
plicating matters is the number of individuals, stakeholders, and agencies with authorities over various
aspects of the problem, and the fact that the benefits of management may not accrue to those incurring the
cost (e.g., cattle producers in Kansas may benefit from reduced risks of infected GYA cattle exports).
Moreover, costs and benefits can vary considerably and spatially across the various stakeholder groups
(e.g., costs and benefits may differ in Montana and Wyoming). These and other social concerns around
brucellosis can be addressed by using economics to examine the issues, as economics is a decision sci-
ence that can be used to assess costs and benefits, help determine socially and politically desirable strate-
gies, and assist in designing policies that incentivize individuals for taking part in the desired strategy.
However, economic analysis for the GYA requires a coupled-systems approach in which values are de-
rived from models of ecological-socioeconomic interactions. This is because disease control activities are
investments that alter ecological and disease dynamics to produce benefits, perhaps in conjunction with
some costs, that accrue over time. Accordingly, disease ecology plays a key role in determining economic
outcomes. Human behavior also matters, as the actions of individuals and resource managers related to
managing risks will affect economic outcomes and may further impact the disease ecology of the system.

The appropriate tool for assessing the short- and long-term economic and ecological impacts of
managing brucellosis in the GYA is bioeconomic analysis.! Bioeconomic analysis uses cost-benefit anal-
ysis and predictive modeling for coupled ecological and socioeconomic systems (Clark, 2005). A simple
bioeconomic cost-benefit analysis would assess the economic impact of particular disease management
strategies on public and/or private lands. A more sophisticated approach, however, is using the bioeco-
nomic framework as a decision model to identify strategies—and policies that can effectively implement
those strategies—that put society’s scarce economic resources to their most valued (e.g., socially or polit-
ically) uses across the GYA. Bioeconomic analysis has not yet been applied for brucellosis in the GYA,
and so it is not yet possible to comment on the cost-effectiveness of various management options. Even

'Bioeconomic analysis has been used to examine coupled systems management since the 1950s (Gordon, 1954;
Clark, 2005), focusing initially on fisheries problems where it was used to develop individual tradeable quota (ITQ)
and other rights-based markets that have seen increasing use since the 1970s (Costello et al., 2008). Bioeconomic
analysis has since expanded to the management and valuation of other natural systems (Fenichel et al., 2016).
The approach has recently been applied to address wildlife and livestock disease problems (e.g., Bicknell et al.,
1999; Mahul and Gohin, 1999; Horan and Wolf, 2005; Fenichel and Horan, 2007a,b; Horan et al., 2008, 2010;
MacLachlan et al., 2017) as well as the more general problem of invasive species management (e.g., Leung et al.,
2002).
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conducting a simple cost-benefit analysis for one or more management options would be a major research
undertaking at present time due to the need to model a complex, coupled system for which much socioec-
onomic data are currently lacking; thus it was beyond the committee’s task to conduct such an analysis.

This chapter describes how bioeconomic analysis can serve as a critical decision-making framework
for the adaptive management of brucellosis in the GYA, provides relevant insights from related work, and
identifies gaps in knowledge that need to be filled to perform an analysis. The remaining chapter is divid-
ed into three major sections: Section 2 presents the framework for bioeconomic analysis, with a discus-
sion of both economic costs and benefits (subsection 2.1) and criteria for making decisions (subsection
2.2); Section 3 examines economic efficiency in a complex system like the GYA, with discussion of the
economic considerations associated with various risk mitigation and adaptation strategies; and Section 4
discusses economic values in developing appropriate brucellosis control policies in the GYA.

2. BIOECONOMIC FRAMEWORK

A bioeconomic framework, illustrated in Figure 8-1, involves integrating two types of models. First
is a disease ecology model of population growth and disease transmission for a wildlife-livestock system
that incorporates the impacts of human actions. This model is commonly based on an S-1-R-type model
(susceptible, infected, recovered) that divides the relevant animal populations into interacting sub-
populations according to disease status (Anderson and May, 1979), and is modified to account for human
choices impacting on population and infection dynamics (e.g., Fenichel et al., 2011). Recent approaches
employ Bayesian state-space models to address disease ecology uncertainties (Springborn and
Sanchirico, 2013; Hobbs et al., 2015; MacLachlan et al., 2017), including unobservable states and uncer-
tainty about the effectiveness of human efforts to interrupt disease transmission or to affect other varia-
bles such as mortality and reproduction.

Second is an economic model that incorporates human responses to ecological changes for predict-
ing economic impacts over time. This model consists of two components: economic cost and benefit func-
tions, and an economic model of decision making. The first component is a set of economic cost and ben-
efit functions that indicates how various costs and benefits depend on public and private actions, and on
the likely current and future values of various ecological state variables (i.e., ecological variables that
change over time, such as elk populations and prevalence rates). Cost and benefit functions, rather than
observed past cost and benefit values, are necessary to predict future outcomes due to the investment na-
ture of disease management. Costs and benefits may be affected by numerous uncertainties such as the
effectiveness of prevention activities, as well as the magnitudes of ecological variables (broadly defined
to include wildlife and livestock variables) and their dynamics. These uncertainties can change over time
as learning occurs. The second component is an economic model of decision making (e.g., by ranchers,
hunters, and resource managers) that indicates how actions are chosen in response to current and predict-
ed future ecological states, knowledge states, and the choices of other decision makers (e.g., regulators).
The modeling of behavioral responses is important because economic outcomes ultimately depend on
public and private choices in conjunction with ecological and knowledge outcomes; analyses that ignore
behavioral responses can yield inaccurate results (Finnoff et al., 2005). The two economic model compo-
nents—cost and benefit functions and decision-making processes—are discussed separately within the
context of the GYA.

2.1 Economic Cost and Benefit Functions

Brucellosis and managing it in the GYA are likely to affect many socioeconomic cost and benefit
values. The two main classes of values are market values that are generated via market transactions (e.g.,
ranching production costs and sales; hunting-related expenditures; tourism expenditures; elk feed costs),
and non-market values which arise outside of traditional markets (e.g., values for species conservation,
and bequest and other cultural values; Ready and Navrud, 2002; Freeman, 2003; Mazzanti, 2003).
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Non-market values may seem less tangible, but they nonetheless represent real, quantifiable economic
values that are regularly used to inform policy (Freeman, 1993, 2003; NRC, 2004).2 These values may
reflect various social issues bearing on decision making, to the extent that these social issues impact posi-
tively or negatively on the well-being of individuals with an interest in the GYA.

Both market and non-market values stem from how the provision of some good or service affects
well-being. Impacts to well-being can be measured in different ways, but having a common metric facili-
tates comparisons of different impacts. There are several advantages to using a monetary metric. One is
that individuals and policy makers are accustomed to evaluating decisions based on monetary values.
Another is that many impacts to well-being are already monetized through individuals’ choices in market
transactions. Non-market impacts are implicitly monetized in situations where individuals evaluate mone-
tary and non-monetary tradeoffs to determine whether a non-economic impact is worth the economic
impact (Freeman, 1993). For instance, when deciding whether to sell the family ranch, a rancher will need
to determine whether there will be a direct economic gain (i.e., the offer price exceeds the present value
of future profits) and then whether this gain exceeds the loss of non-market values (e.g., bequest or herit-
age values) associated with giving up the ranching lifestyle and the opportunity to pass the ranch to
descendants.

There are key market and non-market costs and benefits that accrue annually to determine the eco-
nomic welfare of several important GYA stakeholder groups.® The investment nature of disease manage-
ment means the appropriate economic welfare measure for each group accounts for the expected stream
of net benefits accruing over time (e.g., an expected net present value). A cost-benefit analysis requires
predicting future economic impacts by predicting changes in ecological states and behavioral responses to
these changes (Clark, 2005; Finnoff et al., 2005). This means the coupled nature of the system—the man-
ner in which behavior affects and is affected by ecological variables—plays a key role in determining
economic impacts. Uncertainty also plays a key role for predicting future impacts. Additional costs arise
when individuals are risk-averse, as uncertainty is costly.* Note that the probability of disease transmis-
sion from elk, bison, or cattle herds likely depends on the distribution of these herds across the landscape,
so that welfare measures depend on ecological variables.

Ranchers’ Values

The GYA ranching community, as well as non-GYA ranchers at risk of infection via GYA cattle
exports or wildlife migration, benefits from the business of cattle production: from running outfitting
businesses (which includes selling access to their land for hunting and wildlife viewing), and from non-
market benefits such as the overall enjoyment of their land under various uses (amenity values), wildlife
conservation, and the ability to continue ranching over multiple generations (bequest or heritage values)
(Schumaker et al., 2012). Ranchers’ economic welfare for any given time period is calculated as produc-
ers’ profits from market activities (revenues less costs associated with production and disease manage-
ment; Just et al., 2005), plus the ranchers’ non-market values. These non-market values may have ecolog-
ical linkages, as ranchers may consider infection risks from wildlife when making risk management
decisions, and because wildlife abundance affects the demand for hunting and wildlife viewing on their
lands.

Examples of how non-market valuation is used in practice include the following: by the EPA to analyze the ben-
efits of numerous environmental programs (particularly to perform cost-benefit analysis under the Clean Air Act),
by various state fisheries and wildlife departments to determine recreational fishing and hunting demand for use in
improving management, and for natural damage assessment and associated litigation (e.g., the Exxon Valdez and BP
oil spills). See McCollum (2003) for a number of specific examples.

*This discussion is not exhaustive, as research on economic cost and benefit functions for the GYA is limited.

*Further analysis is necessary in such cases to estimate ranchers’ risk preferences over uncertain outcomes, both
to accurately measure costs as well as any cost-mitigating behaviors.
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The economic cost of brucellosis that is incurred in a given period by GYA ranchers, as well as by
non-GYA ranchers with at-risk herds, is the reduction in economic welfare to these ranchers relative to
the risk-free outcome. In other words, the costs are reduced profits and non-market values. Reductions in
profits may stem from reduced productivity on infected ranches, reduced market values of goods and ser-
vices produced on ranches within brucellosis-infected regions due to consumers’ concerns about infec-
tion, and increased costs due to risk mitigation (actions to reduce the likelihood of cattle infections) and
adaptation (actions to reduce economic impacts after infection occurs) (Perrings, 2005).

Brucellosis management policies can reduce ranchers’ disease-related costs, with the policies im-
plemented in one period reducing these costs over many time periods due to the investment nature of bru-
cellosis management. Accordingly, the net benefits of brucellosis management policies are the expected
present value of increased economic welfare relative to the case of no intervention.’

Producers’ profit functions are needed to predict disease-related costs or management-related bene-
fits. These functions can be estimated econometrically, for various GYA localities, as functions of cattle
inventories, herd and disease management activities, and infection risks that depend on wildlife densities.®
These estimates would be based on reported activity levels, farm inventories, revenue and cost data, and
data on disease risks from wildlife. The U.S. Department of Agriculture National Agricultural Statistics
Service (USDA-NASS) collects some data and reports values that are aggregated over farms (to maintain
rancher confidentiality) and by certain classes of expenditures (e.g., labor, machinery). But these data do
not parse out specific risk management activities, nor do they or any other data source report on outfitting
operations. Ranchers would have to be surveyed to obtain this information. Ranchers were surveyed to
estimate the costs of implementing various risk-management practices on an average farm in the southern
GYA (Roberts et al., 2012). These risk management practices include hazing of elk, fencing haystacks,
spaying heifer calves, adult cattle booster vaccination, modified winter feeding schedules for cattle, riding
through cattle herds to prevent cattle-elk contacts, and delaying grazing on public lands; however, the ef-
fectiveness of these practices along with the associated benefits to ranchers and society remains highly
uncertain (Roberts et al., 2012).

The USDA-NASS data may not provide enough information about price variability in response to
spatial infection risks, although this information would be important to perform a cost-benefit analysis.
Surveys of ranchers, combined with data on spatial transmission risks from wildlife, might facilitate esti-
mation of these consumer-driven price responses.

Benefit functions for non-market goods and services valued by ranchers (e.g., amenities and
bequests) are also needed to predict disease-related costs or management-related benefits. These functions
can be estimated using stated preference methods that either survey individuals about their values
(contingent valuation methods) (Boyle, 2003) or that estimate values based on hypothetical choices made
by individuals in experimental conditions (attribute-based methods involving choice experiments)
(Adamowicz et al., 1998; Holmes and Adamowicz, 2003). Ecological linkages may be important. For in-
stance, amenity and conservation benefits at any point in time likely depend on the current distribution of
wildlife herds across the landscape, thus the surveys or experiments used to elicit the benefit functions
will need to account for this ecological linkage. The committee is not aware of such studies for the GYA.

>The term “net benefits” is used because brucellosis management policies may impose some regulatory costs on
ranchers. Depending on the specific policy, these costs may include increased rancher expenditures, reduced produc-
tivity, or impacts to market values. Regulatory costs, which are generated by specific policy choices rather than the
disease itself, are distinct from brucellosis costs.

®When estimation is based on observed or reported production and risk management behaviors, estimation gener-
ally involves making assumptions about the decision-making processes (e.g., maximizing expected profits or utility)
that led to these behaviors (Greene, 2017). Hence, economic behavior and also ecological variables, to the extent
that behavior depends on these, will play a role in estimation. Also, profits associated with jointly produced activi-
ties (e.g., land uses and risk-mitigation practices such as wildlife hazing jointly affect the profitability of both ranch-
ing and oultfitting activities; see Chambers (1988) for more on the economics of joint production systems) will need
to be jointly estimated.
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Market impacts associated with ranching and outfitting go beyond ranchers. As brucellosis risks al-
ter ranchers’ demands for various production inputs (e.g., feed, grazing on public lands, machinery, veter-
inary services), there will be additional short- and long-run economic effects in related sectors as well as
in local economies where ranchers spend their income. Furthermore, brucellosis and its management may
adversely impact the provision of outfitting services and hence consumers of these services (e.g., hunters
or wildlife viewers).

Hunters” Values

Hunting may occur in outfitting markets involving access payments to landowners or outside of
markets where such fees do not arise (e.g., on public lands). In either case, economic net benefits to hunt-
ers are defined as the willingness to pay for hunting less hunting-related expenditures (e.g., travel, access
payments, permits, and equipment) and the opportunity cost of leisure. Hunter benefits can be calculated
based on the demand for hunting trips. This demand can be estimated using random utility models that are
based on actual trip behavior (a revealed preference approach) (Freeman, 1993; Parsons, 2003). Estimates
are produced spatially and can indicate how behavior is responsive to changes in ecological states. The
demand for hunting trips may also be estimated from surveys that ask hunters where they might visit, ra-
ther than where they did visit, under different scenarios (a stated preference approach) (NRC, 2004).

Instead of estimating the demand for hunter visits, which does not link to harvesting directly,
Kauffman and colleagues (2012) estimate hunter demand for elk permits in northwest Wyoming. This
framework is more applicable to a bioeconomic analysis involving harvesting behavior (Fenichel et al.,
2016). Kauffman and colleagues (2012) model this demand as a function of elk and wolf populations, and
hunter success—which in turn is estimated as a function of elk numbers—and found a link between elk
population and demand that could have significant economic impacts. For instance, they found that a 50%
reduction in seven elk herds with access to feedgrounds may reduce regional expenditures (not economic
welfare) associated with elk hunting by more than $500,000 per year (Kauffman et al., 2012). This find-
ing indicates a potential economic tradeoff between the benefits of disease management and hunting.

Wildlife Viewers’ and Conservationists’ Values

Economic benefit functions for wildlife viewing can also be modeled based on the demand for trips.
Loomis and Caughlan (2004a,b) used a stated preference approach to examine the relation between elk
and bison numbers in the National ElIk Refuge (NER) and Grand Teton National Park (GTNP) and tour-
ism to these locations, and the associated economic outcomes (with no consideration of disease impacts).
Their approach did not facilitate estimation of a tourism benefit function that depends on elk and bison
numbers, which is required for a bioeconomic analysis. However, their results do indicate a potentially
large economic tradeoff between the benefits of disease management and wildlife viewing.’

Conservationists (including landowners, hunters, and tourists) may have non-market values that de-
pend on wildlife stocks: for instance, values for wildlife populations that are at healthy abundance levels
and safe from disease, or values associated with using predators to control populations. Wolves serve as a
predator control for elk and positively influence visitation to Yellowstone National Park (YNP), thereby

"Loomis and Caughlan (2004a,b) estimate how several discrete management scenarios might alter visitation
choices by GTNP tourists and how this would impact income (not social net benefits of tourism) to the local econo-
my. For instance, under management conditions at the time of that study, (non-local) tourism-related income was
estimated at $306.5 million. Under a scenario involving reduced elk feeding and hunting regulations that may reduce
elk populations by nearly 28% and bison populations by nearly 42%, tourism-related income may be reduced by
$23.3 million due to less tourism. Under a scenario of no active management (no feeding, no limit on hunters) that
would reduce elk populations by nearly 71% and reduce bison populations by nearly 67%, tourism-related income
would fall by $62.2 million.
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generating economic value (Duffield et al., 2006). Conservationists may also have non-market values
that depend on certain activities, such as negative values (costs) associated with the number of animals
vaccinated using bio-bullets (which are no longer used), the number of animals culled inside national
parks, the number of animals whose migration is limited by human intervention, and the amount of sup-
plemental feeding that occurs. Many of these latter values may reflect a preference that wildlife popula-
tions remain “wild” in the NER and GTNP (Loomis and Caughlin, 2004a). Also, other things being equal,
marginal values of these costs and benefits might be larger for bison, which are considered a symbol of
the American west. The sorts of “non-use” values described are stated preference methods.

The Public Sector’s Values

Local, state, and federal agencies are stakeholders that incur costs from program expenditures and
also benefit from generating revenues (e.g., hunting fees) to fund other programs. The social cost for the
public sector to manage elk (test-and-removal, low-density feeding, and strain 19 vaccination) may ex-
ceed public expenditures on risk management due to transaction costs and the opportunity cost of reallo-
cating resources from other valued programs (Alston and Hurd, 1990; Boroff et al., 2016).

Values of Ecosystem Services and of Learning

The non-market values previously described do not include any values associated with dynamic eco-
system processes and learning. Pertinent ecosystem processes would include valuable services such as the
reproduction of healthy wildlife, and costly disservices such as disease transmission. These services are
generally not valued directly, but instead have value because they affect the longer-run production of oth-
er goods and services that have value. For instance, hunters and conservationists generally do not directly
value wildlife reproduction that produces healthy offspring; they value the future use and enjoyment of
these offspring. People also do not place a negative value directly on disease transmission, but rather a
negative value is placed on the adverse future outcomes from having more infected animals.

Ecosystem values are calculated as part of bioeconomic analysis, and these values play an important
role in determining the values associated with various management activities (Barbier, 2000).° Activities
that enhance reproduction of healthy animals are an investment in a valued natural asset (healthy wildlife)
that produces returns accruing in multiple future periods (benefits of future conservation, wildlife view-
ing, and harvesting). Activities that manipulate the natural system to produce valuable information for
future management represent a valuable investment in knowledge assets. Activities that enhance disease
transmission are an investment in a costly natural liability (infected animals) that produces losses accruing
in multiple future periods (losses from infected cattle and welfare losses to conservationists). Alternative-
ly, actions to reduce transmission are beneficial investments in reducing disease liabilities. The perspec-
tive that actions affecting ecological and information (knowledge) dynamics represent investments in fu-
ture economic impacts facilitates the calculation of the longer-term costs and benefits of an action, and
makes it possible to attribute these values to the relevant stakeholder groups.

Many disease control actions do not only affect transmission; they may also adversely affect valua-
ble resource assets in addition to reducing disease liabilities, generating costs in addition to disease con-
trol benefits. For instance, harvesting wildlife non-selectively (i.e., irrespective of disease status) removes
healthy animals so that they are unavailable for future use or enjoyment by humans or for reproduction,
and it removes diseased animals so that they are unavailable for generating future disease costs. Supple-
mental feeding is also non-selective, as it is not possible to only reduce feeding of infected animals.

®The economic impacts reported were based on spending rather than net benefits. Economic impacts to cattle and
hunters due to wolf predation are also discussed, but the authors acknowledge a number of uncertainties and no for-
mal analysis was provided.

*The bioeconomic approach to the valuation of ecosystem services is also referred to as the dynamic production
function approach to economic valuation, which is an improvement over static approaches (Barbier, 2000).
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Therefore, reduced feeding is beneficial in terms of reducing infectious contacts and increasing mortality
rates of infected animals, but costly in terms of increasing mortality rates of healthy animals.

The returns or losses to ecological and knowledge investments, which vary over space and time, ul-
timately depend on how the populations are managed spatially over time (Barbier 2011). This means that
GYA wildlife and cattle management strategies at different points in time and space and for different pur-
poses are not independent.

2.2 Decision-Making Criteria

The expected economic outcomes associated with disease management depend on the specific man-
agement choices. These are not merely public policy choices, but the private responses to those choices. It
is therefore necessary to model private and public decision-making processes to predict and analyze be-
havioral responses to disease risks and other economic considerations.

Economic models generally assume decisions are made to maximize some private or public measure
of economic welfare. For instance, private individuals such as ranchers may be concerned about profits as
well as non-market benefits associated with their family’s quality of life and altruistic concerns about eco-
logical and societal outcomes. But even with altruistic concerns, ranchers and other private individuals
will generally be unwilling to incur significant costs for activities that benefit others. This means private
individuals will have insufficient incentives to invest in activities that largely benefit others (referred to as
generating positive externalities) (Baumol and Oates, 1988; Hanley et al., 1997). For instance, ranchers
are unlikely to adopt many biosecurity activities because the private costs outweigh the private benefits
(Roberts et al., 2012), even though the public benefits may outweigh the costs.

Given a model of how individuals make decisions in response to economic factors (including policy
variables) and ecological factors, it is possible to perform a simple cost-benefit analysis that analyzes the
expected welfare impacts of particular public policies. Specifically, such an analysis would involve pre-
dicting the dynamic economic and ecological feedback responses to a particular, pre-defined policy sce-
nario in order to predict the expected short- and long-term economic impacts to the various stakeholder
groups. Simple cost-benefit analyses that have been performed for the GYA generally focus on a subset
of the system, such as impacts to one or few stakeholder groups, and may not fully incorporate dynamic
feedback responses. Examples include analyses of discrete scenarios (in static settings) of the expected
net benefits of elk management (Boroff et al., 2016) and the unintended consequences on elk hunting
(Kauffman et al., 2012).%°

A more sophisticated cost-benefit analysis evaluates economic-ecological tradeoffs to determine the
most desirable management strategies according to some socially relevant criterion. Specifically, public
agencies’ objectives may reflect a variety of considerations based on what the public wants, as reflected
by some public preferences over the distribution of costs and benefits among various stakeholder groups
(Rausser, 1982; Gardner, 1987; Mueller, 1989; Rausser and Foster, 1991).

19A break-even analysis was conducted for various discrete scenarios involving various on-farm risk management
practices. This includes hazing of elk, fencing all haystacks, spaying 100 heifer calves each year, adult booster vac-
cination, feeding cattle only 1 day’s worth of hay each day (rather than leaving 2 days’ worth on the ground) in the
winter, hiring a rider to prevent cattle-elk contacts by riding through cattle herds for 4 hours per day for 6 months,
and delaying grazing on public lands by 1 month (Roberts et al., 2012). That study specifically determined the min-
imum level of practice effectiveness that makes each scenario profitable. The analysis provides insights into relative
costs of various practices. However, as the breakeven point yields no net benefits, the analysis does not indicate the
cost-effectiveness of each scenario. The cost-effective allocation of practices would minimize the costs of attaining a
particular level of risk reduction, given current densities of infected elk. Such an analysis would require abandoning
the focus on discrete scenarios limits and would instead determine the optimal level of effort applied to each practice
(e.g., determining the percentage of young heifers to spay, the number of days to delaying grazing, the time allocat-
ed to hazing and riding through herds, etc.).
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Economic efficiency provides a benchmark in guiding public policy, as an efficient strategy
is expected to allocate economic resources to the most socially valued uses based on the costs and bene-
fits. Specifically, an efficient strategy is determined by asking whether each dollar to be invested in a par-
ticular disease control action is expected to provide net social gains. If so, then the investment would be
made and the same question would be asked about the next dollar, as well as for all other potential man-
agement options. Efficiency is attained when no more gains are expected to arise from investments in any
action, including planned future investments. The result is that the set of actions planned to be taken now
and in the future will maximize the expected present value of current and future economic net benefits to
society.

Computationally, the efficient strategy can be identified using the optimization approach of stochas-
tic dynamic programming to address dynamic considerations as well as uncertainty about the dynamic
processes that generate future states (e.g., Leung et al., 2002). The approach will involve partially observ-
able Markov process models of disease ecology when there is also uncertainty about current states (e.g.,
Springborn and Sanchirico, 2013; MacLachlan et al., 2017). Optimal strategies are updated as new infor-
mation emerges to better quantify uncertainties. The process ideally takes learning into consideration; the
expected benefits of actively perturbing the natural system to yield valuable information for improving
future management are an explicit consideration when choosing among alternative actions and the levels
of these actions (Grafton and Kompas, 2005; Springborn and Sanchirico, 2013). The bioeconomic ap-
proach therefore brings economics to bear on adaptive management in ways that differ from recent
analyses of adaptive management for the GYA (e.g., Hobbs et al., 2015), but that are still consistent with
Walters’ (1986) definition of active adaptive management. As efficient strategies are identified, the bio-
economic approach simultaneously estimates the economic values of these actions as well as the ecologi-
cal impacts, with these predictions also being updated annually.

The efficiency criterion does not directly deal with how to equitably distribute benefits across vari-
ous stakeholder groups, but it does determine the level of benefits that can be distributed. Importantly, by
maximizing expected net benefits to society, the efficient strategy prevents wasteful use of resources so
that, in principle, more benefits can be had by all. The concept of equity is dependent on value judgments,
which are often political decisions left in the realm for decision makers to decide (Just et al., 1982). How-
ever, cost-benefit analysis based on efficiency considerations can be used to inform decision makers on
the equity implications of various policy approaches.'

Decision criteria defined solely in terms of expected economic outcomes (e.g., efficiency or maxim-
izing an objective that differentially weights the welfare of different stakeholder groups) give policy mak-
ers considerable flexibility in selecting a management strategy. But sometimes agencies also have ecolog-
ical objectives in addition to economic objectives. For instance, brucellosis disease eradication has been a
focus of the Cooperative State-Federal Brucellosis Eradication Program (USDA-APHIS, 2012) and the
former Greater Yellowstone Interagency Brucellosis Committee, and addressed in the disease ecology
literature (Roberts and Heesterbeek, 2003). While eradication is not the stated objective of the IBMP
(2015), the Interagency Bison Management Plan (IBMP) does state “these management actions demon-
strate a long-term commitment ... towards the eventual elimination of brucellosis in free ranging bison in
Yellowstone National Park” (USDOI/USDA, 2000).

More than one set of policy tools (e.g., taxes, subsidies, regulations) are capable of promoting efficiency, with
each approach generating different distributions of economic welfare among the various stakeholder groups. In theo-
ry, these distributions can be fine-tuned using non-distortionary policies (i.e., lump sum taxes or payments) that do
not cause individuals to deviate from the efficient choices. However, welfare economics suggests that non-
distortionary inter- and intra-generational transfers to achieve distributional objectives will not always be feasible,
and suggests consideration for both efficiency and distributional effects in optimal policy design (e.g., Gardner,
1987; Stiglitz, 1987). Even so, efficiency remains a desirable benchmark from which to evaluate these other objec-
tives, as all stakeholders can benefit when the same distributional objectives are achieved more efficiently. Because
of this, the committee focuses on efficiency but notes that in some instances, the economic objective may include
distributional considerations.
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Efforts can be made to cost-effectively achieve eradication (i.e., achieving the ecological objective
at minimum cost to society), so that both economic and ecological objectives are addressed. However, if
eradication is not efficient, then pursuing this objective will waste resources relative to how it could have
been spent to more efficiently to manage the problem (Fenichel et al., 2010).'? Imposing a specific eco-
logical objective (such as eradication) that would not be satisfied under the efficient strategy implies that
policymakers—and by extension, taxpayers—are willing to spend whatever will be required to achieve
the ecological objective, regardless of the cost or benefit. This is akin to committing to purchase a product
prior to knowing its price or its value.

3. ECONOMIC EFFICIENCY IN A DYNAMIC, COUPLED SYSTEM

A Dbrucellosis management strategy is efficient when the expected marginal benefits and expected
marginal costs of each action are equated, where costs and benefits reflect the dynamic impacts to the
coupled system (Clark, 2005)." It is insufficient to simply consider the disease control impacts of the al-
ternative disease control actions; the marginal costs and benefits associated with other impacts also need
to be considered. For example, elk hunting can be implemented at a cost (e.g., travel, outfitting and time
costs) to reduce transmission via reduced elk densities, thereby reducing disease liabilities (a benefit);
however, hunting also involves several longer-run (intertemporal) costs associated with removing an ani-
mal: the animal is no longer available for future use and enjoyment, or for reproduction (an ecosystem
service). As epidemiological risks differ over time and across the GYA, so do the costs and benefits of
certain actions. This means the various management actions will need to be targeted across space and
time. Other things being equal, it is efficient to implement more disease control efforts in areas or across
time periods with low expected marginal costs and large expected marginal benefits.

Undertaking multiple actions generally promotes an efficient reduction in risks, in part due to the
principle of diminishing marginal returns. This principle indicates that as more effort is applied to a par-
ticular activity, the marginal net benefits generally diminish (Varian, 1993). For instance, hunting to re-
duce elk densities may initially be an efficient approach for reducing elk transmission risk due to the sig-
nificant reduction in risk for each extra unit of hunting. However, as hunting efforts are expanded to
further reduce risks, the additional net gains become smaller and this approach most likely becomes less
attractive relative to alternative efforts such as reduced feeding. At some point, it becomes more econom-
ic to expand disease control investments to include additional activities, even if those other activities were
initially less preferable. Thus efficiency is enhanced when each additional dollar spent on disease control
is applied to the activity that yields the greatest additional or marginal expected net benefits.

The epidemiological benefits from undertaking multiple actions to reduce disease transmission can
be characterized by impacts to disease management thresholds, commonly used by disease ecologists to
inform management (Roberts and Heesterbeek, 2003). A disease management threshold is a population
threshold associated with a single management action to reduce disease prevalence. For instance, a vac-
cination threshold represents the minimum percentage of the herd that needs to be vaccinated to reduce
prevalence (Roberts and Heesterbeek, 2002). Alternatively, a host-density threshold defines the threshold
animal density that will need to be attained via harvesting before prevalence starts to decline (Heesterbeek
and Roberts, 1995). It may be expensive to alter populations to satisfy a fixed threshold condition. How-

Eradication is only efficient if the additional benefits of eliminating the last infected animal exceed the addi-
tional costs (e.g., Mclnerney et al., 1992). This may not be possible if there is inter-species transmission (Bicknell et
al., 1999) or reintroduction risks (Horan and Fenichel, 2007). Perhaps recognizing this, the National Bovine Brucel-
losis Surveillance Plan “reflects the shift in goals from disease eradication to detection of re-emergence and demon-
strating disease-free status of U.S. domestic cattle and bison herd” (USDA-APHIS, 2012, p. 21).

BEfficiency simply assumes the regulatory agency places equal weights on the welfare accruing to the various
stakeholder groups. Suppose instead that the agency places unequal weights on these welfare measures. In that case,
marginal costs and benefits associated with each stakeholder group are simply weighted to become marginal politi-
cal costs and benefits. The qualitative results described are largely unaffected by this difference, but the quantitative
results would differ.
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ever, disease management thresholds may not be fixed. Undertaking additional actions may make it pos-
sible to shift a threshold in a manner such that the threshold condition becomes less stringent and hence
less costly to satisfy. That is, one action may be seen as an investment in reducing the threshold associat-
ed with other actions. For instance, altering supplemental feeding practices to reduce transmission risks
will generally shift the vaccination and host-density thresholds so that fewer vaccination and harvesting
efforts are required to reduce prevalence (Fenichel and Horan, 2007b). Thresholds associated with one
ecological variable can also change over time in response to changes in other ecological variables, partic-
ularly in spatial, multi-species systems such as the GYA. For instance, current efforts to reduce brucello-
sis transmission within one elk herd may improve future brucellosis thresholds in neighboring elk and
bison herds. This means managers can take steps now to effectively invest in reducing future threshold
values (Fenichel et al., 2010). The bioeconomic approach therefore involves managing both populations
and thresholds through combinations of investments based on an evaluation of the associated costs and
benefits.

Just as it is efficient to target multiple actions, it is also efficient to target economic risks at multiple
levels (Baumol and Oates, 1988). Economic risk, which involves both infection probabilities and the eco-
nomic outcomes of infection, can be managed by targeting efforts toward risk mitigation and adaptation
(Perrings, 2005). Considering wildlife to be the source of brucellosis risk to domestic cattle and bison,
risk mitigation involves reducing disease transmission among wildlife and potential exposure of healthy
cattle to infection. Adaptation in this setting involves reducing expected economic impacts arising once
domestic animals in the disease surveillance area (DSA) become infected, which could include reducing
both DSA losses and the likelihood infected cattle are moved outside the DSA (thereby reducing expected
cattle losses outside the DSA). Efficiency generally requires a combination of mitigation and adaptation
efforts that are chosen based on the marginal benefits and marginal costs of each activity (Perrings, 2005).

3.1 Risk Mitigation for Wildlife Populations

Mitigating brucellosis in wildlife involves choosing which species to target and which controls to
use, and these choices may vary by location and over time. The quantitative analysis required to make
these choices has not yet been developed; the committee therefore proceeds with only a qualitative dis-
cussion. Elk are currently recognized as the primary source of recent brucellosis infections in cattle
(USFWS and NPS, 2007). This suggests that the largest expected marginal gains might initially come
from targeting elk, although this does not mean bison populations can be ignored; it would likely be effi-
cient to direct some efforts at bison populations that generate risks.

Disease control measures that are better targeted at reducing disease transmission tend to be more
effective, yielding greater marginal benefits while also generating fewer adverse and costly ecological
impacts. Examples of actions that selectively target brucellosis transmission in elk include vaccination,
fetus removal, and test and removal (others are discussed elsewhere in Chapters 7 and 10). Vaccination
has long been viewed as the holy grail of elk brucellosis management, but an effective vaccine for elk
does not yet exist and may not exist for some time (USFW and NPS, 2007; Maichak et al., 2017). Other
actions that selectively target transmission show promise, but the associated direct costs might be exces-
sive. Removing fetuses quickly after an abortion event is likely to be costly except at areas of high animal
concentration (such as feedgrounds, where this activity may represent an effective and low-cost option).
Test and removal of wildlife is also potentially costly, although it would be less so in areas of high animal
densities (e.g., elk feedgrounds and where bison exit YNP for the winter). The WBCT (2005)
recommended a pilot project targeting test-and-removal efforts to high-risk female elk, but this strategy
was not adopted (USFWS and NPS, 2007; NER and USFWS, 2014). Test and removal of elk on feed-
grounds was estimated to be extremely costly relative to elk vaccination and low-density feeding (Boroff
et al., 2016).

Alternative supplemental feeding practices can be adopted to reduce elk densities (low-density feed-
ing that spreads out feed over a larger area) or to reduce the likelihood of contacting an aborted fetus (ele-
vated feeding). These practices are targeted in the sense that they directly affect transmission without ad-

138



Economic Issues in Managing Brucellosis

versely affecting heathy animals. Low-density feeding costs may be of similar or slightly greater magni-
tude as vaccination costs (Boroff et al., 2016). However, as low-density feeding is more effective than
vaccination, it is likely that low-density feeding costs less although no cost information was available for
elevated feeding (Boroff et al., 2016)."

Highly targeted approaches tend to be costly. The greater the overall marginal costs of highly target-
ed approaches relative to the expected marginal benefits, the more desirable it may become to adopt an
imperfectly targeted approach, such as reduced supplemental feeding and increased harvesting and hunt-
ing activities. These activities are imperfectly targeted because they are non-selective as they impact both
infected and non-infected animals without regard to an animal’s health status. Since non-selective actions
adversely impact healthy animals more when prevalence is low, these measures are more likely to gener-
ate ancillary costs that go beyond the direct expenditures for these actions. These measures are also im-
perfectly targeted in a spatial sense, as control efforts in one area may spur herd movements that adverse-
ly affect infection risks.

Reducing Supplemental Feeding

Feedgrounds probably support a larger elk population by reducing winter mortality for elk, but they
also increase disease transmission among elk by encouraging elk to congregate. Reducing supplemental
feeding is therefore likely to reduce elk seroprevalence over time, thereby generating disease control ben-
efits. However, as supplemental feeding (as well as other changes in land use) affect infected and healthy
animals non-selectively, reduced feeding may adversely impact those who value larger elk populations,
such as hunters and wildlife viewers. In contrast, conservationists might value reduced feeding because it
implies more natural herds, even though they are of smaller magnitude.

A reduction in supplemental feeding at a particular location also has non-targeted spatial implica-
tions, as herd movement in response to reduced feeding may generate new risks. Specifically, supple-
mental feeding benefits ranchers by encouraging elk to stay away from ranches and susceptible cattle.
This latter effect reduces disease exposure to cattle, as elk substitute one habitat (feedgrounds) for another
(private ranches). Thus, a reduction in supplemental feeding poses significant short-term risk to cattle due
to the potential increase in exposure as more elk move onto private ranches. But reducing supplemental
feeding may create longer-term benefits of reduced transmission, stemming from fewer and less dense elk
populations. The efficiency of reducing the magnitude of feeding operations depends on whether the
long-term benefits outweigh the short-term costs.

Current strategies recommend continuing supplemental feeding in the near term to reduce exposure
to cattle while also investing in native forage so that supplemental feeding can eventually be reduced
(USFWS and NPS, 2007; NER and USFWS, 2014). Prior bioeconomic analysis on supplemental feeding
in non-spatial settings has found optimal feeding levels to vary inversely to local disease risks, with peri-
odic (not permanent) cessation of feeding for sufficiently high-risk periods (Fenichel and Horan, 2007b;
Horan et al., 2008). These results imply that permanently closing all GYA feedgrounds, as some have
suggested, may be inefficient.

Population Controls

Reducing population levels within high-prevalence herds could reduce the potential for infectious
contacts with cattle, simply because there would be fewer wildlife present. A sufficient reduction in den-

YBoroff and colleagues (2016) conducted an analysis that compares some costs and benefits of various elk man-
agement practices on feedgrounds. However, care should be taken not to attribute any efficiency consequences to
their results. That analysis is not based on a model of a dynamic coupled system, and only some costs (direct costs
of the management practice) and benefits (reduced impacts to cattle producers) are considered. Moreover, the pre-
ferred strategy is not determined from a marginal analysis, but rather stems from comparing the total net benefits of
several pre-determined scenarios.
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sity can also lower disease prevalence by reducing infectious contacts among wildlife, but only if disease
transmission is density dependent—as is the case for elk but not bison. As previously discussed, non-
selective population controls imply economic impacts beyond disease control.

The efficiency of population controls is increased via spatial targeting to address brucellosis trans-
mission within high-risk populations and from these populations to cattle. For instance, spatial control
may influence elk densities on public grazing areas or the number of elk seeking refuge from hunting on
private lands where hunting is not allowed. The latter is a growing concern given the growth in privately-
owned land in the GYA (Schumaker et al., 2012). Spatial controls may also reduce the risks of disease
spread. For instance, northern movement of bison out of YNP is density dependent; reducing herd density
can reduce the amount of migration and the distance travelled. ElIk and bison populations in YNP are
managed spatially, but for reasons other than disease control (USFWS and NPR, 2007; NER and
USFWS, 2014). This is despite the Wyoming Brucellosis Coordination Team recommending that bison
population controls be based on disease prevalence (WBCT, 2005).

Managing Risk Outside the Designated Surveillance Areas

An important spatial consideration is the efficient allocation of risk mitigation efforts toward manag-
ing risks within the current DSA versus preventing expansion of the DSA (e.g., by reducing elk densities
along the DSA border and in neighboring areas). Prior work on invasive species management suggests
that, at the margin, it may be efficient to invest more in preventing expansion than in reducing current
risks (Leung et al., 2002). While quantitative analysis would be required to confirm this for the GYA, it
would be useful to ask whether one more infected ranch within the current DSA is likely to be more or
less costly than an infected ranch outside of the DSA. Intuition suggests that once mitigation and adapta-
tion efforts are already in place to address risks inside the DSA, an additional infected ranch is unlikely to
be as costly as a similar ranch outside the current DSA where no adaptation mechanisms are in place.
This could be particularly true if a larger infected area becomes increasingly difficult to manage and sig-
nificantly increases the likelihood of broader-scale trade sanctions, which is a major concern (USDA-
APHIS, 2012).

Benefits Beyond Cattle Protection

Although cattle are the major concern, there are benefits to protecting other species from brucellosis.
Protecting elk and bison from brucellosis could generate significant benefits to the extent that this protec-
tion enhances ecological productivity or would be valued by hunters, wildlife viewers, and conservation-
ists (e.g., Horan and Melstrom, 2011). Reducing prevalence among bison might generate larger marginal
values simply because bison are less abundant than elk and are considered an important symbol of the
American west. Measures taken to protect wildlife from brucellosis may also generate benefits that go
beyond the current brucellosis problem. For instance, reducing animal contact rates to reduce the spread
of brucellosis may also protect against other potential diseases, such as chronic wasting disease (CWD) in
elk. Efforts to improve the overall health of elk and bison herds may also make these animals more resili-
ent to other current and future impacts (e.g., climate change and other diseases).

3.2 Risk Mitigation by Ranchers

Risk mitigation efforts are not confined to wildlife populations; efforts can also be undertaken on
ranches to mitigate risks that wildlife pose to cattle. These efforts involve preventing infectious contacts
from wildlife to cattle, either by reducing exposure of cattle to potentially infectious wildlife or by reduc-
ing susceptibility of cattle to infection. Efficient brucellosis mitigation on GYA ranches involves choos-
ing which controls to use, recognizing that these choices may vary by location and over time. As with
mitigation efforts targeted at wildlife, it will likely be efficient to adopt a suite of controls, including ef-
forts to reduce both exposure and susceptibility (Roberts et al., 2012), and to vary these controls spatially
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and temporally based on risks. The quantitative analysis required to make these choices has not yet been
developed, therefore the committee provides only a qualitative discussion.

Vaccination is the only method for reducing susceptibility. Vaccines are significantly more effective
in cattle than in wildlife, although they are still imperfect and a relatively costly business expense for
ranchers who operate in highly competitive cattle markets. Producers will not provide booster vaccination
of adult cattle unless this is subsidized (Roberts et al., 2012). But even then, existing vaccines may not be
an economical first line of defense, due to the relatively high cost and limited effectiveness as compared
to other approaches (Roberts et al., 2012).

Exposure of cattle to wildlife risks may be reduced by a variety of biosecurity actions, including
hazing of elk, fencing haystacks, spaying heifer calves, modified winter feeding schedules for cattle, rid-
ing through cattle herds to prevent cattle-elk contacts, and delaying grazing on public lands. A break-even
analysis of these practices was conducted for GY A ranches to provide insight into practices that are likely
to be more expensive (Roberts et al., 2012), although care should be taken not to attribute any efficiency
consequences to these results.”® Hazing of elk and fencing haystacks are likely to be the cheapest ap-
proaches, followed by vaccination and a modified winter feeding schedule (Roberts et al., 2012). In con-
trast, delayed grazing appears to be the most expensive approach (Roberts et al., 2012). This ranking of
alternatives only includes direct expenditures. However, as some ranchers have outfitting businesses that
benefit from the presence of elk, there may be additional costs associated with biosecurity practices, such
as hazing and fencing haystacks, that limit elk densities on ranches.

It is inappropriate to compare one study on the costs of elk risk mitigation efforts (Boroff et al.,
2016) with another study on the costs of cattle risk mitigation efforts (Roberts et al., 2012) because the
actions are implemented at different scales and produce very different types of benefits. There may be
reasons why actions under either approach may be desirable. For instance, mitigation efforts targeted at
wildlife may protect more cattle herds than on-farm biosecurity efforts, which may only protect a single
herd. On-farm biosecurity efforts have the benefit of being a more direct, and therefore potentially more
effective, means of protecting cattle, and they likely result in fewer tradeoffs with hunting, wildlife view-
ing, and conservation than measures targeting wildlife disease transmission. However, the large geo-
graphic sizes of ranches in the GY A and the large herd sizes on these ranches could reduce the efficiency
of biosecurity practices (Hennessy, 2007a,b).

Risk mitigation efforts can also be undertaken on GYA ranches to reduce the risk of brucellosis
spreading across GYA cattle herds, in the case that one or more herds become infected (for example,
keeping cattle separated in grazing areas and along fence-lines). The committee is not aware of any eco-
nomic analysis of this issue for the GYA.

It is worth emphasizing that spatially-differentiated on-farm mitigation efforts are likely to be effi-
cient because the GYA is ecologically and economically heterogeneous. For instance, ranch location may
affect the efficiency of biosecurity, as epidemiological risks differ across the GYA. Also, ranch location
and herd size play a role in determining grazing decisions. Larger herds will be more expensive to move
long distances, and are likely to be at greater risk on any given allotment than smaller herds due to more
opportunities for infectious contacts with aborted fetal material. Herd size and ranch location thus factor
into tradeoffs involving the travel costs and risks of different grazing opportunities.

Roberts and colleagues (2012) investigate a number of scenarios involving fixed, pre-determined effort levels
applied to various practices. Their break-even analysis illustrates when a producer might find a particular scenario to
be worthwhile (i.e., to yield positive net benefits to the producer), which is quite different from a marginal analysis
that aims to identify an efficient mix of efforts (i.e., to yield maximum net benefits to society). Their analysis is also
not based on a model of a dynamic coupled system involving spatially heterogeneous risks, for which a one-size-
fits-all approach is unlikely to apply.
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3.3 Risk Adaptation by Ranchers

Economic risks to the cattle sector can also be reduced via adaptation—that is, by reducing any eco-
nomic losses that are likely to arise if a herd becomes infected. There can be no risk to cattle if infection
does not generate economic losses. Reducing brucellosis-related costs may not only benefit the cattle in-
dustry: with fewer economic damages from brucellosis, there will be less of a need to manage brucellosis
in the wild. This means the stringency of brucellosis controls for wildlife could be reduced relative to the
case of no adaptation, at least for the interior of the GYA, thereby generating additional cost savings.
More specifically, with fewer risks to GYA cattle, it would be relatively more efficient to target wildlife
to prevent the spatial spread of the disease (i.e., prevent the expansion of the DSA) rather than protect
producers in the current DSA.

Compensation schemes that reimburse ranchers for losses are not adaptation mechanisms. Compen-
sation simply involves shifting the risk from one stakeholder group (ranchers) to another (the public sec-
tor, or taxpayers), while not actually reducing the level of risk facing society. Compensation programs can
actually increase risks in some instances (see Chapter 7 and section 4.2 of this chapter).

One adaptation approach for reducing brucellosis-related losses is to alter the market(s) in which
producers participate. Currently, the predominant cattle operation in the GYA is the cow-calf-yearling
operation (Ruff et al., 2016), which involves maintaining a breeding herd that faces continual brucellosis
risks. An alternative to this is a stocker operation that purchases weaned calves and grazes them before
selling them to a feedlot. Stocker operations do not involve a breeding herd, and so they would be free of
brucellosis risks once they have fully transitioned to the new operation. However, stocker operations are
more costly to run in the DSA relative to the Midwest, putting DSA stocker operations at a competitive
disadvantage. Increased costs stem from the harsh GYA climate and a comparative lack of corn, water,
and other key resources more readily available in the Midwest, along with excess feedlot and slaughter
capacity in the Midwest (Allen, 2014; Meatingplace, 2014). The lack of packing and processing sector
infrastructure (e.g., slaughterhouses) necessary to produce finished beef products in the GYA means that
large finished animals would have to be shipped far from the GYA for processing, which is more expen-
sive than the current practice of shipping younger and lighter cattle. The construction of a local slaughter-
house facility would reduce transportation costs, but not finishing costs.

GYA ranchers would face greater financial risks under a stocker operation, but these could be offset
by reduced brucellosis risks (Ruff et al., 2014, 2016). Ranchers with a sufficiently large rate of time pref-
erence, or discount rate, might find it privately optimal to switch to a stocker operation (Ruff et al., 2014,
2016), but this only takes private market costs and benefits into account. Private non-market values are
also relevant and could impact the decision in either direction.'® If external social benefits of reduced bru-
cellosis risk are also taken into account, then it might be efficient for many producers to switch to a stock-
er operation. In this case, such a transition might have to be incentivized via subsidy.

For some locations, it also makes sense to consider an alternative land use that does not involve cat-
tle. The land use with the greatest expected social net benefits (taking into consideration any non-market
values for ranchers to remain in the cattle industry) ought to be encouraged, perhaps through an incentive
program. In any case, it would not be surprising for a quantitative analysis to indicate that having fewer
cow/calf operations is likely to be efficient. This type of finding is broadly applicable to environmental
risk-management problems (Baumol and Oates, 1988).

Another proposed way to alter the market(s) in which producers participate would be to develop lo-
cal markets that would pay a premium for GYA beef. Such an approach is seen as a way of increasing
profitability and enabling traditional cattle operations to stay within the GYA. Research on locational
branding (Tonsor et al., 2013) finds that U.S. consumers may be unwilling to pay extra for beef produced
in the United States relative to other parts of North America, but it is unknown whether visitors to the
GYA might be willing to pay more for GYA beef. An alternative branding option might be to promote

1%For instance, altruistic/conservationist values could lead ranchers to switch to a stocker operation in order to
help reduce brucellosis risks, whereas heritage values might have the opposite effect.
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local beef as improving GY A sustainability. Regardless of how branding might be developed, it is unclear
whether local demand would be sufficient to support GYA producers.

A second approach to reducing brucellosis-related losses is to ensure that cattle markets do not over-
ly penalize non-infected GYA herds when one or a few GYA herds become infected. For instance, there
have been recent calls elsewhere for relaxing costly trade restrictions in response to infectious livestock
disease, while adopting scientifically sound risk management approaches (ECCFMD, 2011; MDARD,
2011; DEFRA, 2014). One potentially efficient approach is to improve signaling about herd health—
beyond individual testing—to facilitate trade while reducing movement risks (Hennessy et al., 2005;
Horan et al., 2015). Specifically, the concept of “risk-based trading” alerts importers of the exporting
herd’s health history and enables livestock trades within endemic areas, which would spur private risk-
management actions by buyers and sellers (DEFRA, 2014). The European Union’s Progressive Control
Pathway suggests a similar approach, including targeted movement controls that depend on how risks dif-
fer (probabilities of transmission; economic consequences of transmission) between and within infected
areas where movement might occur (ECCFMD, 2011).

3.4 Mitigating Risks to Importers of GYA Cattle

Risk mitigation and adaptation efforts can also be implemented by importers of GYA cattle. For in-
stance, risks to importers may be reduced by informing importers of herds’ health histories, testing ani-
mals prior to movement, requiring post-movement quarantines of animals from high-risk areas, and re-
stricting animal movements from certain high-risk areas. Current DSA regulations require a number of
these types of restrictions, although the economic efficiency of these requirements has not been examined.

4. PROMOTING PRIVATE DISEASE CONTROL EFFORTS

The bioeconomic decision framework can be used to identify desirable actions on both public and
private lands (where desirability is defined according to the agencies’ preferences over those of various
stakeholder groups). Agencies can implement many actions on public lands directly, such as supplemental
feeding for elk. However, policy mechanisms are generally required to promote an agency’s preferred
disease management strategies when private individuals are involved. This includes hunters on public and
private lands, and ranchers on private lands and public grazing areas—at least when these individuals
choose risk mitigation and adaptation strategies that are inconsistent with an agency’s preferred strategy.

The following policy design discussion is framed around two important simplifications to facilitate
understanding. First, policy development is described as if a single, coordinating agency were responsi-
ble. Agency coordination is a challenge, and is further discussed in section 4.3. Second, policy develop-
ment targets the objective of efficiency. As described earlier, agencies may have other objectives, and
various policy choices may affect distributional or equity outcomes that agencies might value.

4.1 The Need for Policy

Policies to promote risk mitigation and adaptation, collectively referred to as self-protection, may be
needed even if hunters and ranchers already have some incentives for these measures based on their per-
ceived benefits. For instance, hunters may choose to avoid high-prevalence elk herds rather than to en-
gage in efforts to reduce the densities of these herds. Similarly, while ranchers have strong incentives to
consider the private costs and benefits of self-protection, they will typically under-invest (relative to effi-
cient levels) in self-protection activities that generate positive benefits to others (Baumol and Oates, 1988;
Hanley et al., 1997). The private costs may outweigh the private benefits of many risk-management activ-
ities (Roberts et al., 2012), although these actions may also benefit society. The result of this under-
investment is greater risk and lower social economic welfare. Public policies can provide the required
impetus for ranchers to adopt more socially efficient levels of risk management.
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4.2 Policy Design Choices

Two questions need to be addressed in designing policies that encourage private individuals to en-
gage in a particular disease control strategy (Hanley et al., 1997; Shortle et al., 1998): first, what intended
actions or outcomes will serve as the basis or compliance measure for policy mechanisms; second, what
specific mechanisms will be used (e.g., economic incentives or a regulatory mandate, and the levels of
these mechanisms)?

First Design Choice: The Compliance Measure

A compliance measure is simply an indicator of when sufficient efforts have been applied to satisfy
a regulation, or when incentive payments are altered in response to change in efforts. Compliance
measures may be defined in terms of particular actions, such as herd vaccination rates, which may be set
by mandate or incentivized by subsidizing each unit (e.g., percentage) of the herd that is vaccinated. Al-
ternatively, compliance measures may be defined in terms of some measure of actual or expected perfor-
mance or outcome resulting from risk management actions. An example of an actual performance out-
come is the number of infected animals that are traced back to a particular ranch; a performance-based
policy in this situation might be a tax per infected animal that is traced back to the herd. An example of
expected performance is a modeled estimate of the probability a rancher’s herd becomes infected and then
spreads infection to other producers, conditional on the ranchers’ risk management actions; a perfor-
mance-based subsidy might reward producers for reducing this modeled probability. In the present con-
text, performance-based approaches are likely only relevant for ranchers, as it is difficult to imagine a
performance-based approach that may be usefully applied to hunters. Risk models would have to be de-
veloped to calculate how various practices can reduce transmission probabilities, and then made available
to individual ranchers so that they can determine the risk impacts of their choices. The need to develop
guantitative risk models does not need to be viewed as a drawback, because such models are already
needed as a basis for any sound risk-management strategy. There is precedent for using risk modeling to
implement performance-based approaches for other environmental problems where actual impacts are
difficult to measure, including modeled estimates of nonpoint source nutrient pollution from agricultural
fields (EPA, 2014) and the modeled probability that a ship introduces invasive species via its ballast water
discharge (Karaminas et al., 2000).

In theory, policies based on actions or performance can work for ranchers; but, in practice, there are
tradeoffs associated with implementation. A policy instrument based on a single observable action would
be the easiest to implement and could provide the clearest incentives because it is directly tied to a specif-
ic choice. However, many choices might have to be regulated or incentivized to produce the desired ef-
fect, and it may be difficult to ensure that each choice is properly regulated or incentivized, especially if
there are considerable uncertainties over the parameters used to determine regulation or incentive levels.
Errors in setting policy variables will result in individuals over- or under-investing in the various risk-
management actions, with these errors potentially becoming compounded when separate policy variables
are applied to many choices.

Basing policies on expected performance does not reduce monitoring requirements (as it remains
necessary to monitor the relevant choices that are provided as input into the predictive risk model), but it
does reduce the number of policy variables, potentially reducing administrative costs and compounding
errors. This approach is also advantageous because it gives private individuals the flexibility to decide
how best to carry out risk management activities. That is, a performance-based approach encourages indi-
viduals to improve their performance in the most efficient way possible by using their private knowledge
of the costs for making decisions. The drawback of this approach is that individuals may have difficulty
using the risk model to properly evaluate the impacts of their decisions.
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Second Design Choice: Specific Policy Mechanisms

The second design choice is determining the mechanisms for inducing behavioral changes. Regula-
tions (such as standards that limit risky behaviors) and economic incentives (such as taxes on risk-
increasing behaviors and subsidies on risk-reducing behaviors) are the primary options. Regulatory stand-
ards simply mandate particular behaviors or outcomes consistent with the agency’s preferred strategy. In
contrast, individuals facing incentives retain the flexibility to make their own decisions, although the in-
centives influence these decisions. Specifically, efficient tax or subsidy rates tied to an activity affecting
disease risks would be set equal to the expected external economic impacts of the activity in the efficient
outcome. These incentive rates then act as prices that cause individuals to consider the expected external
social costs or benefits associated with their choices (Baumol and Oates, 1988). Education programs can
play valuable supportive roles but improved knowledge about external benefits is generally inadequate to
induce sufficient adoption of costly actions (Ribaudo and Horan, 1999; Horan et al., 2001; Shortle et al.,
2012).

Grazing fees represent an example of incentives akin to a tax. Federal grazing fees are currently
applied uniformly across the landscape without regard to brucellosis risks (Rimbey and Torell, 2011). By
charging larger fees to access higher risk grazing allotments, this would discourage and reduce access to
higher risk areas while not eliminating this opportunity for ranchers who believe it would be profitable.
There is precedent to make grazing allotments dependent on disease risk, as the BLM has recently made
policy changes designed to separate bighorn and domestic sheep (BLM, 2016). Similar risk prevention
policies on USFS and BLM administered grazing lands could be effective by encouraging the separation
of cattle from elk during the period from late April through late June when most brucellosis-related abor-
tions in elk occur.

Subsidies are often used to positively encourage landowners to change production or land uses on
certain sites. For instance, subsidies could be used to encourage landowners to haze elk off their proper-
ties, to give hunters more access to private lands, or to implement their own wildlife population controls
on private lands. This issue is particularly important given the growth in privately-owned land in the
GYA where elk may seek refuge from hunting (Schumaker et al., 2012). Economic studies are needed to
explore what incentives would be required for landowners to participate in such disease control programs.
Certain high-risk, low-profit producers could also be subsidized to cover the costs of permanently switch-
ing to alternative livestock or land use activities that do not involve the risk of brucellosis. Another option
would be to buy out these producers, but that could be less beneficial to society than encouraging the land
to be placed in an alternative, productive use.

Regulatory standards applied to an activity make the most sense when it is in society’s best interest
to prohibit flexibility on the effort level applied to that activity (in contrast to pricing mechanisms, which
allow flexibility). A situation involving such an outcome is when the expected social benefits of a desira-
ble change in effort (e.g., applying less effort to a risk-increasing activity, or applying more effort to a
risk-reducing activity) always exceed the expected social costs of this change (Shortle and Abler, 1997).%
Examples involving risk-reducing efforts might include mandating efforts to prohibit contact among risky
animals, such as regulations for quarantining animals and for always hazing elk away from cattle herds.
An example involving a risk-increasing effort is to prohibit grazing in high-risk areas at high-risk times.
In the case of grazing, this would require only simple modifications to the regulatory approach of a fixed

’Such an outcome, which are referred to as a corner solution, involves a wedge between expected marginal so-
cial benefits and expected marginal social costs. This wedge means that even a small change in effort can be highly
costly. Therefore, if prices were to be applied in this setting, it might be in society’s best interest to set them large
enough that there would be little chance of producers deviating from the desired outcome. Note that the examples
provided in the text involve cases where producers can vary effort levels. There might also be somewhat extreme
cases where an activity is discretely defined, such that one either adopts a technology or does not (i.e., a particular
producer cannot choose a degree of adoption). Regulations, possibly in conjunction with a cost-sharing component,
might also be preferred in such situations to ensure the correct technology is chosen.
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entry date for federal grazing that currently makes no consideration of brucellosis risks (Rimbey and
Torell, 2011). Delaying access for grazing until after the elk birthing period would reduce risk.

Hunting permits represent a standard once the permits are distributed, although permit fees are
essentially an incentive-based pricing mechanism (a tax) that allocates permits according to individuals’
values for them. Optimally, permits (if distributed freely) or their prices would be defined spatially and
temporally to better manage spatial and temporal risks. Permit levels might be increased, or permit prices
decreased, in high-risk areas to encourage reductions in wildlife density. In cases where free distribution
of permits in high-risk areas might generate insufficient hunting pressure, hunters would have to be paid
to hunt or else resource managers would have to implement population controls directly.

Damage Compensation

To help ranchers endure disease risks, compensation for disease risks and income enhancement
mechanisms are often advocated (e.g., WBCT, 2005). These approaches deserve special mention because
they generally do not promote disease risk management and can instead generate perverse risk manage-
ment incentives. For instance, USDA’s livestock indemnification program pays ranchers the fair market
value of infected animals (Hoag et al., 2006; USDA-APHIS, 2016). This program may not fully compen-
sate ranchers for all costs (e.g., business interruption, feeding and care costs for animals, and loss of mar-
kets), but it does significantly reduce a producer’s losses. Fewer losses, combined with the fact that pro-
ducers may not have to take special preventive actions to qualify for these payments, means that
indemnities can reduce the expected costs of becoming infected. Consequently, ranchers have fewer in-
centives to protect their herds from infection (Hennessy et al., 2005; Muhammad and Jones, 2008;
Gramig and Horan, 2011), potentially resulting in many producers operating in a risky environment
(Baumol and Oates, 1988). Both of these features increase the overall disease risks to society and reduce
expected social welfare.

Indemnity programs can be modified to address this problem. For instance, indemnities could be
made contingent on adopting certain observable biosecurity practices (Reeling and Horan, 2015), or on
evidence of biosecurity measures being adopted (Gramig and Horan, 2011). An example of this concept is
USDA’s recent adjustments to Highly Pathogenic Avian Influenza indemnity payments to poultry pro-
ducers (USDA-APHIS, 2016). Such approaches force agents to bear some risk of losses who otherwise
would insufficiently invest in biosecurity, which ultimately incentivizes them to invest in mitigation. The
conditions for indemnification can also be developed so that their biosecurity investments protect others
in case their herd does become infected (Reeling and Horan, 2015).

Insurance programs to cover non-indemnified losses caused by disease are theoretically possible, but
currently do not exist (Grannis et al., 2004). Examples of related insurance programs include USDA’s
Livestock Risk Protection program (USDA, 2014) and USDA’s recently developed Rainfall Index Pas-
ture, Rangeland, Forage (PRF) pilot program (USDA, 2015). As with indemnities, insurance programs
could reduce ranchers’ risk management incentives unless payments or premiums are tied to producer
behavior. For instance, premiums might be subsidized for producers who provide evidence of investing in
self-protection to reduce brucellosis risks. While an insurance program holds merit conceptually, there are
a host of challenges and knowledge gaps. There will need to be sufficient interest by producers for such a
program to be viable, since premiums are required to fund payouts. Also, livestock producers often im-
plement fewer-than-expected risk management efforts despite extensive knowledge about the practices
(Goodwin and Schroeder, 1994; Pennings and Garcia, 2001; Wolf and Widmar, 2014). This may limit the
ability of program managers to modify insurance (and indemnity) programs to create risk-management
incentives. There are situations where insurance works well and when it does not (Goodwin and Smith,
2013; Reeling and Horan, 2015), and whether these mechanisms might work well in the GYA is an em-
pirical question that has yet to be addressed.
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Equity Considerations

Multiple mechanisms (taxes, subsidies, or regulations) may be capable of encouraging any particular
risk-management action, but the mechanisms differ in terms of their equity impacts—that is, how the
economic costs and benefits are distributed. For instance, subsidies involve private individuals being
compensated by taxpayers for reducing social risks. Standards and taxes require private individuals to pay
the costs of risk reduction activities (unless financial assistance is offered, in which case taxpayers share
the burden). Additionally, taxes require the risk-generating agents to pay more and are politically contro-
versial. However, taxes generate funds that could be used to offset the costs of other government activi-
ties, either now or in the future, to benefit current or future taxpayers. For instance, tax receipts could be
used to fund risk-management activities by various agencies, or they could be used to fund subsidy pro-
grams to further reduce risk. Tax receipts could also be used to reallocate welfare within the GYA in a
manner that is not tied to risk management—that is, as a lump sum payment not based on disease-related
costs (and therefore not a compensation scheme).

Multiple policy mechanisms could lead to the same efficient outcome while distributing economic
costs and benefits differently among stakeholders. This means that addressing equity concerns does not
necessarily have to come at the expense of economic efficiency. Initial attempts to address equity con-
cerns may therefore involve selecting the right combination of instruments. Further attempts to fine-tune
the distribution of economic outcomes among stakeholders might be pursued using lump sum transfer
payments that do not influence behaviors (e.g., redistributing a portion of grazing fees or hunting permit
fees to all ranchers, regardless of risk management decisions or infection outcomes). Once these two op-
tions have been exhausted, any further attempts to address equity concerns will have efficiency reducing
consequences.

4.3 Agency Coordination

Many agencies are involved in managing brucellosis in the GYA, with each agency having its own
mission and objectives along with its own stakeholder groups (e.g., NER and USFWS, 2014; IBMP,
2015). Even if all agencies agreed that efficient disease control is a desirable objective, agencies may be
unable to coordinate their efforts because each may have other objectives and interests that supersede the
level of effort and commitment needed to efficiently and effectively address brucellosis. A lack of coordi-
nation can result in limited efforts to manage brucellosis risks, as well as limited collection and sharing of
information that can improve opportunities for adaptive management.

One reason for coordination failure is that the agencies and associated stakeholder groups who gain
most from disease control (for example, USDA and ranchers) may not be the ones incurring the most
costs (for example, park and wildlife managers, hunters, conservationists, and park visitors). While it may
be possible to negotiate a limited degree of coordination in this setting, agencies are unlikely to commit
significant resources of their own or of their stakeholders when the benefits largely accrue to others. Pro-
moting broader and more intensive coordination will generally require mechanisms that transfer wealth
from agencies and stakeholders who gain from disease control to the agencies and stakeholders who bear
the costs from disease control (Ostrom, 1990). Such an institutional arrangement would appear quite dif-
ferent than current collaborative approaches. For instance, the IBMP represents a collaborative strategy
for bison negotiated by agencies with different incentives, with the execution and costs dependent on each
agency, rather than determined by a single organization considering the best interests of society as a
whole. Devising mechanisms to share costs and benefits in ways that promote agency coordination is a
major topic when developing international environmental agreements (especially those dealing with cli-
mate change [Barrett, 2003]) and when developing international defensive collaborations (such as NATO
[Sandler, 1977]), and those lessons from other areas could be valuable for promoting coordination among
agencies when equity appears to be a concern. In an adaptive management framework, opportunities for
coordination are likely to be enhanced when wealth transfers are based on performance outcomes (e.g.,
reduced elk prevalence in an area) rather than on action-based outcomes (e.g., percent of elk vaccinated in
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the area) that may appear good in principle but may not produce the desired effect. It will be hard to sus-
tain coordination if the coordinated strategy does not sufficiently improve the situation.

5. SUMMARY

Managing brucellosis in the GYA is unlikely to yield significant improvements unless the complex
social dimensions of the problem are addressed. This will require evaluating tradeoffs associated with
many disparate interests, promoting cooperation among various regulatory agencies who oversee different
facets of the GYA system, and using monetary and other resources wisely to reduce risks. This may in-
volve altering the behaviors of individuals who interact with wildlife and livestock.

An economic valuation can be used to quantify the concerns of GYA stakeholders. A bioeconomic
framework that treats the GYA as a coupled ecological-socioeconomic system can then be used to com-
pute broadly defined, long-term costs and benefits associated with proposed brucellosis management
strategies. This sort of simple cost-benefit analysis can help to evaluate proposed strategies. However, the
power of the bioeconomic framework lies in its ability to be applied in a decision-making context to con-
struct socially desirable strategies. In particular, a bioeconomic decision-making framework can help to
identify economically efficient strategies that will generate the greatest net economic gains (benefits mi-
nus costs) to society as a whole, taking into account the many market and non-market values that our di-
verse society places on wildlife resources and cattle production both in the short- and long-run. Efficient
strategies are likely to involve a variety of control measures that may be applied differentially over space
and time to reflect variations in spatial-temporal risks, and that target several types of risks to varying de-
grees: disease transmission among wildlife, cattle exposure to wildlife risks, and economic risks both in
the GYA and beyond. Implementing disease control strategies requires coordination by a number of fed-
eral, state, and local agencies, which could be challenging because agencies and stakeholders who benefit
from disease control are unlikely to be the ones bearing the costs. Mechanisms for sharing costs and bene-
fits will be required for proper coordination and successful disease control.
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Remaining Gaps for Understanding and Controlling Brucellosis

1. INTRODUCTION

Critical knowledge gaps remain that limit understanding, detecting, and preventing the transmission
of B. abortus in the Greater Yellowstone Area. Research to fill those knowledge gaps is needed in disease
ecology, economics, immunology, vaccines and their delivery mechanisms, animal and pathogen ge-
nomics, and diagnostics. Research funding and expertise will need to be expanded to include other disci-
plines (such as disease ecology and epidemiology) for addressing gaps in the immediate term while also
examining immunology, vaccines, and genomics for applications that would address gaps over the longer
term. In this chapter, the committee provides an overview of some of the remaining gaps and research
areas to pursue.

2. DISEASE ECOLOGY

Due to agency and jurisdictional boundaries and different mandates, there have been no major anal-
yses of the epidemic across the tri-state region of Idaho, Montana, and Wyoming. A major analysis is re-
quired to better understand the factors that are potentially driving the spatial spread of the disease in some
regions but not others. A tri-state approach may aid in understanding the roles of land-use and predation
on brucellosis in elk as well as the potential for transmission from elk to cattle and bison (both domestic
and wild). Understanding the past and modeling the future spatial dynamics of brucellosis in elk will also
require additional assessments of how elk populations are connected to one another.

Future land-use and changing human demographics in the Greater Yellowstone Area (GYA) are un-
derstudied and are likely to be important components of this system. From 1970-1999, the GYA has ex-
perienced a 58% increase in population and a 350% increase in exurban housing (Gude et al., 2006).
These developments are disproportionately located on highly productive soils and lands close to water,
which are also important wildlife winter ranges throughout the GYA. Many of these newer homeowners
are less likely than previous owners to allow public hunting, and this has created areas where elk are dif-
ficult for hunters to access and are “out of administrative control” (Haggerty and Travis, 2006). Although
elk populations have declined within Yellowstone National Park (YNP), most of the surrounding elk pop-
ulations have been stable or increasing such that some are 5-9 times larger than they were in the 1970s
and 80s. Hunting license fees and the remittance of half of federal taxes on arms and ammunition (per the
Pittman-Robertson Act of 1937) are the primary source of support for most state game and fish agencies,
although the number of hunters has decreased in many regions (Winkler and Warnke, 2013; Schorr et al.,
2014). These factors have potentially created a dynamic that may be detrimental to wildlife winter ranges
across the GYA, and also limited the funds and management tools available to state wildlife agencies. The
relative proportion of ranchlands that turn-over from livestock production to subdivisions or amenity
owners that restrict hunting access is likely to be critical to the future ecological dynamics of wildlife
winter ranges in the GYA and is an important aspect for future research.

There are benefits and drawbacks for expanding the existing boundaries of the designated surveil-
lance areas (DSASs). Expanding the boundaries would expand the surveillance area and the increased scru-
tiny would decrease the likelihood that cattle may be infected outside the DSA and inadvertently moved
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to other regions and states, which could result in significant detection delays and expensive clean-up
campaigns. Boundary expansion would thus be a potentially beneficial option for nationwide protection.
However, DSA expansion would increase testing and management costs for state agencies and stigmatize
some ranchers within the DSA which are at a relatively low risk. Current boundaries are primarily based
on judgement rather than quantitative optimization and are established independently by each state. To
date, there has been no assessment of the risks of cattle being infected outside of DSAs. To determine the
best way to draw DSA boundaries, a gquantitative risk assessment could be used that combines infor-
mation on elk densities, seroprevalence, and cattle locations.

It is unknown how unfed elk populations can maintain brucellosis at seroprevalence levels that are
similar to or exceed those of elk on the supplemental feedgrounds in Wyoming. Scavengers may play a
role by removing infectious fetuses from the landscape, and scavenging rates appear to be faster on sup-
plemental feedgrounds than elsewhere. To determine if scavenging is an important factor in reducing cat-
tle risk of infection or elk to elk transmission, studies need to be conducted on the potential negative ef-
fects of coyote control efforts by the U.S. Department of Agriculture (USDA) Wildlife Services as well as
the lack of any hunting regulations on coyotes in any of the three GY A states.

Host-parasite systems are almost never isolated, and the amount of cross-species transmission that
occurs between elk and bison is unknown. Recent estimates only provide the number of transition events
for the currently available isolates rather than estimating actual transmission rates per unit time in differ-
ent locations (Kamath et al., 2016). This level of resolution is difficult to achieve and is unavailable for
any wildlife system. It is an important area for future research that could be addressed by combining dis-
ease dynamic models into the phylogenetic framework (Stadler et al., 2014). In addition, little work has
been done on the potential effects of other pathogens on brucellosis dynamics (Hines et al., 2007; Ezenwa
and Jolles, 2015).

Serological tests are one of the best ways available to monitor population-level trends of brucellosis
in wildlife species. Sample collection kits have been given to hunters in ldaho, Montana, and Wyoming.
Combined with research-related captures, information from those kits provide more complete data from a
broad region. Older wildlife individuals are generally more likely to test positive on serological assays
due to having a longer timespan for potential exposures to occur and for detectable antibody levels to de-
velop after exposure. Extreme shifts in elk age distributions could be responsible for an approximate dou-
bling in the raw seroprevalence (Cross et al., 2007). Serological assays differ in sensitivity and specificity,
and therefore seroprevalence data need to be standardized to account for potential age and assay effects
prior to comparisons across regions and time spans. Epidemiologists have traditionally addressed this is-
sue by statistically estimating the effects of age, sex, and other heterogeneities, and then standardized
rates to a common population before representing spatial variation (Ahmad et al., 2001; Osnas et al.,
2009). Standardization by age, sex, or assay has not yet occurred across the GY A dataset, and there are no
strong predictors of why one ranch may be more likely to be infected than another in the same general
area. Case-control studies as well as fine scale risk assessments evaluating elk space-use data may help to
assess the efficacy of different biosecurity measures.

Finally, while one study has examined elk-cattle contact rates (zu Dohna et al., 2014), there have
been no studies investigating elk-cattle contact rates in the GY A where such studies are most needed. For
example, a study could examine the effects of salt licks on grazing allotments as a factor enhancing elk-
cattle contact. The lack of studies may be due to current regulatory rules requiring cattle testing for any
known elk-cattle contact. This regulatory stipulation may also reduce the likelihood of producers to come
forward and participate in elk-cattle contact studies.

3. ECONOMICS
Much information required to calibrate and integrate economic and disease ecology models is una-

vailable. More information is needed on the effectiveness and costs of various actions for reducing trans-
mission.
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One category of missing information is non-market values associated with GYA wildlife. This in-
cludes use values (for example, park visitation, wildlife viewing inside and outside the park, and hunting),
and non-use values (for example, conservation of wildlife stocks, and management actions perceived as
undesirable, such as mass culls and culls within park boundaries). All of these values need to be specified
as functions of bison and elk. One of the most relevant studies in providing such information examined
the economic value of various bison and elk management practices for the National Elk Refuge and
Grand Teton National Park (Loomis and Caughlan, 2004). However, those values are tied to the particular
(ad hoc) management scenarios being analyzed, which impact multiple wildlife populations and make it
difficult to identify the various economic values associated with changes in individual wildlife popula-
tions. Another relevant study more directly examines hunter demand for elk permits as a function of elk
and wolf populations, but only for Northwest Wyoming (Kauffman et al., 2012).

Several other types of economic information involving private landowners are also required for a
bioeconomic analysis. For instance, surveys are required to acquire information on social and private in-
centives for separating cattle from elk, both on private lands (e.g., hazing) as well as public lands (e.g.,
spatial-temporal grazing decisions). Roberts and colleagues (2012) surveyed ranchers to estimate the
costs of implementing various risk-management practices on an average farm in the southern GYA; how-
ever, the effectiveness of these practices, along with the associated benefits to ranchers and society, re-
mains uncertain. Ruff and colleagues (2016) analyzed the costs and risks at which producers would break
even from adopting various practices, but their analysis does not indicate how much effort needs to be
applied or the point at which producers would break even from adopting various practices. Moreover,
these analyses do not address social incentives for investment in terms of the risk that infected cattle
might pose to herds of other producers within and outside the DSA. Economic information is also re-
quired about alternative land uses that would pose less or no risk from brucellosis. Economic information
is also needed on incentives that might discourage landowners from managing lands as elk habitat/refuge.
Lastly, focused research is needed to determine the impact of altering available grazing dates or grazing
fees on both cattle grazing and the risk of spreading brucellosis.

4. IMMUNOLOGY

Developing new vaccines, especially ones that are effective in elk and that are more effective for
cattle and bison than the existing ones, will require an understanding of how host protective immune re-
sponses are elicited. Tools to evaluate immune responses will be needed especially for elk and bison as
few currently exist. Researchers would find these tools useful, but there is unlikely to be a commercial
interest in developing them; thus, funding will need to be sponsored by alternative sources (e.g., govern-
ment grants). Other tools, such as methods to redirect immune responses toward protective immunity, are
needed to prevent or treat infectious diseases. However, they are less likely to be developed for treating
Brucella-infected wildlife or domestic livestock in the near term, but could be considered as part of the
long-term research goals.

4.1 Tools to Measure Immune Responses

Defining the nature of a protective immune response to virulent field strains of Brucella spp. will be
important for designing new vaccines for brucellosis that induce such responses, determining the corre-
lates of protection for evaluating potential vaccines, and designing innovative treatments for infected an-
imals. The protective immune response for brucellosis involves a type of white blood cell knownasa T
lymphocyte (or T cell) that is able to produce a soluble product known as cytokine interferon-gamma
(IFN-y). The response may also involve T cells that are able to kill bacteria-infected host cells. These
types of T cell responses, known as cellular or cell-mediated responses, are needed because Brucella spp.
resides in host cells such as macrophages and trophoblasts (Anderson and Cheville, 1986). IFN-y acti-
vates macrophages to increase their ability to prevent replication of the internalized bacteria (Jiang and
Baldwin, 1993). This mechanism of resistance is more effective than antibodies (Pavlov et al., 1982;
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Araya et al., 1989; Araya and Winter, 1990; Oliveira and Splitter, 1995; Goenka et al., 2011). In contrast
to T cells, antibodies contribute only moderately to protection in secondary responses (challenge) with B.
abortus, and alone are less effective or contribute minimally to protection against a primary infection as
suggested from murine studies (Goenka et al., 2011; Vitry et al., 2012). The need for cellular immune
responses is also why live vaccines are more effective at protection than killed vaccines (Montaraz and
Winter, 1986; Avila-Calderon et al., 2013), since the latter tends to induce immune responses that sup-
press the protective IFN-y response (Zhan et al., 1995). For example, killed whole cell vaccines for Bru-
cella have been shown to be ineffective in cattle (Olsen et al., 2005). The commercial vaccine consisting
of killed B. abortus rough strain 45/20 is less effective than the living attenuated B. abortus strain 19
(S19) vaccine in conferring protection in cattle (Sutherland et al., 1981; Woodward and Jasman, 1983),
which is attributed to the inability of killed vaccines to adequately stimulate cell-mediated immunity
needed for protection (Nicoletti and Winter, 1990).

Assessing the efficacy of new vaccine candidates in elk and bison will require key reagents such as
monoclonal antibodies (mAbs) to measure the types of cells that respond to vaccination and their prod-
ucts, such as IFN-y production by T lymphocytes, which are considered to be a correlate of protective
immunity. Because bison and cattle are genetically closely related, many of the bovine-specific mAbs are
cross-reactive for bison lymphocytes and has aided in defining bison cell populations (Nelson et al.,
2010). However, compared to the mouse model, there are fewer tools to study the immune responses in
cattle and even fewer or none for bison and elk. Hence, tools are needed to evaluate all aspects of the in-
nate and adaptive immune responses to understand why elk fail to produce robust cellular immune re-
sponses compared to the Brucella vaccines and other bacterial vaccines that stimulate appropriate im-
mune responses in cattle and bison. This may require the development of species-specific brucellosis
vaccines. Developing reagents (e.g., mAbs) is a slow and expensive process, but other techniques (e.g.,
the use of cytokine mMRNA) can provide insights into the host immune response in the absence of mAbs.
Also, high-throughput sequencing can evaluate elk or bison mRNA transcripts in response to vaccine
candidates or during an infection, which is further discussed later in this chapter. All of these tools require
research and development.

4.2 Immunotherapy Post-Exposure

The ability to treat cattle post-exposure to brucellosis would be a useful management tool. Use of
single antibiotics is not successful, but a combination treatment can eliminate shedding from the milk in
up to 71% of animals (Milward et al., 1984, Nicoletti et al., 1985, 1989). However, even when combined
with adult vaccination with B. abortus S19, the infection was controlled but not eliminated (Jimenez de
Bagues et al., 1991). While combinations of aureomycin plus streptomycin (Kuppuswamy, 1954) or tetra-
cyclines plus streptomycin have produced satisfactory results (Giauffret and Sanches, 1974, Marin et al.,
1989), it does not result in loss of the lesions characteristic of this disease (Marin et al., 1989). Thus, other
approaches will need to be considered and developed for post-infection treatments.

Immunotherapy or therapeutic vaccines have been associated with the cancer-causing human papil-
loma virus, hepatitis B infections, and the human immunodeficiency virus (HIV) (Jacobson et al., 2016;
Lin et al., 2016; Skeate et al., 2016). Therapeutic vaccines may stimulate immune responses to compo-
nents of the infectious organism that are not normally recognized by the immune system (known as anti-
gens) because their concentration is typically too low or sequestered in particular tissues. Alternatively,
they may redirect a protective immune response. This can be done by providing antigens in the context of
enhancing agents (known as adjuvants); this may include cytokines such as IL-12 to orchestrate IFN-y-
producing T cell responses (Jacobson et al., 2016, Pennock et al., 2016). Finally, these vaccines could be
designed to re-engage immune cells that have undergone immunological exhaustion or been prohibited
from expressing their protective potential by regulatory cells and molecules. The latter has been applied in
cancer immunotherapy, for example, by blocking the T cell inhibitory molecule CTLA-4 (Callahan et al.,
2016). While appealing, it is unlikely that immunotherapeutic vaccines will be a near-term accomplish-
ment, but could be considered as part of a research program.
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5. VACCINES AND DELIVERY MECHANISMS

New vaccines and methods of delivery are needed to improve the efficacy of current and future bru-
cellosis vaccines. B. abortus vaccines need to be engineered to not cause disease or abortion in wildlife,
while still retaining sufficient persistence to stimulate long-term protection. While live Brucella vaccines
have been shown to be necessary to induce protective immune responses in cattle, there is evidence that
this can be mimicked by taking genes that code for components of Brucella and placing them into another
microbe, which acts as a vector for the Brucella genes and mimics a live vaccine, but which may be safer
than live-attenuated whole Brucella organisms (Dorneles et al., 2014). Live vaccines can be rendered less
virulent by removing genes as well (Chen and Elberg, 1969). Other types of vaccines, that also have a
high safety quotient, include DNA and subunit vaccines that deliver a portion of the Brucella genome or
physical components of Brucella rather than the whole organism. Delivering vaccines in bait to wildlife is
appealing, and conventional live vaccines B. abortus strains RB51 and S19 are effective when given oral-
ly and are safe in wildlife. It is possible that alternative vaccines could also be delivered this way. Finally,
designing new vaccines with particular components either deleted or new components added would help
distinguish vaccinated animals from actual infected animals (known as DIVAs [Distinguish Infected from
Vaccinated Animals]).

5.1 Alternative Delivery Methods for Vaccines

To date, the methods used to vaccinate wildlife are similar to those adopted for cattle (i.e., subcuta-
neous [SC] or intramuscular [IM]). Given that the initial exposure to Brucella almost always occurs mu-
cosally because animals sniff or lick Brucella-infected aborted fetuses and/or infected placental tissues,
delivery of the vaccine via a mucosal surface could result in an immune response that would induce
greater protection (Thorne and Morton, 1978; Samartino and Enright, 1993; Belyakov and Ahlers, 2009;
Schumaker, 2013). For example, it has been shown that mucosal vaccination can produce a bias for IFN-
y-producing CD8" T cells (Clapp et al., 2011, 2016). Oral vaccination studies in cattle and pigs have
shown the benefits of such an approach (Nicoletti and Milward, 1983; Nicoletti, 1984; Elzer et al., 1998;
Edmonds et al., 2001). Oral S19 vaccination proved to be equally as effective as SC vaccination in pro-
tecting pregnant heifers from Brucella-induced abortion (Nicoletti and Milward, 1983; Nicoletti, 1984).
Administering RB51 vaccine orally protected against abortion and brucellae colonization infection, and
provided equivalent results as SC RB51 vaccination (Elzer et al., 1998). Also, wildlife showed no mor-
bidity or mortality as a consequence of oral RB51 vaccination (Januszewski et al., 2001). Oral vaccines
also have ease of administration, since they are needle-free and do not require trained personnel. Oral
vaccines are subject to enzymatic and proteolytic degradation in the gastrointestinal tract, which can
compromise the vaccine’s immunogenicity, but drug formulations are available to counter this effect
(Sedgmen et al., 2004). Additional engineering design and testing will be needed to orally vaccinate elk,
such as developing baits targeted for elk. A mucosal approach has merit both for live, attenuated B. abor-
tus vaccines and for vectored or subunit vaccines.

To reduce the need to handle animals more than once, an emerging and effective alternative to
prime-boost vaccination is the use of microparticles or nanoparticles for sustained vaccine release (Lin et
al., 2015). Biodegradable polymers are designed with specific release rates to mimic booster immuniza-
tions and induce anamnestic immune responses. This approach was tested using brucellosis-free red deer
(Cervus elaphus elaphus) which are closely related to elk. Seven months after vaccination, animals were
challenged with B. abortus S19 by the conjunctival route, and 2 weeks later the red deer that were orally
vaccinated with RB51 microencapsulated in alginate plus Fasciola hepatica vitelline protein B (VpB)
were the only ones that showed significant reduction in splenic colonization (Arenas-Gamboa et al.,
2009a). This also demonstrates that microencapsulated S19 is protective against wild-type virulent B.
abortus challenge in female red deer (Arenas-Gamboa et al., 2009b). The development of vectors for
safely transmitting vaccines to target wildlife populations, especially through feed, has been shown to be
possible for vaccines against rabies and could also be considered for brucellosis (WHO, 2017).
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5.2 Alternative Vaccine Approaches

Cross-protective vaccines. Several different approaches could be employed in designing new vac-
cines for elk and bison. Live vaccines could include a different Brucella species that is cross-protective to
B. abortus. While Brucella species vary in their LPS, they retain many of the immunogenic proteins that
could cross-protect against B. abortus infections. Reduced incidence of abortion attributed to B. abortus
and B. melitensis was observed in Kuwait following a S19 brucellosis vaccination program of cattle (al-
Khalaf et al., 1992). Reduced incidence of B. melitensis infections in humans was also observed following
vaccination with B. abortus S19 (Vershilova, 1961). When B. neotomae (the strain originally found in
desert wood rats) was irradiated and used to vaccinate mice, it also conferred 100 to 1000-fold level of
protection against B. abortus, B. melitensis, and B. suis (Moustafa et al., 2011). This study showed that
irradiated organisms (which are living but cannot replicate) may be an alternative to strictly live vaccines.

Subunit and vectored vaccines. To generate a novel vaccine for cattle, influenza virus was used as a
vector to express two immunodominant Brucella proteins: L7/L12 and omp16 (Tabynov et al., 2014). The
immune responses to these proteins have been shown to reduce brucellae colonization in mice. Heifers
vaccinated subcutaneously and conjunctivally showed 90% and 80% protection against abortion, respec-
tively, compared to only 30% in the control heifers. To understand the duration of protective immunity to
Brucella as measured by tissue brucellae colonization infection and abortion, a subsequent study used a
reduced dose which showed a similar level of protection against abortion (Tabynov et al., 2016). The re-
sults from these studies for vectored vaccines suggest a subunit vaccine approach may be feasible for pro-
tecting large animals against Brucella-induced abortions. Identifying suitable vaccine candidates has been
extensively pursued and tested in mice (Yang et al., 2013). It remains to be determined whether these
vaccine candidates can successfully protect livestock and wildlife.

DNA vaccines deliver a portion of the pathogen’s genome to the host. DNA vaccination has been
successfully adapted and licensed for horses against West Nile virus (Davis et al., 2001). These vaccines
have the advantage of being inexpensive to produce, the capacity to be readily ramped up to generate
large quantities of vaccine, and are currently being tested in humans (Jin et al., 2015). Bison have been
tested using DNA vaccines for brucellosis (Clapp et al., 2011). The bison white blood cells responded in a
time-dependent fashion, showing that bison are responsive to DNA vaccines. Bovine calves were tested
with DNA and a Semliki Forest RNA virus-vectored vaccines encoding Brucella superoxide dismutase
(SOD) (Séez et al., 2008). The calves responded to both vaccines as evidenced by increased antibody ti-
ters, increased T cell proliferative responses, and increased IFN-y production. Hence, Brucella SOD de-
livered by these mechanisms was immunogenic and serves as a proof-of-concept for DNA vaccines and
ruminants.

Another approach involves using Brucella’s outer membrane vesicles (OMVs), which tend to be
highly immunogenic and often contain components that stimulate a protective immune response. Mice
vaccinated with rough B. melitensis mutant had a 1000-fold reduction in bacteria following a virulent B.
melitensis challenge (Avila-Calderén et al., 2012). While not tested in a natural host for Brucella, the suc-
cess of OMVs used in meningococcal vaccine for humans suggests this approach has potential (Carter,
2013).

To determine the efficacy of a subunit vaccine approach, additional studies are needed as many vac-
cine delivery systems and formulations are available to enhance the immunogenicity of these or other
vaccine candidates. These studies will also need to include evaluation of adjuvants as these may selective-
Iy enhance immunity in elk and bison.

Enhancing immunogenicity. Modification of S19 or RB51 vaccines to improve immunogenicity by
adding in genes that code for antigens that stimulate immune responses could be considered even though
initial attempts to improve RB51’s immunogenicity were successful in mice, but failed in bison and elk
(Olsen et al., 2009; Nol et al., 2016). Future studies may show that more potent protective epitopes need
to be expressed to confer protection in wildlife.
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5.3 DIVA Vaccines

Inclusion of a DIVA component in vaccines allows differentiation between vaccinated and infected
animals. If the vaccine retains its LPS, this may produce a false positive serological response; thus, a dif-
ferent serological test would need to be developed to rapidly distinguish vaccinated from naturally infect-
ed animals (McGiven et al., 2015). One approach to distinguish infected from vaccinated animals is to
modify a vaccine for a loss of immunoreactivity, as has been done for RB51 via the absence of O-Ag.
Another such vaccine was engineered by preventing expression of the immunogenic Brucella protein
bp26 gene, thus generating the M1-luc strain. This strain was used to vaccinate bovine calves that were
challenged with virulent B. abortus strain 2308 (Fiorentino et al., 2008). It conferred protection against
abortion similar to heifers vaccinated with S19. Subunit vaccines such as those previously described also
have the advantage of not converting animals serologically, thus, allowing current serological tests to be
used to determine prior Brucella exposures and thus qualify as a DIVA.

5.4 Challenge Studies

B. abortus is classified as a biosafety level 3 (BSL-3) agent, and thus research on B. abortus requires
the use BSL-3/ABSL-3 or higher enhanced containment conditions (BSL-3-Ag for loose-housed ani-
mals). B. abortus is also regulated as a Select Agent under the Bioterrorism Act of 2002, which imposes
onerous registration requirements. These requirements limit the ability of researchers to conduct studies,
as the Select Agent designation requires researchers to have facilities, protocols, reporting requirements,
and security clearances to work with the pathogen that are beyond those required for a BSL-3 pathogen,
and are beyond the capacity of many institutions to comply. Because of the restriction, the vaccine S19
has been used as a surrogate for transmission studies in bison to understand transmission by a variety of
routes (Uhrig et al., 2013). But immune responses that are important for controlling challenge with
vaccine strains may differ somewhat from that needed to control infections by virulent field strains. To
efficiently conduct research on immune responses to existing or new vaccines or immunotherapeutics, it
will be necessary to remove B. abortus from the Select Agent list. A recent proposal by USDA Animal
and Plant Health Inspection Service (APHIS) to remove Brucella from the Select Agent list (USDA-
APHIS, 2016) to reduce the restrictions on brucellosis research, although supported by the committee,
was unfortunately not approved.

Standardized infection and abortion challenge methods need to be followed when conducting the
vaccine trials to minimize variation among studies. This would require some initial cooperative studies to
determine the minimum infection dose 100% (ID1q) for B. abortus for each individual to abort its first
calf. A virulent B. abortus strain isolated from the GYA will also need to be characterized and tested in
vaccine trials to determine whether B. abortus S2308 is the most representative strain to test. To ensure
that virulence is maintained with the challenge strains, all groups will need to follow basic microbiology
practices for culture and preservation. Addressing these aspects will greatly facilitate the development of
more effective brucellosis vaccines to consistently protect >90% of affected wildlife and livestock against
abortion and protect >85% against infection. Raising the standards of protection will effectively increase
herd immunity to interrupt transmission of B. abortus amongst elk, bison, and cattle. Finally, in assessing
vaccine trial outcomes, it will be necessary to address the issue of vaccines that show protection in con-
trolled settings while they do not in field settings, and vice versa (Schurig, 2015).

6. GENOTYPING AND GENETICS

Since 1998, the accuracy and speed of DNA and RNA sequencing, “-omics” analyses, and bioin-
formatics has improved substantially. Variable Number of Tandem Repeats (VNTR) analysis and so-
called next generation sequencing (high throughput sequencing) of whole genomes has allowed for a
more detailed analysis of the molecular epidemiology of B. abortus isolates from domestic and wild ru-
minants (Higgins et al., 2012; Kamath et al., 2016). Research and epidemiological data have substantially
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changed the understanding of Brucella transmission from wild to domestic ruminants in the GYA, which
strongly suggests that elk are responsible for current transmission events to domestic cattle and are a sig-
nificant source of transmission to other elk and to bison (Rhyan et al., 2013; Kamath et al., 2016).

6.1 Pathogen Genotyping and Gene Expression Profiling

The profiling of B. canis and Salmonella enterica within their infected hosts resulted in the discov-
ery of rapid genetic mutations and adaptations (Gyuranecz et al., 2013; Mather et al., 2013). A profiling
analysis of B. abortus genomes in elk and bison in the GYA could reveal genetic differences in subpopu-
lations of B. abortus. Functional adaptations within the different Brucella lineages may explain differ-
ences in spatial expansion. Sequencing of whole genomes is already routinely used in diagnostic testing
and for molecular characterization of pathogen isolates in some laboratories. Diagnostic laboratories have
used genetic differences to characterize viral and bacterial pathogens at the sub-species and isolate-
specific levels. This could become a routine procedure for analyzing B. abortus isolates from the GYA.
User-friendly and rapid formats for molecular characterization and whole genome sequencing will pro-
vide the information necessary to control brucellosis by targeting transmission pathways of specific iso-
lates. Thus, research on molecular-based diagnostics for B. abortus will be needed for addressing brucel-
losis control in the GYA.

The use of microarrays to cover whole genome analysis of Brucella gene expression and the use of
next generation sequencing may enhance understanding of both host and pathogen gene expression during
the infection process (Rossetti et al., 2010; 2011). Brucella and host gene expression and proteome da-
tasets have been generated, progressing toward a comprehensive dual analysis of host and pathogen re-
sponses (He et al., 2010; Rossetti et al., 2010; Viadas et al., 2010; Weeks et al., 2010; Kim et al., 2013;
Rossetti et al., 2013). The use of powerful bioinformatic algorithms has allowed for the analysis of da-
tasets to identify candidate genes and biomarkers of Brucella and hosts, identify and predict Brucella an-
tigenic proteins, identify components of subunit vaccines, understand gene regulatory networks, charac-
terize the Brucella stress responses, and better understand modulation of host immune responses. The use
of systems biology is needed to more effectively exploit elk and bison data for the following: (1) model
development, (2) causal discovery, such as understanding the genetic basis for innate susceptibility or
resistance to brucellosis, (3) prediction of biological activities, such as immune mechanisms that result in
protection from disease, (4) improvement in designing in vitro and in vivo experiments to understand the
biology of brucellosis, and (5) identification of biomarkers for protective immunity and diagnosis.

6.2 Host Genetic Characterization and Gene Expression Profiling

Significant advances have been made in characterizing host genetics, including sequencing of the
bovine genome and substantial progress on sequencing the deer genome (Red Deer, Cervus elaphus,
Rocky Mountain elk, Cervus canadensis) (Elsik et al., 2009; Brauning et al., 2015). Mitochondrial DNA
sequencing and microsatellite analysis has enabled the bison populations within the GYA to be character-
ized into two distinct subpopulations (Halbert and Derr, 2008; Halbert et al., 2012). Genome analysis in
cattle and water buffalo shows distinct genome markers that code for susceptibility to infection, protective
immune responses, and other characteristics of genetic resistance, and the results have direct application
to bison genetics (Adams and Templeton, 1998; Capparelli et al., 2007; Adams and Schutta, 2010; Mar-
tinez et al., 2010; Elsik et al., 2016). Obtaining similar data on elk genetics would allow analysis of how
genotype affects vaccine efficacy. Given that infected elk are likely to abort their first calf after infection,
this is likely to induce some selective pressure on elk to combat the disease more effectively and provide
insight into the genetic basis for the increased resistance to B. abortus. Characterization of the elk genome
is a priority as it may be useful as an adaptive management tool for elk in the future. Dual gene expres-
sion profiling of host and pathogen is a powerful tool to understand brucellosis infection biology (Perez-
Losada et al., 2015). To identify protective brucellosis vaccine candidates, a systems biology analysis of
dual Brucella and bovine host gene expression data were combined with reverse vaccinology; similar
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technological approaches could be applied to elk and bison (He and Xiang, 2010; Adams et al., 2011a,b;
Chiliveru et al., 2015).

Bison culling in the GYA has been designed to meet population targets rather than to selectively cull
brucellosis-infected individuals, which has given rise to concerns about bison genetics. With currently
available technology to rapidly characterize bison genetic markers and pathogen genotype in a small
field-based laboratory setting, it is possible to selectively remove based on disease status and specific bi-
son genotypes. This would be a significant aid to making informed and targeted culling decisions in the
bison management program and could help address the question of whether culling only infected bison
will alter the “natural” population genetic structure of GYA bison.

7. DIAGNOSTICS

The success of the brucellosis eradication program in the United States is a testament to the success
of the diagnostic approaches used in livestock surveillance over the past 80 years. Brucellosis detection
by serology and culture has proven to be useful for both population and individual animal regulatory test-
ing, and has not changed appreciably since the 1998 report. These diagnostic methods will continue to be
useful into the future for contact tracing if a positive cattle herd is identified in the GYA, DSASs, or imme-
diately adjacent federal and private lands. There are logistical difficulties in capturing and retaining wild
ruminant species for testing purposes that would also need to be addressed. Nevertheless, there are gaps in
diagnostic testing for brucellosis in all three ruminant species that play a central role in the GYA.

7.1 Fitness for Purpose

The first step in validating assays is “fitness for purpose.” Factors taken into consideration include
timeliness of results and actions arising therefrom, population versus individual animal testing, sensitivity
and specificity considerations for presumptive versus confirmatory testing, DIVA, determination of infec-
tiousness, species-specific applications, and determination of protective immunity. It may be beneficial to
have diagnostic assays rapidly confirm results when testing cattle, given the history of success using the
current testing algorithm as described in the UM&R (USDA/APHIS, 2003). However, the ability to rapid-
ly and accurately identify infected elk and to differentiate infected from vaccinated elk in the field has
priority over further development of diagnostic assays for cattle, as diagnosing elk would have a signifi-
cant impact on decision making when individual animals and groups of animals have been captured
and/or incapacitated.

7.2 Testing Formats

Diagnostic testing technology has changed significantly since the 1998 report. The availability of
both laboratory-based and “penside” testing formats has increased considerably. Assay formats in com-
mon use since the 1998 report include quantitative real time PCR, DIVA diagnostics, highly specific and
sensitive competitive inhibition ELISA’s in kit format, chromatographic visualization such as lateral flow
immunochromatography, and simplified DNA amplification techniques such as loop mediated isothermal
amplification (LAMP). DNA sequencing has increased in speed and accuracy and has exponentially de-
creased in cost since 1998, making it a routine part of pathogen characterization in modern diagnostic la-
boratories.

7.3 Priorities for Diagnostic Testing Research
Improved timeliness of results and enhanced accuracy, along with better differentiation of vaccinat-
ed and infected animals using a single test, would enhance serological testing for all ruminant species that

are the focus of brucellosis control in the GYA. As noted earlier, the success of the eradication program
using currently available diagnostic assays for cattle suggests that improved diagnostics for cattle may not
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be the highest priority for development. However, if vaccine development for cattle is a research priority,
it would be beneficial to couple any new vaccine with a DIVA diagnostic. The same priority would need
to be given to coupled vaccine and DIVA diagnostic development for bison and elk.

A diagnostic test for wild ruminant diagnostics would need to be sensitive enough to avoid missing
true positives, but the specificity would need to be high enough that culling of true negatives would be
minimized. The required specificity for bison will likely be greater than for wild elk since genetic consid-
erations are not as important for elk. For both of these species, it would be ideal to have field assays capa-
ble of achieving the desired level of sensitivity and specificity. Identifying bacterial DNA as a way to
identify a B. abortus infection is challenging, particularly in individual animals. While the numbers of
bacteria are extremely high in diseased tissues (e.g., aborted fetuses) and maternal birth tissues (e.g., pla-
centa), cyclic temporal variation in the level of bacteremia is common. There will be times when bacteria
are either not in the bloodstream or are at a level below the sensitivity of current PCR techniques, particu-
larly in older individuals. Thus, false negatives are highly likely (Tiwari et al., 2014). Nevertheless, new
testing formats for PCR (such as the use of immunomagnetic beads) to concentrate bacteria prior to DNA
isolation and PCR amplification can have enhanced analytical sensitivity. This technique has been suc-
cessfully adapted to identify Mycobacterium paratuberculosis, a bacterium that can be challenging to
identify by PCR from milk and feces (Khare et al., 2004).

Similarly, attempting to develop a DNA-based test to determine the infectiousness of an individual
will be challenging due to the cyclic nature of the disease. A negative antigen or nucleic acid detection
test result at one point in time cannot be interpreted as evidence that an individual will remain noninfec-
tious, at least in cattle and likely in bison. Less is known about infection in elk and further studies are
needed to examine the possibility that elk could have a stable carrier state in which the bacteria are at a
guantity and/or located in tissue that affects transmission. Nevertheless, this is an example where caution
is warranted in ensuring that the purpose of testing (for example, determination of infectiousness) is
achievable given the profile of the disease pathogenesis and the capabilities of the assay being proposed
for use.

Elk diagnostic testing will become increasingly important in the future if B. abortus infected elk
continue to spread beyond current DSAs and prevalence in elk continues to increase. While assays for
testing cattle for Brucella infection have a long history of success in effectively identifying positive cases,
none of the current diagnostic assays have optimal characteristics for rapid, sensitive, and specific deter-
mination of disease status in elk. This is due to the challenges in handling elk, obtaining specimens, and
holding animals until testing is completed. Prioritization will need to be given in developing a suitable
assay for serological or antigen/DNA targeted identification of infected elk, optimally in a format capable
of being performed “penside” to provide reliable results in the field.

7.4 Challenges in Validating Assays for Wildlife

Obtaining positive and negative samples to validate new diagnostic tests for wildlife is difficult. De-
termining diagnostic sensitivity and specificity requires a large number of samples from animals with
known disease status, preferably along with metadata about age, demography, stage of disease, time of
year, and other similar characteristics that can impact test results. Bayesian approaches for assay valida-
tion have been used in the past by taking advantage of prior probabilities based on previous test valida-
tions, population characteristics, and other variables (Branscum et al., 2005). This approach has value
when samples with a known disease status are limited. However, it would be ideal to have a biorepository
of samples with associated metadata that could be accessed when a new diagnostic assay for elk or bison
shows promise. The preservation of samples (e.g., serum, tissues, B. abortus isolates, DNA, RNA) for
future host and pathogen genetic characterization in a biorepository with relevant metadata would be of
significant value for research. If such a biorepository were created, it would be important to form a multi-
user oversight group to manage acquisition, cataloging, and use of these valuable samples for research
and diagnostic test development.
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Overall Findings, Conclusions, and Recommendations

1. WHAT’S NEW SINCE 19987

Since the 1998 National Research Council (NRC) report Brucellosis in the Greater Yellowstone
Area, 22 cattle herds and 5 privately-owned bison herds in the three Greater Yellowstone Area (GYA)
states (Idaho, Montana, and Wyoming) have been infected with Brucella abortus. During the same time
period, all other states in the United States achieved and maintained brucellosis class-free status. A 2010
interim rule to regionalize brucellosis control enabled the three GYA states to create designated surveil-
lance areas (DSAs) to monitor brucellosis in specific zones and to reduce the economic impact for non-
affected zones. However, brucellosis has expanded beyond the original DSASs, requiring outward adjust-
ment of DSA boundaries. The increase in cattle infections in the GYA, coupled with the spread in wild-
life, has been alarming for producers in the area; moreover, the risk of additional spread from movement
of GYA livestock to other areas across the United States is increasing due to the lack of guidance and
surveillance, with the potential for spread and significant economic impact outside the GYA.

In tracing the genetic lineage of Brucella across the ecosystem and among species, elk are now rec-
ognized as a primary host for brucellosis and have been found to be the major transmitter of B. abortus to
cattle. All recent cases of brucellosis in GYA cattle are traceable genetically and epidemiologically to
transmission from elk, not bison. This is one of the most significant changes in our understanding of bru-
cellosis epidemiology in the GYA since 1998. The seroprevalence of brucellosis in elk in some regions
has been increasing from what were historically low levels, and data strongly suggest that elk are able to
maintain brucellosis infection within populations that have limited to no direct contact with the feed-
grounds or with infected bison. Direct contact of elk with cattle is more prevalent than contact of cattle
with bison. As a result, the risk of transmission events from elk to cattle may be increasing.

In contrast, there have been no cases of transmission from GYA bison to cattle in the 27 herds in-
fected with brucellosis since 1998 despite no change in the seroprevalence of brucellosis in bison. This is
likely a result of bison management practices outlined in the Interagency Bison Management Plan (IBMP)
combined with fewer cattle operations in the GYA region where bison leave Yellowstone National Park
(YNP).

The 1998 NRC report made eight recommendations for addressing control of brucellosis in the
GYA by focusing primarily on reducing the risk of transmission from bison to cattle. The potential for
progress in reducing the spread of brucellosis was based in part on the assumption that elk were incapable
of maintaining brucellosis in the GYA population without transmission that occurs among elk in feed-
grounds or from bison to elk within the ecosystem. As noted above, the scientific evidence no longer sup-
ports that assumption, as the current drivers of the spread of B. abortus in the region have changed.

Ecological changes within the GYA since 1998 have shifted the dynamics of wildlife populations.
The reintroduction of wolves and increases in grizzly bear numbers have impacted the density and distri-
bution of elk. EIk populations have expanded on the periphery of the GYA but have decreased inside
YNP. The rising number of private landowners has changed how land is used around national parks, with
private lands increasingly serving as refugia for elk from hunting.

With elk now viewed as the primary source for new cases of brucellosis in cattle and domestic
bison, the committee concludes that brucellosis control efforts in the GYA will need to sharply fo-
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cus on approaches that reduce transmission from elk to cattle and domestic bison (Conclusion 1).
Managing wild bison within YNP and in the surrounding private and public lands to reduce the risk of
transmission of B. abortus to domestic cattle and domestic bison has been a joint effort by the National
Park Service, U.S. Department of Agriculture (USDA), tribal members, and the three states that border
YNP. These efforts have been successful. In the committee’s view, a similarly unified effort is now essen-
tial to reduce transmission between elk and livestock. As noted above, infected elk populations are ex-
panding beyond the traditionally accepted boundaries of the GYA. There is significant risk of brucellosis
spreading beyond the GY A because of the uncertainty in locating infected elk and the lack of information
about factors that predispose certain cattle operation to B. abortus. In addition, unlike with cattle and bi-
son, there is no effective brucellosis vaccine for elk. These changes further complicate what was already a
challenging problem in 1998. Now more than ever, there is a need to strategically address this expanding
problem in a more coordinated and cost-effective way.

Recommendation 1: To address brucellosis in the GYA, federal and state agencies should pri-
oritize efforts on preventing B. abortus transmission by elk. Modeling should be used to character-
ize and quantify the risk of disease transmission and spread from and among elk, which requires an
understanding of the spatial and temporal processes involved in the epidemiology of the disease and
economic impacts across the GYA. Models should include modern, statistically rigorous estimates
of uncertainty.

2. ADOPTING AN ACTIVE ADAPTIVE MANAGEMENT APPROACH

The GYA is a large, complex ecosystem with significant spatial variation. Because the components
of the ecosystem are either directly or indirectly linked to one another, any actions that are taken to con-
trol brucellosis could impact the entire ecosystem. Management actions will need to be assessed not only
for their impact on reducing B. abortus transmission from wildlife to cattle and domestic bison, but also
for their impact on other valued ecosystem services and their potential impact outside of the GYA.

Adaptive management has been an accepted tool for managing wildlife populations for more than 30
years. Adaptive management was the subject of a recommendation in the 1998 report, but was not
discussed in depth. This report provides a more detailed discussion of adaptive management and its use in
brucellosis control in the GYA (see Chapter 6). Adaptive management is characterized by flexible deci-
sion making and an iterative learning process for making more effective decisions. Management activities
are typically conducted as hypothesis testing, the outcomes of which direct subsequent decisions and
actions toward the ultimate goal. In the absence of carefully designed management actions that include
experimental controls, it is difficult to determine the effectiveness of a particular practice, leading to a
slower learning process.

Many brucellosis management efforts implemented since the 1998 report may appear to have taken
an adaptive management approach; however, those efforts have not followed the basic tenet of employing
an active process. More specifically, individual management actions were not designed or established to
allow for scientific assessment of effectiveness, which is a central tenet of active adaptive management. A
case in point is the study of B. abortus strain 19 (S19) vaccination of feedground elk in Wyoming. WGFD
is to be commended for initiating a vaccination program on feedground elk and monitoring its effect—
one of the few population-level manipulations of the elk brucellosis system. The conclusion that S19 vac-
cination is of marginal value in reducing seroprevalence in feedground elk (Maichak et al., 2017) has pro-
vided valuable information on the cost-effectiveness of remote vaccination where elk are concentrated
and tolerant of human presence. However, had the study used active adaptive management, it could have
led to a faster learning process and more rapid management changes. Examples of aspects that could have
been improved include the use of replicate control feedgrounds starting at the initiation of the program,
continuous assessment of the program’s efficacy, periodic scientific peer-review throughout the process,
and control of temporal changes through the cessation of vaccination in different groups of feedgrounds
in different years. The committee recognizes the challenge in how political sensitivity and funding affects
flexibility of management actions, which may have been factors impacting this case study.
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Recommendation 2: In making timely and data-based decisions for reducing the risk of B.
abortus transmission from elk, federal and state agencies should use an active adaptive management
approach that would include iterative hypothesis testing and mandated periodic scientific assess-
ments. Management actions should include multiple, complementary strategies over a long period
of time, and should set goals demonstrating incremental progress toward reducing the risk of
transmission from and among elk.

3. ADAPTIVE MANAGEMENT OPTIONS TO REDUCE RISK

There are a variety of adaptive management options for reducing risk of transmission from wildlife
to cattle and domestic bison (see Chapters 5 and 7). No single management approach can independent-
ly result in reducing risk to a level that will prevent transmission of B. abortus among wildlife and
domestic species (Conclusion 2). To consider any approach in isolation is to miss the bigger picture of a
highly interconnected ecosystem and a broader understanding of various factors affecting risk that has
evolved since 1998.

Some of the most promising options along with their pros and cons are discussed below. While there
are knowledge gaps that limit understanding of actual risk, the options below are possible adaptive man-
agement approaches to reduce risk of B. abortus transmission and to inform future risk management
plans. These approaches would need to be based on an integrated assessment of risk and costs, with prior-
ities assigned based on such an assessment. However, these approaches do not necessarily need to be ap-
plied uniformly over space and time. The committee acknowledges that many of these actions are the fo-
cus of current management efforts. Others are either new or are adaptations of other efforts.

3.1 Population Reduction

Reducing the population size of cattle, bison, or elk are all likely to reduce the risk of brucellosis
transmission to cattle by reducing the area of potential contact or the number of infected individuals in
those areas, even if the disease prevalence in the wildlife hosts remains constant. However, each species
has a constituency that would likely oppose any population reduction. Cattle may be logistically easier to
control than wildlife, but state and federal managers are unable to directly modify cattle numbers and can
only change some of the incentive structures for ranchers and landowners. Bison numbers and distribution
are already controlled at the boundaries of YNP, which is inconsistent with the natural regulation policy
of the National Park Service. Finally, large reductions in elk populations are unlikely to be widely sup-
ported (Peterson et al., 2006).

Elk

Reducing the elk population is an option for reducing the risk of transmission among elk, cattle, and
bison. Unlike bison, transmission among elk appears to be influenced by density. Thus, reducing elk
group sizes and/or density may decrease elk seroprevalence over time, and potentially decrease the
risk of elk transmission (Conclusion 3). Potential management approaches for elk population reduction
include the following:

e Hunting. Hunting is currently used to control elk populations, with management unit population
targets set as a balance of public demand and population goals. Hunting could also be used as a
means of incentivizing targeted population reductions based on brucellosis risk. One option, for
example, would be to increase the numbers taken by hunters to the extent possible in known
high elk seroprevalence areas, particularly female elk. This option requires sufficient numbers of
hunters to access those lands in a timely fashion, requires that herd seroprevalence is known,
and would need to be linked to more intensive efforts to better establish seroprevalence esti-
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mates. Hunter-collected elk samples, as done in Idaho and Wyoming, could also be used to in-
crease information on key populations where seroprevalence is critically important or unknown
(for example, at the boundary of the DSASs). Higher quotas or more intensive hunter contact ef-
forts could allow increased sampling, improving the previously low return and sample quality
problems. A challenge of hunting as a management option is that it is imprecise and in some
cases, may be seen as undesirable by hunters on whose cooperation it depends. Animals may
move, unpredictable weather may make a targeted population inaccessible to hunters during a
short hunting season, and activity may disrupt herds. Hunting may also concentrate remaining
elk in areas that are not accessible to hunters, such as private land where cattle are grazed,
thereby promoting an overall adverse outcome. There are inadequate data to conclusively rec-
ommend one or more of these options, as additional and ongoing assessments of the efficacy of
these approaches would be needed as part of an active adaptive management approach.

Contraception. A second approach that targets female elk that are at higher risk of transmission
during birthing events is contraception. As previously discussed in Chapter 7, GonaCon™ is an
immunocontraceptive and is one option suggested for reducing prevalence in bison. Contracep-
tion would need to be viewed as experimental in elk. But as noted above, early experimental re-
sults in bison suggest that GonaCon™ may help in significantly reducing the elk population and
prevalence of brucellosis in elk. Contraception trials in elk were underway as of the writing of
this report. The results of these early trials would need to be carefully evaluated to determine
whether this tool holds potential as a useful means to help control brucellosis in elk.

Test and removal. Test and removal has been an invaluable part of the brucellosis eradication
program for domestic species. As with domestic species, test and removal in elk would need to
be part of an integrated program combined with other tools such as quarantine, herd manage-
ment to reduce intra-herd transmission, and vaccination. To determine whether this approach
might be feasible for elk, a 5-year pilot study was conducted at the Muddy Creek feedground to
analyze how test and removal of elk on feedgrounds might reduce seroprevalence of brucellosis.
This project targeted female elk, and was able to reduce the prevalence of brucellosis from 37%
to 5% during the 5 years of the project by trapping nearly half of the female elk in the feed-
ground and eliminating (by humane euthanasia) serologically positive females. Discontinued af-
ter 5 years, the project also demonstrated how quickly brucellosis prevalence could resurge in a
population without continuing efforts. This “proof of principle” pilot project demonstrates that
significant reduction of prevalence is possible in elk through test and removal of positive elk.
But given the enormity of the problem in elk, the use of test and removal is limited to very spe-
cialized conditions (for example, in reducing feedground density) as large populations appear to
be able to maintain a brucellosis reservoir outside the feedgrounds. The logistics and cost of
conducting the long-term test and removal programs required for success would be significant,
even in the relative “confinement” of elk in a feedground (where they are accessible in a con-
centrated population but still move freely), and with the current lack of other tools (such as vac-
cination and spatial separation through quarantine) needed to ensure success. Its application will
only be effective when used as one part of a comprehensive control strategy, and in isolated or
otherwise confined populations of elk that can be captured, tested, held, and removed without
interaction with other infected elk or bison. Further analysis would be needed to determine the
costs and benefits of this approach.

The threat of B. abortus transmission from bison to cattle may currently not be a concern, but bison
remain an important reservoir for brucellosis. Therefore, the threat of transmission from bison to elk re-
mains and could represent a long-term problem if elk were cleared of the disease. The committee identi-
fied the highest priority to be a focus on controlling B. abortus transmission from elk to cattle and domes-
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tic bison. Further reducing the prevalence of brucellosis in bison may be desirable in the future if efforts
are successful in reducing prevalence in elk. Additionally, further reducing prevalence in bison could also
enhance the potential for more successful control in the future if new tools, such as an improved vaccine
for bison, become available.

o Removal of infected bison. Population reduction alone is not likely to reduce brucellosis preva-
lence in bison since transmission is frequency dependent rather than density dependent. For this
reason, if reduction of brucellosis prevalence is a goal, removal of bison for population
management purposes will need to target brucellosis infected individuals, whenever possi-
ble (Conclusion 4).

e Quarantine and relocation. Sufficient evidence is now available to also include separation and
guarantine of test negative bison as a management action, allowing for the eventual relocation of
GYA bison to other bison herds (including onto tribal lands). However, there are limitations on
the effectiveness of this approach toward population reduction since the time required to con-
firm Brucella negative status is prolonged, the number of bison that can be relocated is not
large, and relocation sites will reach maximum carrying capacity over time.

e Targeted removal within Yellowstone National Park. While this option may not be politically,
logistically, socially, or economically feasible, targeted removal of seropositive bison (which
would be facilitated by the use of a penside assay) or high-risk bison (such as young, pregnant
females) within YNP in the winter could reduce the need for large culls of bison populations
that move outside YNP. This could also reduce the episodic swings in the bison population and
winter emigrations from YNP that lead to large culls in some years. Additionally, any gains in
reducing seroprevalence in bison could be negated by exposure of remaining bison to infected
elk within YNP and in elk feedgrounds if concurrent efforts to reduce seroprevalence in elk does
not occur. This is particularly important for the Jackson bison herd, for which exposure to elk on
the National Elk Refuge continues to be a significant risk, and will need to be considered in bi-
son control plans. However, the impact could be assessed using an active adaptive management
approach.

e Bison genetics. Test and removal of bison provides a valuable opportunity to preserve genetic
material and live cells for future use in establishing brucellosis negative and potentially disease
resistant bison through cloning techniques.

e Contraception. Experimental and modeling results in bison suggest that contraception using a
gonadotropin releasing hormone immunocontraceptive (i.e., GonaCon™) may help in reducing
prevalence of brucellosis. This approach targets high-risk females, preventing pregnancy and
thus abortion and birthing events that increase risk of transmission through shedding of high
numbers of bacteria. Contraception would need to be used strategically, recognizing that popula-
tion reduction (an outcome of using contraception) may not be acceptable for bison in all areas.

3.2 Feedgrounds

The role of the National Elk Refuge and Wyoming elk supplemental winter feedgrounds in main-
taining and propagating brucellosis in the GYA is a controversial topic. Feedgrounds have been useful for
separating elk from cattle. However, it is widely accepted that the feedgrounds promote transmission of B.
abortus among elk and are likely responsible for causing and maintaining elevated seroprevalence in
those areas. Molecular genetic characterization of B. abortus isolates from elk, bison, and cattle indicate
that Wyoming feedgrounds have the greatest diversity of B. abortus lineages, and strongly suggest that
they are the initial source of infection for other elk populations in the GYA, with the exception of some
isolates from the Paradise Valley in Montana.
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Feedground Interventions

The committee reviewed multiple experimental approaches to reduce elk seroprevalence by inter-
vention in the feedgrounds. On balance, the data are not yet strong enough to make definitive conclusions
on the outcome, particularly if the ultimate outcome is the reduced risk of exposure and infection rates in
cattle. Decisions will need to be made that balance the short-term goals of separating elk from cattle with
the long-term risk of increased infection among elk in feedgrounds. The potential options below for man-
agement interventions in feedgrounds could be further evaluated using an active adaptive management
approach, with the interventions applied singularly or in combination.

Balance the timing and use of feedgrounds. Data suggest that ceasing feeding earlier in the sea-
son on feedgrounds to encourage dispersal would result in less risk of infection among elk (and
bison where intermixing occurs), because calving of elk would occur in a more natural envi-
ronment away from the dense population of elk that are present in feedgrounds. This approach
would have to be balanced with appropriate management of cattle, with delayed turnout into
grazing areas until the risk of exposure during elk calving is reduced, as well as consideration of
habitat improvement for elk that would provide forage along migration routes and winter habitat
to reduce elk-cattle contact in the absence of the feedgrounds.

Feeding patterns on feedgrounds. Data suggest that feeding in checkerboard patterns and
spreading feed more broadly appear to reduce elk to elk contact, and therefore potentially reduce
transmission risk.

Test and removal on feedgrounds. The Muddy Creek feedground pilot project provided an ex-
ample of temporarily reducing seroprevalence of brucellosis through test and removal of infect-
ed female elk. The feedgrounds offer an opportunity to work with a population of elk that is sea-
sonally concentrated. This option was discussed in detail above in the “Population Reduction”
section, and as previously mentioned in that section, the test and removal strategy will only be
effective when used as one part of a comprehensive control strategy for brucellosis.
Contraception in elk. Also discussed above is the option of contraceptive intervention in elk.
The feedgrounds provide an opportunity to more easily access female elk for contraceptive ap-
plication.

Removal of aborted fetuses. Aborted placentae pose the highest risk of exposure of uninfected
elk to brucellosis since the concentration of bacteria is extremely high at the time of abortion.
Access to these fetuses is more limited when elk calve in the natural environment. Abortion on
feedgrounds offers an opportunity to remove aborted fetuses on a daily basis and to disinfect the
abortion site using an appropriate disinfectant (such as sodium hydroxide or sodium hypo-
chlorite), thus reducing the likelihood of transmission to other elk. Current feedground practice
includes removal of aborted fetuses when identified. However, data are not sufficient to know
the impact of doing this on reduction of seroprevalence in elk, and subsequently on reducing in-
fection risk for cattle over time. Managers should continue investigating methods of reducing
the amount of time aborted fetuses are on the feedground, as well as the number of contacts that
elk and bison (i.e., the Jackson bison herd) have with those fetuses.

Other future interventions. Given the enormity of the challenge in accessing elk in the vastness
of the open West, feedgrounds offer a unique opportunity to intervene (for example, if an effec-
tive elk vaccine is developed) in a relatively smaller land area where elk are concentrated and
capture is easier, less dangerous for personnel, and less costly. This potential future opportunity
should be weighed against the ongoing costs and benefits of maintaining the feedgrounds in an
integrated socioeconomic analysis.

174



Overall Findings, Conclusions, and Recommendations

Incremental Closure of Feedgrounds

Closure of feedgrounds appears to be an obvious approach to control brucellosis in the GYA, but
there are impacts of feedground closure that will need to be considered and assessed. First, while there is
still some uncertainty, scientific evidence suggests that brucellosis in elk is self-sustaining in some areas
without continuous reintroduction of infected feedground elk. If future work continues to support this
conclusion, it is possible that closure of feedgrounds would not have any impact on brucellosis prevalence
in more remote elk populations away from the feedgrounds. Closure of feedgrounds would, however, po-
tentially reduce the “seeding” of new areas with infected elk where a reservoir does not currently exist.
Second, anecdotal evidence suggests that feedgrounds reduce exposure of cattle to infected elk during the
high-risk period of abortion or calving. Observational data to support this notion are weak at present.
Thus, an unintended outcome of closing feedgrounds could be increased exposure of cattle to infected elk
if cattle are turned onto grazing areas at the time that elk are calving.

Feedground closure has been the subject of increased discussion due to disease concerns in addition
to brucellosis. In particular, at the time of this report, the spread of chronic wasting disease (CWD) and
the distinct possibility that feedgrounds will be a primary source of transmission for many years into the
future has led to more active discussions on closing of feedgrounds (the role of feedgrounds in the trans-
mission of other diseases of elk was discussed in Chapter 7). Reduced use and/or strategic closing of
feedgrounds may have a positive impact on elk health in general, although the data supporting the
tradeoff of increased winter population loss with reduced disease impacts on overall elk population
(measured, for example, in terms of number of cow-calf pairs) are unclear. The committee was not tasked
to review the role of feedgrounds in propagation of CWD in elk, but notes that the concern is supported
by scientific evidence.

There are insufficient data available to know with certainty what the impact across the entire GYA
would be of reducing the use of and possibly closing elk supplemental feedgrounds. However, the weight
of evidence nonetheless suggests that reduced use or incremental closure of feedgrounds could ben-
efit elk health in the long-term, and could reduce the overall prevalence of brucellosis in elk on a
broad population basis (Conclusion 5).

The closure of feedgrounds is likely to bring increased short-term risk due to the potential for in-
creased elk-cattle contact while the seroprevalence in elk remains high. In the longer term, closing feed-
grounds may result in reduced elk seroprevalence. Incremental closure of feedgrounds would enable a
bioeconomic assessment to be conducted to determine both short- and long-term costs and benefits. Re-
duced use or incremental closure of feedgrounds is not a stand-alone solution to control of brucello-
sis in the GYA, and will need to be coupled with other management actions to address the problem
at a system level (Conclusion 6). The committee endorses the long-term goal presented in the WGFD
Brucellosis Management Action Plans and the USFWS/NPS elk and bison management plan for the Na-
tional Elk Refuge to reduce use and/or incrementally close supplemental feedgrounds.

Recommendation 3: Use of supplemental feedgrounds should be gradually reduced. A strate-
gic, stepwise, and science-based approach should be undertaken by state and federal land managers
to ensure that robust experimental and control data are generated to analyze and evaluate the im-
pacts of feedground reductions and incremental closure on elk health and populations, risk of
transmission to cattle, and brucellosis prevalence.

3.3 Spatial and Temporal Separation

One of the fundamental principles of infectious disease control is spatial and temporal separation of
individuals and groups to reduce the risk of transmission. This principle underlies progress made in re-
ducing bison and cattle contact outside YNP as part of the IBMP. Bison management to prevent brucello-
sis transmission has been successful in part due to spatial and temporal separation from cattle, both be-
cause bison are largely contained within YNP and Grand Teton National Park, and when outside the parks
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they are managed to reduce cattle contact. In addition, a relatively small and decreasing number of cattle
are grazed close to areas where bison roam outside the park, helping to keep the risk of exposure minimal.

Recommendation 4: Agencies involved in implementing the IBMP should continue to maintain
a separation of bison from cattle when bison are outside Yellowstone National Park boundaries.

Spatial and temporal separation plays an important role in reducing transmission risk from elk. Sep-
aration of susceptible and infected animals during high-risk periods (for example, immediately prior to
and following abortion and full-term birth) has been and should continue to be utilized as a risk reduction
tool, and is further discussed below in the context of specific management approaches. National policy for
responding to the identification of infected cattle and domestic bison herds includes time-tested approach-
es toward maintaining separation of infected and susceptible animals, including hold orders and quaran-
tine during follow-up testing. These actions are valuable tools for reducing risk. Other options include the
timing and use of grazing allotments, biosecurity measures, and hazing of elk. Removal of bison for
population management purposes could target B. abortus infected bison if further reducing the prevalence
of brucellosis is a goal; however, until tools become available that would simultaneously allow for an
eradication program in elk, additional aggressive control measures in bison seem unwarranted.

Grazing Allotments

At least 75% of the cattle herds infected since 1998 had previously grazed on or immediately adja-
cent to public rangeland. Historically, reduction of B. abortus transmission risk has not been considered
by agencies when making decisions about assigning grazing allotments. Case-control studies along with
more frequent cattle testing would be required to more definitively link public land access to brucellosis
infection risk in cattle. However, a more science-based approach in grazing allotment use could be taken
to reduce risk. For example, government agencies such as the USDA Forest Service and the U.S. Depart-
ment of the Interior (DOI) Bureau of Land Management could leave grazing allotments empty or modify
the use and timing of grazing allotments in relation to the risk of transmission and knowledge of elk mi-
gration patterns. Additionally, the formula used annually to adjust grazing fees could be changed to a risk-
based, marketplace approach through legislative authorization. To do so would require an understanding
of when and where the risks are higher and lower, and the development and use of a risk map that over-
lays cattle and elk locations relative to the grazing allotments. Decisions should be made in consultation
with state wildlife agency partners to estimate when elk are less likely to be on federal grazing allotments
during the time when abortion and calving events occur, and to consider other factors that reduce the like-
lihood of interactions between elk and cattle on grazing allotments. Increased knowledge of elk transmis-
sion risk in grazing allotments will be critical to taking a targeted approach toward risk reduction by spa-
tial and temporal separation. If delayed access is unacceptable to producers, increased fees and/or
brucellosis testing prior to and after turnout on grazing allotments could be implemented. Requiring evi-
dence of brucellosis calfhood and adult vaccination for grazers using higher risk lands could also be re-
quired. The benefits from this approach are somewhat uncertain due to, for example, a limited under-
standing of where and when cattle are getting infected (addressed later in the “Research Agenda” section).
However, if designed appropriately, iterative learning through an active adaptive management approach
will over time provide the data as to whether this approach is effective and worth continuing.

Biosecurity Measures

There are multiple biosecurity measures that individual producers can take that reduce exposure of
cattle and domestic bison to B. abortus infected elk. Measures such as fencing of haystacks and delaying
turnout on summer pasture until the risk of elk calving is reduced have been discussed in the report. There
are adequate data to indicate these approaches can reduce exposure, and published cost-benefit analysis
has provided the individual producer with sufficient information to make personal decisions. However, as
previously discussed, the external impacts (externalities) of individual producer actions have not been
thoroughly investigated. In general, actions taken by individual producers should be in proportion to the

176



Overall Findings, Conclusions, and Recommendations

risk of elk entering their property, or otherwise to the risk of their cattle making contact with elk. There is
a need to approach biosecurity measures as a shared responsibility, with incentives provided to producers
to implement these biosecurity measures in high-risk areas (for example, within the DSA).

Hazing of Elk

Hazing has been used by state wildlife agencies as a key part of the bison management plan for
keeping bison and cattle separated after movement of bison outside YNP. Hazing is currently being
authorized as a tool for Wyoming, but the efficacy of different hazing methods to reduce the time elk
spend in contact with cattle has not been measured, and therefore the costs and benefits of hazing elk are
unknown. Hazing of elk could be considered on a targeted basis in known high-risk areas. The impact of
hazing in high risk areas would need to be further studied to determine if hazing was effective in prevent-
ing contact between elk and cattle, or if it simply scatters elk into new locations in an unpredictable
manner.

3.4 Testing, Surveillance, and Designated Surveillance Areas

Regionalization is now a well-accepted approach to allow subnational disease containment without
jeopardizing the disease status of an entire nation. The success of regionalization relies on robust risk as-
sessment, knowledge of the location and extent of infected animals within and immediately outside the
boundary of a control zone, and effective boundary management and enforcement. With the last remain-
ing vestige of brucellosis limited to the GYA, the United States adopted a regionalized approach through
a 2010 interim rule that required creation of DSAs within the three GYA states (Idaho, Montana, and
Wyoming). This approach minimizes the economic impact of finding occasional “spillover” disease in
GYA cattle and domestic bison herds, and provides a means for all three of the GYA states to be classi-
fied as “free” of brucellosis. The DSA zoning concept is a valuable approach toward brucellosis control in
the GYA. The successful use of DSAs is dependent on responsible and timely adjustments of DSA
boundaries based on adequate surveillance, particularly of elk.

There is no federal guidance for conducting wildlife surveillance outside of the DSA at a level re-
quired to monitor the geographic expansion of brucellosis in elk. Each state independently conducts wild-
life surveillance outside of the DSA, with no uniform data-based guidelines or requirements for states to
reference in determining when to expand their DSA as a result of finding infected or exposed wildlife
outside of established DSA boundaries. This lack of uniformity in rules and standards has resulted in an
uneven approach to surveillance and to establishing boundaries that accurately reflect risk. No infected
cattle herds have been identified outside of established DSA boundaries, an indication that the DSA con-
cept is effective in preventing movement of infected livestock outside of the DSA. However, seropositive
elk have been identified outside of the DSAs. It is therefore likely that cattle in the same geographic area
are at risk. If DSA boundaries are not expanded in a timely manner in response to finding seropositive
wildlife, there is an increased probability that exposed or infected cattle and domestic bison herds in that
area may not be detected in time to prevent further spread of infection as cattle and domestic bison are
marketed and moved.

Further raising the risk of brucellosis spread outside the DSAs is a gap in slaughter surveillance for
non-DSA cattle in the GYA states. There is no major slaughter capacity in Montana or Wyoming where
surveillance samples can be collected to detect whether brucellosis has expanded in cattle beyond the
DSA boundaries. In addition, the current national brucellosis slaughter surveillance program is not de-
signed specifically to address the increased surveillance needs in the GYA or associated states. This gap
in slaughter surveillance for non-DSA cattle in the three GYA states further raises the risk of brucellosis
spreading beyond the DSAs. Lastly, USDA Animal and Plant Health Inspection Service (APHIS) has not
reviewed Brucellosis Management Plans for GY A states since 2012.
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The lack of data-based guidance and uniformity in conducting wildlife surveillance outside the
DSA, the absence of a GYA focused approach for national surveillance, and the infrequent over-
sight of state brucellosis management plans has created an increased risk for spread of brucellosis
in cattle and domestic bison outside the DSA boundaries and beyond the GYA (Conclusion 7). The
impact of brucellosis spread could be substantial.

Recommendation 5: In response to an increased risk of brucellosis transmission and spread
beyond the GYA, USDA-APHIS should take the following measures:

5A: Work with appropriate wildlife agencies to establish an elk surveillance program that uses
a modeling framework to optimize sampling effort and incorporates multiple sources of uncertainty
in observation and biological processes.

5B: Establish uniform, risk-based standards for expanding the DSA boundaries in response to
finding seropositive wildlife. The use of multiple concentric DSA zones with, for example, different
surveillance, herd management, biosecurity, testing, and/or movement requirements should be con-
sidered based on differing levels of risk, similar to current disease outbreak response approaches.

5C: Revise the national brucellosis surveillance plan to include and focus on slaughter and
market surveillance streams for cattle in and around the GYA.

3.5 Vaccination

Vaccination is a time-tested, proven method of infectious disease control. Brucellosis vaccination
has been an important part of the program to eradicate brucellosis from domestic cattle, and is effective
when used in conjunction with other disease management approaches such as quarantine, herd manage-
ment to reduce intra-herd transmission, and test and removal. However, all 22 infected cattle herds identi-
fied since the 1998 report were at minimum official calfhood vaccinated herds, including some that were
calfhood and adult vaccinated. It is important to note that direct exposure to a high infectious dose of the
bacteria (for example, through direct contact with aborted fetus and placenta) can reduce the protective
benefit of the vaccine. Therefore, while it is not appropriate to conclude based on these data that vaccina-
tion is an ineffective management tool to prevent infection, it illustrates the need for vaccines to be com-
bined with other management approaches in control programs. Vaccination does have a role in preventing
further transmission by significantly reducing abortions, which is considered a very high-risk event with
regard to transmission among cattle.

An improved vaccine for each of the three species (elk, bison, and cattle) would help suppress and
eventually eliminate brucellosis in the GYA. For free-ranging bison and elk, appropriate and cost-
effective vaccine delivery systems would be critical. Rabies vaccination of wildlife and domestic animals
is a classic example of successful vaccination campaigns to protect public health, domestic animal health,
and wildlife health. It has been used very effectively in North America for reducing prevalence in domes-
tic dogs to near zero using traditional vaccines. Species-specific vaccine-laden baits have also been used
to greatly reduce disease in wildlife (fox, skunk, and raccoon), and thus reduce exposure risk to humans
and domestic animals. Relevant to a national park, the opposite approach has been used in Tanzania
where a “ring” vaccination approach around Serengeti National Park is used very effectively to control
rabies transmission from domestic dogs outside the park to wildlife within the park. But even use of a
highly effective vaccine for immunization of cattle in and around the GYA would not be the solution to
brucellosis management in the GYA unless coupled with an effective vaccine for elk or other means to
prevent further expansion of B. abortus infected elk outside current DSA boundaries. However, until the
issue of infected elk transmitting B. abortus to cattle is fully addressed, there will still be a perception of
risk by other states that will likely drive continued brucellosis testing of cattle leaving the DSAs even if
cattle are vaccinated with a highly effective vaccine. Nevertheless, the committee concludes that the sig-
nificant reduction in risk of transmission among vaccinated cattle provides sufficient reason to con-
tinue calfhood and adult vaccination of high-risk cattle when coupled with other risk reduction ap-
proaches (Conclusion 8).
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4. BIOECONOMICS: A FRAMEWORK FOR MAKING DECISIONS

Economic resources for managing disease risks in the GYA are scarce. Any management strategies
that impose costs on agencies and other stakeholders while producing few to no benefits will not be
adopted. Costs are not limited to direct monetary costs of undertaking management actions, and benefits
are not limited to reduced economic risks to cattle producers; the costs and benefits also include the posi-
tive and negative impacts to the ecological processes of the region that are valued (either directly or indi-
rectly) by stakeholder groups. Moreover, many costs and benefits ultimately depend on how individual
ranchers, landowners, and resource users respond to changes in risk. Many of these benefits and costs will
not be realized in the short term, and thus a long-term perspective and clearly communicating that per-
spective is needed in managing the entire system.

A significant change since the 1998 report has been the development of systems-level approaches to
solving coupled socioeconomic, biological, and ecological problems. It is now common to find multidis-
ciplinary teams of scientists involved in addressing some of society’s most complex problems that are
particularly difficult to solve because of their interactions with multiple underlying factors that are chang-
ing or not well understood. Brucellosis control in the GYA is a prime example of such a problem, and can
benefit from a systems-level approach. Bioeconomic modeling provides a valuable framework for
systems-level decision making that is able to take into account the socioeconomic costs and benefits
of reducing transmission from wildlife to domestic cattle and bison, and is able to promote coordi-
nation and targeting of actions spatially and temporally based on expected costs and benefits,
including potential impacts beyond the GYA.

Quantitative models that include short- and long-term epidemiological and economic risks can help
managers decide how to target resources to activities based on the costs and benefits of those activities.
Part of this framework includes a periodic, performance-based evaluation of effectiveness. It would also
be important to tie the allocation of public financial resources to risk reducing behaviors.

While the Statement of Task requests a cost-benefit analysis for various management options, a lack
of critical information severely limits the ability to develop a comprehensive empirical assessment
at this time. There are significant knowledge gaps for key economic and disease ecology relations, in-
cluding the effectiveness, cost, and unanticipated impacts of various candidate management options to
control brucellosis in the broader GYA system. Given this and other considerations, a benefit-cost as-
sessment with specific, quantified results to guide prescriptive actions is beyond the scope of this report.
Even though it may take some time to develop a bioeconomic model, such a model will be essential for
decision makers in managing scarce resources to determine the most appropriate and cost-effective solu-
tions. Consideration of research needs relative to closing the gaps in knowledge that limit cost-benefit
analysis are considered below in the final section of this chapter (see “Research Agenda”).

A coupled systems/bioeconomic framework is vital for evaluating the socioeconomic costs and
benefits of reducing brucellosis in the GYA, and would be needed to weigh the potential costs and
benefits of particular management actions within an adaptive management setting. A bioeconomic
framework is also needed to identify appropriate management actions to target spatial-temporal
risks, including risks beyond the GYA (Conclusion 9).

5.ACALL TO STRATEGIC ACTION

A statement made in the 1998 report is particularly noteworthy given the increase in brucellosis in
cattle in the GYA since 1998. “Because neither sufficient information nor technical capability is available
to implement a brucellosis eradication program in the GYA at present, eradication as a goal is more a
statement of principle than a workable program. The best that will be possible in the near future will be
reduction of the risk of transmission of B. abortus from wildlife to cattle.” The current committee similar-
ly concurs that eradication of brucellosis from the GYA remains idealistic, but is still not currently feasi-
ble for multiple scientific, social, political, and economic reasons. The term “eradication” denotes a com-
plete absence of a disease agent, in this case within the GYA, and is distinct from “elimination” of
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brucellosis in a given population such as domestic cattle. Thus, while eradication of brucellosis in the
GYA remains a distant goal, significant progress toward reducing or eliminating brucellosis transmission
from wildlife to domestic species is possible. Undoubtedly, sufficient societal and political will along
with sufficient financial resources will be required for success.

Managing an ecosystem as complex as the Greater Yellowstone Ecosystem will require coor-
dination and cooperation from multiple stakeholders, and will require expertise across many disci-
plines to understand the intended and unintended costs and benefits of actions (Conclusion 10). Ad-
dressing brucellosis under the new and changing conditions in the region necessitates a more systematic,
rigorous, and coordinated approach at several levels—from priority setting to information gathering, data
sharing, and wildlife and disease management—than has occurred thus far. The current approaches are
likely to remain insufficient to decrease the risk of brucellosis in the region. A strategic plan is needed
to coordinate future efforts, fill in critical knowledge and information gaps, and determine the most
appropriate management actions under a decision-making framework that is flexible and accounts
for risks and costs (Conclusion 11).

5.1 Coordinating a Complex System

Management of brucellosis in the GYA is under the jurisdiction of various state, federal, private,
and tribal authorities. Each entity has its own mission and goals, and at times these goals may conflict
with one another. In addition, there are private landowners, hunters, and ranchers whose actions can im-
pact and are impacted by the decisions of others. To date, the efforts undertaken by various state and fed-
eral entities have been conducted in a piecemeal fashion, resulting in a disjointed and uneven approach.
Moreover, actions taken have not been effective in addressing the problem, because they have not ad-
dressed the issues on a systems level. While each state has the right to establish independent management
approaches, management actions within each state can have external impacts for the other two states in
the GYA and beyond; similarly, each federal agency has the right to establish independent management
approaches for their area of jurisdiction, yet there may be unintended consequences that impact the mis-
sion and goals of other agencies. This points to the need for a coordinated, mutually agreed upon ap-
proach among state and federal agencies charged with managing brucellosis in the GYA.

Coordinated efforts across federal, state, and tribal jurisdictions are needed, recognizing first-
ly that B. abortus in wildlife spreads without regard to political boundaries, and secondly that the
current spread of brucellosis will have serious future implications if it moves outside of the GYA
(Conclusion 12). Future progress will depend on actions of private and public stakeholders, and will re-
quire integrating multiple scientific approaches. Therefore, a greater level of transparency in management
actions, data collection, and data sharing will be required at both state and federal levels to inform the
actions of private and public stakeholders.

Recommendation 6: All federal, state, and tribal agencies with jurisdiction in wildlife man-
agement and in cattle and domestic bison disease control should work in a coordinated, transparent
manner to address brucellosis in multiple areas and across multiple jurisdictions. Effectiveness is
dependent on political will, a respected leader who can guide the process with goals, timelines,
measured outcomes, and a sufficient budget for quantifiable success. Therefore, participation of
leadership at the highest federal (Secretary) and state (Governor) levels for initiating and coordi-
nating agency and stakeholder discussions and actions, and in sharing information is critical.

5.2 Integration of Management Approaches

Historically, there was great interest in brucellosis at the highest levels of government through the
Greater Yellowstone Interagency Brucellosis Committee. The GYIBC functioned effectively for a num-
ber of years, but its success ultimately suffered from a lack of authority to mandate changes across the
region. While the threat has expanded since 1998, the participation of essential stakeholders has dimin-
ished due to loss of interest caused by lack of a positive outcome or productive movement in the disease
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progression within the wildlife populations. There is a need to reinvigorate this interest with buy-in and
participation of leadership, and development of a mechanism for coordinating policy and management
actions. This coordinating mechanism will need to operate under a political mandate from leadership, and
will need to involve all public and private entities with a stake in brucellosis control. The coordinating
mechanism will need to be adequately funded and will need to operate independently to make science-
based recommendations directly to leadership with the authority to implement the recommended actions.
The following considerations are critical when developing a mandate for high-level coordination:

e Establishing goals and objectives on an ecosystem-wide basis, with performance-based
measures and outcome assessment tied to funding decisions.

e Acknowledging the interrelationships of all elements of the ecosystem that requires a regional
solution, with shared costs and possible redistribution of funds among agencies and states that
have a stake in the outcome.

o Developing a long-term solution to managing or controlling brucellosis in the GYA that facili-
tates collaboration across jurisdictions (federal, state, tribal, and private).

e Developing standardized methods and rules governing the borders, operation, testing protocols,
and movement requirements of the designated surveillance areas. Current methods and rules are
loosely defined and specific to each state, and they do not appear to be based on a formal as-
sessment of risk and outcomes. (Management of the designated surveillance areas was previous-
ly discussed.)

e Sharing of information and data across the tri-state area to successfully control the spread of
brucellosis in the GYA. As noted above, each state has the authority to approach brucellosis
control independently; however, the problem requires a systems-level approach and systems-
level analysis of data to assess the performance of management policies and actions.

The success of an interagency group is dependent on leadership and on its participants. Thus it
would be imperative for a federal agency with regulatory oversight of brucellosis (such as USDA) to take
leadership in moving the discussions forward. One approach for harmonized policy development includes
the formation of a national level coordinating council with representation of stakeholders from all federal
agency, tribal, and state jurisdictions. An example of an effective interagency group is the Coordinating
Council (CC) for the National Animal Health Laboratory Network (NAHLN). The CC (originally termed
a Steering Committee) is led by USDA and includes representatives from state departments of agriculture,
and national and state laboratories. The original Steering Committee was formed in 2002, and it drafted
and recommended policies and operational protocols for the NAHLN that have withstood the test of time.
The success of this approach has hinged on the participation and agreement of high-level leadership from
multiple government agencies when critical and sometimes controversial issues were discussed.

5.3 Integration of Scientific Approaches

A forum to coordinate scientific approaches toward brucellosis control among all states and
agencies with jurisdiction in the GYA would be a valuable mechanism to ensure that science in-
forms policy. Such a body would share information, prioritize research projects, limit duplication of ef-
forts, advise on management actions, and serve as a potential venue for communicating scientifically
sound and agreed-upon messages and policies to the public.

The research forum established by the Wyoming Consortium for the Advancement of Brucellosis
Science (CABS) serves as a good example of a setting that brings together scientists to draw conclusions
based on data with the intent to inform policy decisions. Broadening the mandate of a scientific working
group like CABS to include coordination of brucellosis control across the entire ecosystem would provide
a valuable forum to ensure that the best available science is being considered with regard to ecological
rather than political boundaries. A scientific working group could be advisory to a national level coordi-
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nating council, encompassing multiple scientific disciplines to include expertise in ecology, biology, in-
fectious diseases, disease modeling, vaccines, social sciences, and economics.

As noted previously, sharing of information and data is essential for making progress on a system
wide approach toward brucellosis control. It will be important to ensure that publicly funded data and
other scientific information essential to informing management actions are openly and freely available.
One role of the scientific working group could be in developing or recommending appropriate policies
that govern open access, as an open data policy would facilitate exchange of information and data across
boundaries and jurisdictions. Although some data on elk population size and seroprevalence are available,
they are not available as raw data or in machine-readable formats, which makes them difficult to use. Ad-
ditionally, cattle, bison, and elk space-use data are critical to understanding risk, yet they are not easily
accessible to the public as privacy concerns limit the sharing of certain data on private entities. However,
transparency and sharing of data for cattle, elk, and bison are important for a system-wide analysis of risk
and smarter decision making based on risk. The committee finds that the lack of openly accessible da-
ta has limited the amount of scientific progress on controlling brucellosis, slowed the learning pro-
cess, and limited critical information necessary for making decisions. Unless there are legal re-
strictions related to privacy concerns, data should be shared across agencies and should be made
more accessible (for example, placing data online in interoperable formats or providing access to
raw data).

6. RESEARCH AGENDA

Eliminating B. abortus transmission within wildlife populations (elk and bison) and from wildlife to
cattle and domestic bison in the GYA—and by extension, eliminating it from the United States—is not
feasible unless critical knowledge gaps are addressed. An integrated, multi-disciplinary approach is nec-
essary for addressing multiple aspects of the problem, thus research teams will need to include members
from various disciplines who provide relevant expertise and understanding. This will also require collabo-
ration and coordinated communications among the university, agency, and nonprofit research communi-
ties.

Recommendation 7: The research community should address the knowledge and data gaps
that impede progress in managing or reducing risk of B. abortus transmission to cattle and domes-
tic bison from wildlife. The committee identifies several knowledge gaps across various disciplines, and
includes a relative ranking in relation to how crucial the gaps are and how likely it would be to impact
near-future management decisions. Where appropriate, the critical knowledge and data gaps are noted by
species (for example, both elk and bison are specified for some areas while only elk are noted for others).
It is important to emphasize that research should be cross-disciplinary to address the problem on a sys-
tems level.

6.1 Brucellosis Disease Ecology and Cattle Risk

Recommendation 7A: Top priority should be placed on research to better understand brucel-
losis disease ecology and epidemiology in elk and bison, as such information would be vital in in-
forming management decisions. Research would need to (1) identify and understand the factors
driving the rate and direction of B. abortus spread in elk and whether they can be targeted by any
management actions; (2) estimate the risk of elk-cattle contact and B. abortus transmission, and the
factors that can mitigate that risk and ideally eliminate transmission; and (3) refine and update
models of disease dynamics to assimilate data for forecasting and informing alternative actions in
active adaptive management.

Genetic and serological data from elk suggest that B. abortus has primarily spread in northwestern
and northeastern directions from the Wyoming feedgrounds but with limited spread into southern Wyo-
ming and Idaho. Further work is needed to predict the future rate and direction of B. abortus spread in elk,
identify factors that may limit that progression, and subsequently determine possible management actions
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that can target those factors. It will be important to design a study with an appropriate level of surveil-
lance to further understand how brucellosis is self-sustaining in elk populations outside the feedgrounds.
Collecting and establishing a repository of genetic isolates of B. abortus from elk and collecting samples
of elk DNA would be useful.

Currently there are few predictors of where and when transmission from elk to cattle is likely to oc-
cur, and the effectiveness of local efforts to mitigate that risk is unknown. Measuring cattle risk at local
and regional scales is critical to devising management actions that mitigate that risk. Case-control studies
investigating why some ranching properties have had more elk to cattle transmission than others would
help to elucidate whether there are local herd plans that are associated with lower risks despite similar
broader scale transmission risks (e.g., elk density and seroprevalence). Further work on estimating the risk
of elk-cattle contact and transmission and the factors that can mitigate that risk are critical to achieving
the ideal of eliminating transmission into cattle.

6.2 Economic and Risk Analysis

Although there have been economic studies on the producer level, there has not been a bioeconomic
analysis on comprehensive disease management strategies for the GYA as a system. Such an analysis
would be critical in determining the costs and benefits of options as part of a decision-making framework.
However, a number of knowledge gaps currently limit the ability to conduct at comprehensive analysis.

Recommendation 7B: To inform elk management decisions, high priority should be given to
studies that would provide a better understanding of economic risks and benefits. It is critical to un-
derstand the following to conduct a comprehensive bioeconomic analysis:

¢ Information on values associated with GYA wildlife. This includes use values stemming from
hunting, park visitation, wildlife viewing inside and outside Yellowstone and Grand Teton Na-
tional Parks, and non-use values related to conservation of wildlife stocks. This would also in-
clude an evaluation of management actions perceived as undesirable, such as supplemental feed-
ing, bio-bullets (which are no longer used), mass culls, and culls within YNP boundaries,
including a temporal component of those actions (for example, whether short-term culling for
long-term goals might be acceptable).

e Information on social and private incentives for separating cattle from elk, both on private lands
(hazing) and public lands (e.g., spatial-temporal grazing decisions).
Information on incentives of other landowners to manage lands for elk habitat/refuge.

¢ Information about the costs and the effectiveness of the various actions (even as basic as vac-
cination) for reducing transmission and at various levels of effort.

6.3 Land Use

Land use changes have likely contributed to changes in elk numbers and distributions. As previously
noted, land acquisitions by owners who discourage or prohibit access by hunters create elk refugia from
hunting, which potentially contributes to larger elk populations and increased numbers of large elk aggre-
gations. These population changes could enhance brucellosis transmission and reservoir maintenance in-
dependent of bison. Land use decisions by both livestock producers and natural resource agencies that
control grazing allotments (such as the USDA Forest Service and the DOI Bureau of Land Management)
may impact the risk of transmission from wildlife to cattle and domestic bison. Similarly, the risk of
transmission is impacted by the locations of elk feedgrounds relative to the spatial and temporal distribu-
tions of elk and cattle. However, there are limited data on the drivers of land use changes and how these
changes contribute to the maintenance and spread of brucellosis in the GYA. A better understanding of
these drivers and their impacts would be useful to inform land use policy, as well as land owner and man-
agement agency actions to reduce risk of B. abortus transmission.
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Recommendation 7C: Studies and assessments should be conducted to better understand the
drivers of land use change and their effects on B. abortus transmission risk. The studies should be
designed to determine how changes in land use contribute to altered elk numbers and distributions, how
land use changes affect the spread and maintenance of brucellosis in elk throughout the GYA, and how
the spatial distributions of livestock producers, grazing allotments, and elk contribute to risks of elk to
cattle transmission. Increased understanding of land use changes and their effects on elk distributions and
interactions with livestock will facilitate the development of resource management approaches and poli-
cies that minimize B. abortus transmission risks.

6.4 Elk Diagnostics

Elk diagnostic testing will become increasingly important in the future as evidence suggests an ex-
pansion of B. abortus-infected elk ranges beyond current DSAs, transmission of B. abortus from elk to
cattle, and maintenance in elk populations outside of the winter feed grounds in Wyoming. While assays
for testing of cattle for Brucella infection have a long history of success in effectively identifying B. abor-
tus positive cattle, none of the current diagnostic assays have optimal characteristics for rapid, sensitive
and specific determination of disease status in elk. This is especially important due to the particular chal-
lenges in handling elk, obtaining specimens, and holding animals in pens until testing is completed.

Recommendation 7D: Priority should be given to developing assays for more accurate detec-
tion of B. abortus infected elk, optimally in a format capable of being performed “pen-side” to pro-
vide reliable rapid results in the field.

6.5 Brucella Genetics

Although infection biology of B. abortus is better understood now than in 1998, there are still a
number of major knowledge gaps in ruminants. Infection biology studies in elk, bison, and cattle have
been largely neglected, and have been greatly limited by onerous Select Agent requirements, the lack of
large animal biocontainment facilities, and the substantial costs for large animal experiments.

It is important to note that scientific research in understanding brucellosis and progress in brucello-
sis diagnostics and vaccines has been hampered by the Select Agent Rule (implemented in 1997), which
requires B. abortus to be handled, stored, transported, and distributed with significant restrictions. These
restrictions have increased the cost of brucellosis research, and have constrained brucellosis research in
elk and bison to two U.S. laboratories. The higher cost of research and limited number of facilities capa-
ble of conducting brucellosis research also deters the next generation of scientists from pursuing research
in brucellosis. Thus, the committee is supportive of current proposals and measures being taken to remove
B. abortus from the Select Agent List.

Recommendation 7E: Research should be conducted to better understand the infection biology
of B. abortus. To do so would require collecting B. abortus isolates from GYA elk, bison, and cattle, and
conducting comparative genomic analyses of those isolates to understand the underlying mechanisms for
its adaptation in elk as a primary and likely self-sustaining host. It would also be useful to establish a bi-
orepository of samples (e.g., serum, tissues, B. abortus isolates, DNA, RNA) with relevant metadata.
Such a repository would have significant research value for future researchers to understand host and
pathogen genetic characterization. A multi-user oversight group would be needed to manage the biorepos-
itory’s acquisition, cataloguing, and use of valuable samples for vaccine research and diagnostic test de-
velopment.
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6.6 EIk Immunology

Compared to bison and cattle, little is known about the elk protective immune response, and even
less is known about genetic susceptibility to B. abortus. Unless more research is conducted on elk immu-
nology and genetics, development of a safe and effective elk vaccine will remain a distant goal.

Recommendation 7F: To aid in the development of an efficacious vaccine for elk, studies
should be conducted to understand elk functional genomics regulating immunity to B. abortus.

6.7 Vaccine and Vaccine Delivery System

The development of a more effective vaccine for each of the three ruminant species involved in
maintenance and transmission of B. abortus in the GYA would significantly enhance progress in control-
ling brucellosis in the GYA. The development of an effective vaccine for elk, including an acceptable
method of delivery, would be a major advance in expanding adaptive management options for eliminating
brucellosis in domestic species. There are currently no effective brucellosis vaccines for elk, and current
approved vaccines for bison and cattle have limited effectiveness against infection.

Recommendation 7G: The research community should (1) develop an improved brucellosis
vaccine for cattle and bison to protect against infection as well as abortion, and (2) develop a vac-
cine and vaccine delivery system for elk. These new vaccines should consider mucosal vaccination ap-
proaches and possibly incorporate a microencapsulation approach to improve vaccine efficacy. In addi-
tion, any new vaccine should be compatible with parenteral or oral delivery, and should allow
differentiation of infected from vaccinated animals (DIVA compatible). An effective vaccine for elk is
needed to control brucellosis in the GYA. However, delivery of vaccines to wide-ranging animals such as
elk and bison over varied terrain would be logistically challenging. A vaccine delivery system that
depends on baiting would be needed. Furthermore, assessments are needed to determine how effective
vaccines and vaccine delivery systems would be implemented.

7. CONCLUDING REMARKS

Since 1998, significant changes have occurred in understanding and managing brucellosis in the
GYA. Even over the course of the committee’s review, there were rapid changes in management practices
and new cases of brucellosis in cattle and domestic bison, which reemphasizes the difficulty in handling
this complex and expanding problem. Brucellosis was eliminated from cattle in the United States after
nearly a century of dedicated funding and resources from USDA, states, and livestock producers. With
increasing incidence of brucellosis in cattle and domestic bison herds in the GYA in the past few decades
due to transmission from elk, significant resources are needed to address a problem that is expanding in
scale and scope; without the changes and investments necessary to aggressively address this problem in a
coordinated and cost-effective manner, brucellosis will likely spread beyond the GYA into other parts of
the United States resulting in serious economic and potential public health consequences. Efforts to re-
duce brucellosis in the GYA will depend on significant cooperation among federal, state, and tribal enti-
ties and private stakeholders as they determine priorities and next steps in moving forward. The report’s
intent is to be useful for decision makers and stakeholders as they address the challenging matter of bru-
cellosis in the GYA.
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es in livestock. Dr. Baldwin received her Ph.D. (1983) in immunology from Cornell University.

Michael B. Coughenour is Senior Research Scientist at the Natural Resource Ecology Laboratory and
the UV-B (ultraviolet solar radiation) Monitoring and Research Program at Colorado State University.
His primary research activities have focused on ecosystems dominated by large herbivores. He has devel-
oped three ecosystem models, including the SAVANNA landscape model. He carried out research on the
Serengeti grazing ecosystem of Tanzania, using simulation modeling and experimental studies to deter-
mine how the ecosystem supports the world’s largest ungulate herds. He was a joint principal investigator
on the South Turkana Ecosystem Project, investigating a native pastoral ecosystem in northern Kenya. He
has carried out several major modeling and field studies of grazing ecosystems and assessments of ungu-
late carrying capacities in Yellowstone and Rocky Mountain National Parks, the Pryor Mountain Wild
Horse Range, and the Teton-Jackson elk range. He was principal investigator of a large project to use in-
tegrated assessments to assess wildlife-livestock interactions in East Africa. He has been involved in re-
search on pastoral and grazing ecosystems in Tanzania, Kenya, South Africa, Australia, Inner Mongolia,
Kazakhstan, Venezuela, Canada, and other locations around the world. Dr. Coughenour received his
Ph.D. from Colorado State University specializing in systems ecology and biogeochemistry of grassland
ecosystems.

Paul C. Cross is a research wildlife biologist with the U.S. Geological Survey. His research integrates
field ecology, epidemiology and statistics. He collaborates with a diverse team to also include genetics,
microbiology, and remote sensing experts to address wildlife disease, conservation and management is-
sues. There are two central themes in his research: (1) the integration of empirical data and mathematical
modeling, and (2) the effects of host behavior on disease dynamics. Currently, his research focuses on
several wildlife disease issues around the Greater Yellowstone Ecosystem including brucellosis, chronic
wasting disease, canine distemper and sarcoptic mange. His expertise is in the areas of disease ecology,
ungulates, epidemiological models, and statistical analyses of observational datasets. Dr. Cross received
his Ph.D. (2005) in Environmental Science, Policy, and Management from the University of California,
Berkeley, and his B.A. (1998) in Environmental Science from the University of Virginia, Charlottesville.

Richard D. Horan is a Professor in the Department of Agricultural, Food, and Resource Economics at
Michigan State University (MSU), and a 2014 recipient of MSU’s William J. Beal Outstanding Faculty
Award. Dr. Horan teaches natural resource economics, and his research interests are in the areas of envi-
ronmental and natural resource economics management and policy design. In particular, he concentrates
on understanding feedbacks between economic and ecological systems and how these affect management
opportunities. His interests are in the management of endangered and threatened species and ecosystems,
the co-evolution of economic and ecological systems, prevention and control of invasive alien species,
infectious disease in wildlife, and agricultural pollution and conservation. Dr. Horan has served as Editor
of Resource and Energy Economics (2010-14), and as an Associate Editor of the American Journal of
Agricultural Economics (2008-11) and Natural Resource Modeling (2007-08). In 2015, he has published
on “Managing Dynamic Epidemiological Risks through Trade,” “Managing the Endogenous Risk of Dis-
ease Outbreaks with Non-constant Background Risk,” and “Self-Protection, Strategic Interactions, and the
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Relative Endogeneity of Disease Risks.” His 2014 publications include “Interspecies management and
land use strategies to protect endangered species,” and “Merging Economics and Epidemiology to Im-
prove the Prediction and Management of Infectious Disease.” Dr. Horan received his Ph.D. and M.A. de-
grees from Pennsylvania State University and his B.S. from Appalachian State University.

David A. Jessup is an associate researcher and wildlife veterinarian with the Wildlife Health Center at
the University of California, Davis, School of Veterinary Medicine. He is also the Executive Manager of
the Wildlife Disease Association. Dr. Jessup was the first veterinarian hired by the California Department
of Fish and Game, for which he served as a clinical veterinarian, pathologist, research, field veterinarian,
and supervisor for more than 33 years. During that time, he worked on a wide array of North American
terrestrial and aquatic issues and conservation medicine issues, and was also involved in projects in Mexi-
co, Africa, and India. As an instructor with International Wildlife Veterinary Services, he taught wildlife
capture and handling courses nationwide and in several other countries. Dr. Jessup is a Diplomate of the
American College of Zoological Medicine and a Certified Wildlife Biologist with The Wildlife Society.
Dr. Jessup has authored or co-authored more than 250 peer reviewed and/or popular publications and
book chapters. He has also served in numerous leadership roles, including president and vice-president of
the Wildlife Disease Association and twice president of the American Association of Wildlife Veterinari-
ans. He also served on and chaired the American Veterinary Medical Association Committee on Envi-
ronmental Issues. Dr. Jessup received his D.V.M. (1976) from Washington State University, Master of
Preventive Veterinary Medicine degree (1984) from University of California, Davis, and B.S. (1971) in
zoology from the University of Washington.

Dustin P. Oedekoven is the state veterinarian for South Dakota and the executive secretary for the South
Dakota Animal Industry Board. He directs the Board’s responsibilities in animal and public health and food
safety. Dr. Oedekoven is a member of the U.S. Animal Health Association and currently serves as the
chairman of the USAHA Bovine TB committee. He also serves on a number of review and advisory com-
mittees, including the U.S. Department of Agriculture (USDA) National Advisory Committee on Meat and
Poultry Inspection, and the Agricultural Technical Advisory Committee for Trade in Animals and Animal
Products. He previously worked in a private veterinary practice in Wyoming. He is a Diplomate of the
American College of Veterinary Preventive Medicine. Dr. Oedekoven received his D.V.M. (2002) from
lowa State University and his B.S. in agricultural science from South Dakota State University.

David W. Pascual is a professor of mucosal immunology at the University of Florida’s College of Veter-
inary Medicine. His laboratory is focused on understanding the basic tenets of mucosal immunology and
their application to improve targeted mucosal vaccine delivery. Dr. Pascual and his colleagues are devel-
oping and testing brucellosis vaccine varieties in livestock with the hope that humans will ultimately ben-
efit as well. He recently developed live vaccine prototypes for brucellosis that appear to confer high levels
of protection in some animals against pulmonary Brucella infections. Dr. Pascual has served on more than
40 National Institutes of Health grant review panels with emphasis on mucosal immunology and infec-
tious disease research. He previously served from 2002-2006 as a mucosal immunology section editor for
The Journal of Immunology, and currently serves as one of the editors for Clinical and Vaccine Immunol-
ogy, a journal of the American Society for Microbiology. Dr. Pascual was previously at Montana State
University’s Department of Immunology & Infectious Diseases. Dr. Pascual received his Ph.D. (1987)
and M.S. (1985) degrees from the University of Mississippi Medical Center.

Valerie E. Ragan is Director of the Center for Public and Corporate Veterinary Medicine with the
Virginia-Maryland College of Veterinary Medicine (VMCVM) which trains veterinary students for public
practice careers. Dr. Ragan also continues to work around the world on the control and eradication of
brucellosis and on projects related to veterinary capacity building. Prior to joining VMCVM, she was the
president of an agriculture and veterinary consulting company in Washington, DC, where her activities
included resolving animal health issues such as disease control, eradication, and surveillance, and interna-
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tional veterinary capacity building. Dr. Ragan previously served as the Assistant Deputy Administrator of
the Veterinary Services program in the U.S. Department of Agriculture’s (USDA’s) Animal and Plant
Health Inspection Service (APHIS). In that role, she primarily served as the national animal health sur-
veillance system coordinator for Veterinary Services, overseeing the development and implementation of
a comprehensive, integrated national surveillance system, and creating the National Surveillance Unit.
During her tenure at USDA-APHIS, she also served as Senior Staff Veterinarian and National Brucellosis
Epidemiologist at USDA-APHIS with national responsibility related to brucellosis eradication in the
United States. She has assisted with the development and evaluation of brucellosis eradication efforts in-
ternationally as well by providing training and consultation on-site. Dr. Ragan also serves on the Brucel-
losis Committee and the Brucellosis Scientific Advisory Subcommittee for the U.S. Animal Health Asso-
ciation. She also serves on the Consortium for the Advancement of Brucellosis Science in the United
States. Dr. Ragan received her D.V.M. (1983) from the University of Georgia, and has taken graduate
level courses on biostatistics and epidemiology at the University of Michigan’s School of Public Health.

Glynn T. Tonsor is a professor of agricultural economics at Kansas State University. Dr. Tonsor’s cur-
rent efforts are primarily devoted to a range of integrated research and extension activities with particular
focus on the cattle/beef and swine/pork industries. His broader interests cover aspects throughout the meat
supply chain ranging from production level supply issues to end-user consumer demand issues. Dr.
Tonsor joined the K-State agricultural economics faculty as an assistant professor in March 2010, and was
previously an Assistant Professor in the Department of Agricultural, Food, and Resource Economics at
Michigan State University from 2006-2010. Dr. Tonsor received his Ph.D. (2006) in agricultural econom-
ics from Kansas State University and his B.S. (2001) in agriculture business—finance from Missouri State
University.
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WEDNESDAY, July 1

1:00 - 1:15 p.m.

1:15-1:30 p.m.

1:30 - 2:15 p.m.

2:15-3:15 p.m.

3:15 - 3:30 p.m.

3:30 - 5:00 p.m.

Appendix B

Open Session Meeting Agendas

FIRST MEETING AGENDA

July 1-2, 2015
Montana State University
Strand Union Building
Ballroom A

Welcome and Introductions
Terry McElwain, Committee Chair

NAS Study Process and Committee’s Statement of Task
Peggy Yih, Study Director
(15-minute presentation)

Charge to the Committee from the Sponsor;

Regulatory oversight of brucellosis under USDA jurisdiction

P. Ryan Clarke, USDA Animal and Plant Health Inspection Service
(10-minute to discuss SOT + 5-min Q&A, 15-min presentation on USDA
mandate + 15-min Q&A)

Overview of previous work conducted by National Park Service on
Brucellosis in the GYA; Status of Ongoing and Future Activities
Superintendent Dan Wenk and P.J. White, National Park Service)
(40-minute presentation, 20-min Q&A with committee)

Break

Montana’s state and regional efforts on brucellosis in the GYA
Perspective from the Department of Livestock

Christian MacKay and Eric Liska, Montana Department of Livestock
(30-minute presentation, 15-min Q&A with committee)

Perspective from the Department of Fish, Wildlife, and Parks
Quentin Kujala, Kelly Proffitt, and Jennifer Ramsey,

Montana Department of Fish, Wildlife, and Parks
(30-minute presentation, 15-min Q&A with committee)
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5:00 - 5:25 p.m. Public Comments
Please register ahead of time

5:25-5:30 p.m. Chair’s Closing Remarks for Day 1
Terry McElwain, Committee Chair

5:30 p.m. Adjourn Meeting for Day 1

THURSDAY, July 2

8:30 - 8:45a.m. Welcome and Introductions

8:45-9:15a.m. A genomic assessment of brucellosis transmission dynamics in the Greater
Yellowstone Ecosystem
Pauline Kamath, U.S. Geological Survey

9:15-9:45a.m. Environmental persistence of Brucella abortus in the GYA, and Wildlife
Management and Conservation Practices
Keith Aune, Wildlife Conservation Society

9:45-10:15a.m. Elk ecology and elk-wolf dynamics in Northern Yellowstone
Dan MacNulty, Utah State University

10:15 -10:30 a.m. Break

10:30 - 11:00 a.m. Native American bison management and practices
Jim Stone, Inter Tribal Bison Council

11:00 - 11:30 a.m. Impact of brucellosis on Montana livestock production
Errol Rice, Montana Stockgrowers Association

11:30 - 11:55 a.m. Public Comments
Please register ahead of time

11:55 a.m. — 12:00 p.m. Chair’s Closing Remarks
Terry McElwain, Committee Chair

12:00 p.m. Adjourn Open Session
YELLOWSTONE NATIONAL PARK FIELD TRIP
September 14, 2015

8:30 a.m. Meet at the Carbella Boat Launch
NAS staff to check photo IDs of confirmed participants

8:45 a.m. Depart via bus
8:45-9:00 a.m. Carbella

Scale of management issue; Elk populations and migration patterns;
Risk of elk comingling with livestock; Northern management area for bison
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9:30 - 10:00 a.m.

10:30 - 10:45 a.m.

11:00 - 11:15a.m.

12:00 — 1:15 p.m.

2:45 - 3:15 p.m.

3:30 p.m.

Revisiting Brucellosis in the Greater Yellowstone Area

Stephens Creek
Bison migration to northern boundary; Culling, testing, and vaccination

Mammoth
Bathroom Break at Yellowstone Center for Resources

Blacktail Deer Plateau
Bison seasonal use patterns

Buffalo Ranch

Lunch/Bathroom

History of bison management; Importance of Yellowstone bison;
Importance of wildlife viewing and tourism to area

Corwin Springs
USDA APHIS bison pens and fertility control study

Return to Carbella
Conclude tour

SECOND MEETING AGENDA
September 15-16, 2015
Jackson Lake Lodge
Moran, WY
Grizzly Room

TUESDAY, September 15

9:15-9:30 a.m.

9:30 — 9:45 a.m.

9:45-10:15a.m.

10:15 -10:45 a.m.

10:45-11:00 a.m.

11:00 -11:30 a.m.

Welcome and Introductions, Summary of Yellowstone Field Trip
Terry McElwain, Committee Chair

NAS Study Process and Committee’s Statement of Task
Peggy Yih, Study Director

A Century of Supplemental Feeding on the National Elk Refuge,
Implications for Brucellosis Management in Elk and Bison

Eric Cole, U.S. Fish and Wildlife Service

(20-min presentation, 10-min Q&A with committee)

Resource Management and Brucellosis in Grand Teton National Park
Sue Consolo-Murphy, National Park Service

(20-min presentation, 10-min Q&A with committee)

Break

USDA APHIS Brucellosis Research Efforts

Jack Rhyan, USDA APHIS
(20-min presentation, 10-min Q&A with committee)
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11:30 a.m. —12:00 p.m. B. abortus Vaccination and Diagnostics in Cattle, Bison, and Elk

12:00 - 12:30 p.m.

12:30 — 1:45 p.m.

1:45-2:15 p.m.

2:15 — 3:45 p.m.

3:45 — 4:00 p.m.

4:00 — 5:30 p.m.

5:30 — 5:55 p.m.

5:55-6:00 p.m.

6:00 p.m.

Steven Olsen, USDA Agricultural Research Service
(20-min presentation, 10-min Q&A with committee)

Brucellosis Surveillance
Don Herriott for Brian McCluskey, USDA APHIS
(20-min presentation, 10-min Q&A with committee)

Lunch on your own

(Committee working lunch in closed session)

Doors will close at 12:45 p.m. for committee’s closed session.
Doors will reopen at 1:30 p.m. for the public.

Cattle Grazing Allotments and Potential Impact of Intervention Strategies
in the Bridger-Teton National Forest

Tricia O’Connor, U.S. Forest Service

(20-min presentation, 10-min Q&A with committee)

Wyoming’s state and regional efforts on brucellosis in the GYA
Perspective from the Wyoming Livestock Board

Jim Logan, Wyoming Livestock Board

(30-minute presentation, 15-min Q&A with committee)

Perspective from the Wyoming Game and Fish Department

Hank Edwards and Brandon Scurlock, Wyoming Game and Fish Department
(30-minute presentation, 15-min Q&A with committee)

Break

Idaho’s state and regional efforts on brucellosis in the GYA
Perspective from the U.S. Department of Agriculture

Debra Lawrence for Bill Barton, Idaho Department of Agriculture
(30-minute presentation, 15-min Q&A with committee)

Perspective from the Department of Fish and Game

Duston Cureton for Mark Drew, Idaho Department of Fish and Game
(30-minute presentation, 15-min Q&A with committee)

Public Comments
Please register ahead of time

Chair’s Closing Remarks for Day 1
Terry McElwain, Committee Chair

Adjourn Meeting for Day 1
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WEDNESDAY, September 16

8:15-8:30 a.m.

8:30 - 9:00 a.m.

9:00 — 9:30 a.m.

9:30 - 10:00 a.m.

10:00 — 10:15 a.m.

10:15 -10:45 a.m.

10:45-11:15a.m.

11:15-11:40 a.m.

11:40 - 11:45 a.m.

11:45 a.m.

8:30 — 8:45 a.m.

8:45 -9:00 a.m.

Welcome and Introductions
Terry McElwain, Committee Chair

Efforts by the Wyoming Brucellosis Coordination Team and the
Consortium for the Advancement of Brucellosis Science

Frank Galey, University of Wyoming

(20-min presentation, 10-min Q&A with committee)

Brucellosis Diagnostics and Risk Assessment for Wildlife and Livestock
Brant Schumaker, University of Wyoming
(20-min presentation, 10-min Q&A with committee)

Economic Costs of Brucellosis Prevention and Management in the GYA
Dannele Peck, University of Wyoming
(20-min presentation, 10-min Q&A with committee)

Break

Applicability of the Wildlife Conservation Society’s AHEAD program
approach for the GYA

Mark Atkinson, Wildlife Conservation Society

(20-min presentation, 10-min Q&A with committee)

Challenges of Brucellosis Management for Wyoming Cattle Producers
James Magagna, Wyoming Stock Growers Association
(20-min presentation, 10-min Q&A with committee)

Public Comments
Please register ahead of time

Chair’s Closing Remarks
Terry McElwain, Committee Chair

Adjourn Open Session

THIRD MEETING AGENDA
November 10, 2015
National Academy of Sciences Building
2101 Constitution Ave. NW, Washington, DC
Room 120

Welcome, Introductions, and Goals for the Meeting
Terry McElwain, Committee Chair

NAS Study Process and Committee’s Statement of Task
Peggy Yih, Study Director
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9:00 - 10:00 a.m. Brucellosis disease modeling for management of bison and elk
N. Thompson Hobbs, Colorado State University (confirmed)
(40-min presentation, 20-min Q&A with committee)

10:00 — 10:30 a.m. Bison Conservation Genetics and Genomics
James Derr, Texas A&M University (confirmed)
(20-min presentation, 10-min Q&A with committee)
10:30 — 10:45 a.m. Break
10:45 - 11:30 a.m. Valuation of elk hunting and viewing
John Duffield, University of Montana (confirmed)
(30-min presentation, 15-min Q&A with committee)
11:30 a.m. — 12:00 p.m. History and current status of RB51
Gerhardt Schurig, Virginia-Maryland College of Veterinary Medicine (confirmed)
(20-min presentation, 10-min Q&A with committee)

12:00 - 12:15 p.m. Public Comments
Please register ahead of time

12:15-12:30 p.m. Chair’s Closing Remarks
Terry McElwain, Committee Chair

12:30 p.m. Adjourn Open Session
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