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ABSTRACT OF DISSERTATION

THE BIOLOGY AND MANAGEMENT OF BRUCELLOSIS IN YELLOWSTONE
BISON

Disease management along the boundaries of wildlife reserves is a growing conservation
problem worldwide, as infected wildlife can migrate outside protected areas and pose a
threat to livestock and human health. The bison Bison bison population in Yellowstone
National Park has long been infected with Brucella abortus, the bacterium causing
bovine brucellosis. Concern over migratory bison transmitting B. abortus to cattle herds
on lands adjacent to Yellowstone has led to proposals for bison vaccination. Model
simulations suggest that vaccination is unlikely to eradicate B. abortus from Yellowstone
bison but could be an effective tool for reducing the level of infection and eliminating
unpopular management practices such as lethal culling.

The culling of Yellowstone bison to reduce the risk of brucellosis transmission to cattle is
negatively affecting long-term bison conservation because of difficulties in diagnosing
actively infected animals. Age-specific serology and B. abortus culture assays from
slaughtered bison were used to develop a diagnostic tool to estimate whether particular
animals are infective. Findings suggest that active B. abortus infection is age-dependent,
which allows true infection probabilities to be estimated based on age and quantitative
diagnostic tests.

Active brucellosis infection was associated with below-average nutritional condition,
with the intensity of B. abortus infection being influenced by seasonal reductions in
dietary protein and energy. The reproductive strategy of Yellowstone bison is linked
with the seasonal availability of food, which increases bison fitness but may have
consequences for B. abortus infection. Seasonal food restriction may also influence the
ability of vaccinated bison to recall protective immune responses when later exposed to
B. abortus. The rate of fat metabolism was an important factor influencing cell-mediated
responses. Thus, individual variation and the seasonal availability of food may reduce
vaccine efficacy when vaccination is applied at the population level. Consequently,
effective management practices will require a diverse range of integrated methods, which
include maintaining separation of livestock and wildlife, managing habitat to reduce



brucellosis transmission, and reducing disease prevalence in wildlife. The long-term
success of these management practices will depend on sound science and support of the
stakeholders involved.

KEYWORDS: Bison, Brucellosis, Nutritional Condition, Persistent Pathogens,
Yellowstone National Park
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Chapter 1 — Introduction

In recent years, we have witnessed a global rise in emerging and re-emerging
infectious diseases, which are increasingly being shared between humans, livestock, and
wildlife (Daszak et al. 2000). The rapid development of land by humans has reduced the
amount of habitat available for wildlife (Cleaveland, Laurenson & Taylor 2001). Much
of the wildlife habitat that does remain is often fragmented or found within wildlife
reserves, such as national parks. Human development along the boundaries of these
preserves has also increased the proximity of humans, domestic animals, and wildlife.
Consequently, the risk of infectious disease spread from wildlife to livestock and humans
is a legitimate concern that is challenging wildlife conservation along the boundaries of
protected areas (Newmark et al. 2008). Because wildlife and their diseases do not
recognize management or political boundaries, conservation efforts become complicated
when risks to human health arise. This has long been the case with brucellosis

management in the greater Yellowstone ecosystem.

Brucellosis in Yellowstone bison is a contagious disease caused by the bacterium
Brucella abortus that can induce abortions or the birth of non-viable calves in livestock
and wildlife (Rhyan et al. 2009). The bacterium is believed to have been introduced by
European livestock to Yellowstone bison (Bison bison) and elk (Cervus elaphus) before
1930 (Meagher & Meyer 1994). In wildlife and cattle, infection typically occurs through
contact with infectious reproductive tissues shed during an abortion or live birth (Thorne

2001). Though rare in the United States, human brucellosis can occur if bacteria are



ingested or enter through the eyes or open wounds. Brucella abortus infection is rarely
fatal in humans, with human-to-human transmission being insignificant (Godfroid et al.
2005). However, if not treated early, human brucellosis can cause recurring, severe,

fever-like symptoms (Vassalos et al. 2009).

To minimize effects to humans, a nationwide program to eradicate brucellosis
from cattle has been in place since 1934. The program has successfully eliminated B.
abortus from most of the United States with the exception of free-ranging wildlife within
the greater Yellowstone ecosystem. Over the past decade, all three states bordering
Yellowstone National Park (Idaho, Montana, and Wyoming) have experienced multiple
brucellosis outbreaks in cattle herds as a result of contact with infected wildlife, which
has caused additional economic expenses for the state livestock industries. Thus,
concerns over the risk of brucellosis transmission to cattle have led to decades of conflict
regarding management of bison and elk in the greater Yellowstone area. Traditionally,
brucellosis management has focused on elk in the southern greater Yellowstone area and
bison in the northern portion. This management strategy has been supported by most
livestock and natural resources personnel who view supplementally fed Wyoming elk and
migrating Yellowstone bison as the primary sources for brucellosis transmission to cattle
(Bienen & Tabor 2006). Elk, which are tolerated on state lands, often mingle with cattle.
In contrast, resource agencies prevent bison from mingling with cattle through active

management practices

The risk of brucellosis transmission to livestock or wildlife is influenced by the
amount of infectious material shed onto the landscape and its ability to persist long

enough to establish infection when contacted. Environmental factors that increase stress



and concentrate animals, such as deep snow and the presence of predators, may increase
the likelihood of exposure to shed infectious tissues. However, expelled tissues are
sometimes quickly removed by scavengers (Aune et al. 2012). Additionally, the
behavior of elk and bison during calving may limit the transmission risk to cattle.
Yellowstone bison exhibit synchronous calving, with 80 % of births occurring from late
April to late May (Jones et al. 2010). Birthing females often consume shed birth tissues
within two hours after calving. This behavior reduces the risk of brucellosis transmission
to cattle and bison that later encounter the birth site. However, the potential for exposure
is higher for bison that are more closely associated with a pregnant animal that has shed
infectious tissues (Treanor et al. 2010; Treanor et al. 2011). During 2004 to 2007, at
least one bison was observed making contact with potentially infectious birth tissues in
30 percent of observed bison births (Jones, Treanor & Wallen 2009). Thus, brucellosis
transmission requires a source of infection and relies on the behaviors of potential hosts

(Cheville, McCullough & Paulson 1998).

The role of elk in the maintenance of brucellosis in the northern portion of the
greater Yellowstone ecosystem has traditionally been viewed as less important than that
of bison. Unlike most bison, however, female elk segregate themselves from other herd
members while giving birth (Johnson 1951). EIKk birth sites are dispersed and well
cleaned, with the likelihood of other elk encountering infectious birth tissues being low.
But transmission risk may be higher during late winter and early spring when elk form
large aggregations on low-elevation winter ranges (Hamlin & Cunningham 2008).
Brucella-induced abortions under these conditions could expose many susceptible elk to

infectious material.



The high seroprevalence (40-60 %) of brucellosis in Yellowstone bison implies
they are a likely infection source for Yellowstone elk. However, recent data suggest that
transmission between bison and elk is rare (Proffitt et al. 2010b). The peak bison calving
period, when most the bacteria are expected to be shed, occurs approximately one month
earlier for bison than for elk, with little overlap in distribution during this time period.
On wintering ranges where elk do mingle with bison, such as the Madison headwaters
area in Yellowstone, elk have much lower seroprevalence rates for brucellosis (3%) than
do Yellowstone bison or elk associated with feeding programs in Wyoming. Proffitt et
al. (2010) found that brucellosis transmission risk from bison to elk was low in
Yellowstone’s Madison headwaters area, despite a high degree of spatial overlap when B.
abortus is typically shed. Predation risk associated with wolves increased elk and bison
spatial overlap temporarily, but these behavioral responses by elk did not have important
disease implications. Also, DNA analyses indicate that B. abortus sampled from bison
and elk is quite different, which suggests that this bacterium is not extensively exchanged
between these species (Beja-Pereira et al. 2009; Higgins et al. 2012). It appears that
brucellosis in the greater Yellowstone area is a disease sustained by multiple hosts, and
managing the risk of transmission to cattle will require control measures addressing

bison, elk, and the factors sustaining infection.

Management of Yellowstone bison and the brucellosis transmission risk they pose
to cattle outside the park has a long, contentious history between wildlife managers,
livestock producers, and the concerned public. After intensively managing bison
numbers for 60 years through husbandry and consistent culling, the National Park Service

instituted a moratorium on culling in the park in 1969, which allowed bison numbers to



fluctuate in response to environmental and ecological factors (Cole 1971). Bison
abundance increased rapidly, with large winter migrations out of the park beginning in
the late 1980s (Meagher 1989a,b). These migrations led to a series of conflicts with
stock growers and the state of Montana, largely because of the risk of brucellosis
transmission to cattle. As a result, in 2000, the federal government and the state of
Montana agreed to a court-mediated Interagency Bison Management Plan (IBMP) that
established guidelines for (1) cooperatively managing the risk of brucellosis transmission
from bison to cattle and (2) preserving the bison population and allowing some bison to
occupy winter ranges on Montana’s public lands. The IBMP uses intensive management,
such as hazing and hunting of bison migrating outside the park, to maintain separation
between bison and cattle. In general, the agencies have successfully maintained spatial
and temporal separation between bison and cattle with no transmission of brucellosis
(White et al. 2011). However, this intensive management is expensive, logistically

difficult, and controversial.

The enduring debate over Yellowstone bison management has largely
concentrated on the culling of animals that roam outside park boundaries during the
winter. In recent decades, large numbers of bison migrating into Montana have been
captured by federal and state agencies, when separation between bison and cattle could
not be maintained. Many of these bison were tested for brucellosis, with animals testing
positive for exposure being shipped to domestic slaughter facilities. Approximately
3,200 bison were shipped to slaughter during 2001 through 2011, to mitigate the risk of
brucellosis transmission to cattle (White et al. 2011). Despite these actions, brucellosis

prevalence in Yellowstone bison has not decreased (Hobbs et al. 2009). Intensifying



bison removals to a level that may be effective at reducing brucellosis infection within
the herd would be extremely expensive, unacceptable to the public, and counter to the

National Park Service policy to maintain ecosystem integrity (Bienen & Tabor 2006).

In this dissertation, | focus on advancing our understanding of brucellosis in
Yellowstone bison for the purpose of reducing the level of infection while promoting
long-term conservation of this important wildlife resource. In chapter 2, | provide a
review of intracellular pathogens known to establish long-term infections and cause
abortions in mammalian hosts. Persistence by these disease agents relies on periods of
host immune suppression during pregnancy. This review highlights the common strategy
used by these pathogens and provides a broad perspective of how these disease agents
may be sustained in wild ungulate populations. In chapter 3, I present an individual-
based model to evaluate how different vaccination strategies might reduce the level of
brucellosis infection in Yellowstone bison. Model simulations suggest that eradication of
brucellosis is unlikely with the currently available vaccine and delivery options.
However, reducing the level of infection may be achievable but would require a long-

term investment.

Chapter 4 addresses the association of brucellosis infection with age in
Yellowstone bison. Bison age was found to be an important predictor of active
brucellosis infection, with infection increasing in juvenile ages and peaking at sexual
maturity. A management tool was developed to estimate the probability of active
infection in live bison. This tool, when used in conjunction with bison vaccination, could
provide managers with an effective way to reduce brucellosis infection without culling

practices that negatively affect bison conservation. In chapter 5, I assess how the



endemicity of brucellosis infection might be influenced by the timing of food restriction
with increasing reproductive demands. Seasonal food restriction was found to reduce
nutritional condition during late gestation, with the probability of active brucellosis
infection being highest for bison in below average condition. This suggests that
nutrition may play an important role in the maintenance of brucellosis in Yellowstone

bison.

In chapter 6, | compare the immunologic responses to vaccination in captive and
free-ranging bison. Immune responses were similar between both study groups, though a
single vaccination may offer protection in approximately half of vaccinated yearling
female bison. A comparison of bison immune responses with nutritional indicators
suggests that bison nutrition during the B. abortus transmission period may influence
protective immune responses following vaccination. Additionally, vaccinated wild bison
released back into the park demonstrated incomplete protection in animals naturally
exposed to B. abortus. Finally, conclusions and future directions are presented in chapter
7. Here | emphasize future research needs to further understand how brucellosis is

maintained in Yellowstone bison and improve disease management practices.

Copyright © John Joseph Treanor 2012
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Chapter 2 - Persistent pathogens of wild ungulates: the association of intracellular

parasites and immunocompromised hosts in a seasonal environment

Introduction

Pathogen persistence, the ability to survive and multiply within hosts, is an
important life history trait influencing the fitness of parasites (Frank 1996; Perlman
2009). The growth of pathogens within their hosts increases the likelihood of
transmission, but pathogen growth can negatively affect host survival and thereby
decrease transmissibility to new hosts. This trade-off between higher virulence
associated with pathogen growth and the increase in host mortality caused by infection
has been a focal subject in parasite biology (Anderson & May 1979; Alizon et al 2009).
Since death of the host reduces transmissibility, pathogens with the highest fitness have
been identified as those with an intermediate level of virulence, which allows them to
maximize the duration of infection and rate of transmission while keeping their host alive
(Mackinnon, Gandon & Read 2008). However, increasing the duration of infection

depends on the pathogen’s ability to evade protective immune responses of the host.

The primary function of the immune system is to defend against pathogen
invasion by generating a protective response against the invader with an accelerated
immune response following re-exposure to the same pathogen (Ahmed, Lanier & Pamer
2002). Many disease organisms, especially those directly transmitted between hosts (e.g.
viruses of upper respiratory tract), replicate quickly to increase transmission potential

before an adaptive immune response is developed by the host (Janeway et al. 2005).



However, some pathogens are capable of maintaining infections in mammalian hosts in
the presence of a robust adaptive immune response, thereby establishing persistent
infections (Monack, Mueller & Falkow 2004). Many of these persistent pathogens are
microparasites (i.e. viruses, bacteria, and protozoa), which infect a diversity of host
species and have been notoriously difficult to eradicate from humans, domestic animals,

and infected wildlife (Godfroid et al. 2005; Ruiz-Fons et al. 2008; Cross et al. 2009).

Microparasites only require a single host species to complete their development
and can generally persist in a wide range of environmental conditions; for this reason,
microparasites are responsible for the majority of wildlife epidemics (Dobson and
Foufopoulos 2001). These pathogens are also the subject of intensive study because of
their frequently severe clinical effects in people and the complexities associated with
treatment and control (Polley 2005). Microparasites can be classified as extracellular or
intracellular based on where they replicate within their hosts; extracellular pathogens are
controlled by humoral immune responses and intracellular pathogens are controlled
primarily by cell-mediated responses (Bogdan 2008). Intracellular microparasites can
replicate within a diversity of host cells and include all viruses, many bacteria (e.g.
Listeria monocytogenes, Mycobacterium tuberculosis, Brucella spp., Salmonella spp.,
Shigella spp., Coxiella burnetii, Anaplasma phagocytophilum, Ehrlichia chaffeensis),
certain protozoa (e.g. Leishmania spp., Toxoplasma gondii, Trypanosoma cruzi) and
fungi (e.g. Histoplasma capsulatum). Intracellular parasitism is an effective strategy that

allows pathogens to persist within their hosts by hiding from host immune defenses.

Wild ungulates are hosts to several zoonotic intracellular pathogens—that is,

pathogens transmissible from animals to humans—which are commonly associated with



livestock and humans (Table 1.1). Since humans are mainly exposed to wildlife
pathogens through infected livestock, human tolerance and social behavior make wild
ungulates an important host and reservoir for persistent zoonotic diseases (Bohm et al.
2008). Supplemental feeding in the southern Greater Yellowstone Ecosystem, for
example, is believed to maintain elevated levels of brucellosis among elk (Cross et al.
2007), a transmission source for cattle (Bien and Tabor 2006). Deer in northeastern
Michigan reach high densities through access to bait and feed piles (Schmitt et al. 1997),
thus increasing the opportunity for tuberculosis (TB) to spread via infected saliva (Dorn
& Mertig 2005). The ability of intracellular pathogens to persist within wildlife hosts
frequently leads to endemically infected wildlife populations, which pose an infection
risk to humans and their domestic animals (Michel et al. 2006; Schumaker, Peck &

Kauffman 2012).

Infectious intracellular pathogens causing disease in humans and livestock
commonly exploit their hosts during immunocompromised periods, such as pregnancy.
Colonization of the reproductive tract during pregnancy often results in abortions that
facilitate transmission of the pathogen (Carvalho Neta 2010; Dubey & Schares 2011). In
wild ungulates, these abortive disease agents may influence population dynamics and
compromise the conservation of threatened populations (Joly & Messier 2005; Pioz et al.
2008). Effective tools and strategies for managing or eradicating persistent diseases in
wildlife are largely unavailable because we have only a rudimentary understanding of
disease dynamics in the wildlife populations. In contrast to domestic livestock, wild
ungulates experience seasonal food restriction coinciding with periods of high nutritional

demands for reproduction. Consequently, immune function may be suppressed during

10



these periods, thereby creating transmission and infection opportunities for persistent

pathogens (Figure 1.1).

The focus of this review is to identify how intracellular pathogen maintenance
strategies are linked to seasonal and life history changes in host immune function. In
particular, the mechanisms influencing chronic infection of abortive disease agents in
wild ungulates will be evaluated. First, | describe how this group of intracellular
parasites is able to evade immune defenses in pregnant hosts. Second, | review the
common approach used by these pathogens to establish infection in domestic ruminants
and humans. Third, | propose how seasonal factors influencing the nutritional condition
of wild ungulates may increase susceptibility to persistent pathogens. Finally, | suggest

methods and research needs that may help control persistent diseases of wild ungulates.

Biology of persistence

Pathogens have evolved a variety of strategies to evade host recognition and
extend the duration of infection (Schmid-Hempel 2009). The intracellular strategy allows
a small number (i.e. low infectious dose) of microparasites to establish infection, persist
at low numbers and grow to large numbers when host conditions increase the likelihood
of transmission. For these pathogens, acute infection is merely a prelude to a more long-
lasting association with the host (Rhen et al. 2003). For example, the protozoan Neospora
caninum persists within its host by using a dormant life stage to establish chronic
infection in immunocompetent hosts and then switching to a fast-replicating life stage to
multiply in immunocompromised hosts during pregnancy (Eastick & Elisheika 2010).
The ability of intracellular bacterial pathogens to modify cellular processes is a common

feature that favors persistence and evasion of host immune responses (Monack, Mueller
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& Falkow 2004). For example, the Brucellae are intracellular bacteria capable of
modulating cellular functions, allowing them to survive within host cells (macrophages),
awaiting the opportunity to infect the reproductive tract during pregnancy (Spera et al.
2006; Carvalho Neta 2010). The inability of the host to clear or control persistent
pathogens can result in reactivation of infection, especially during periods of immune
suppression (Bogdan 2008). Thus, chronic infection of wild ungulates populations may
result from the effectiveness of these persistence strategies during periods when immune

defenses are naturally down-regulated.

In mammals, cell-mediated immune responses, which provide protection from
intracellular pathogens, are naturally suppressed during pregnancy (Clemens, Siiteri &
Stites 1979; Weinberg 1987). Consequently, the success of many intracellular pathogens
is linked to modifications of cell-mediated immune function to protect the developing
fetus (Entrican 2002). During a typical infection, antigens from the invading pathogens
induce the proliferation of T-cells toward either a T helper cell 1 (Th1) or T helper cell 2
(Th2) immune response. Th1 responses defend against intracellular pathogens, while
Th2 responses are more effective against extracellular parasites. Both responses result in
the release of cytokines, proteins which coordinate the protective immune response, but
the cytokine profiles for Thl and Th2 responses are antagonistic (Mosmann & Fowell
2002). The production of Th1 cytokines reduces the induction of Th2 cytokines and vice
versa. Th1l cytokine profiles can have profound detrimental effects on pregnancy because
the developing fetus contains paternal antigens which can be attacked by specific immune
cells induced via the maternal Thl response (Innes et al. 2005). These immune cells are

capable of inducing an abortion or reabsorption of the fetus (Raghupathy 1997). The
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placenta serves as the interface between the mother and developing fetus and induces the
production of large amounts of Th2 cytokines during pregnancy. This Th2 profile may
be the result of the high levels of the pregnancy hormone progesterone, which promotes
Th2 proliferation (Piccinni et al. 2000). This inhibits the detrimental effects of Thl
responses on the developing fetus (Miller et al. 1996, Miller & Hunt 1998). As a result,
the bias toward Th2 cytokine production increases the potential for infection by

intracellular pathogens during pregnancy (Quinn, Ellis & Smith 2002).

Immune protection from intracellular pathogens during pregnancy presents a
dilemma for the mammalian host. During late gestation, the induction of a strong Thl
cytokine response may compromise the pregnancy while a weak response may
compromise the resistance to infection that helps prevent fetal loss. Many intracellular
parasites (e.g. Coxiella burnetii, Brucella abortus, Toxoplasma gondii) cause abortions in
domestic and wild ruminants (Marreros et al.2011). Since wild ungulates commonly
share pastures with livestock, these abortive disease agents may be shared between
wildlife and livestock through ingestion of infected feces, urine, or birth tissues. We
must expand our understanding of how persistent disease agents are maintained in
wildlife to develop and implement control measures that reduce transmission risk to

livestock and humans.

Persistent abortive diseases in humans and domestic animals

The protozoan Toxoplasma gondii can infect all warm-blooded animals;
approximately one-third of the world’s population is seropositive for this parasite (Miller
et al. 2009). The resulting disease, toxoplasmosis, is a major cause of abortion in sheep

and goats and causes disease in the developing human fetus or in immunocompromised
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individuals (Innes et al. 2007). Exposure during pregnancy allows T. gondii to infect
placental cells and spread to the developing fetus (Buxton & Finlayson 1986). The
natural immunomodulation that protects the fetus in pregnant sheep reduces Thl immune
responses (Entrican & Wheelhouse 2006) resulting in vulnerability of the placenta to T.
gondii infection (Innes et al. 2007). Domestic cats (Felis catus) consuming infected
rodents and birds shed the pathogen in their feces (Dubey & Beattie 1988). Associations
have been made between the presence of cats on farms and exposure of sheep to T. gondii
(Skjerve et al. 1998), though infection in sheep has also been linked to contaminated food
(Faull, Clarkson & Winter 1986). Infection of pregnant sheep can result in abortion,

weak lambs, or clinically normal lambs that may be infected carriers (Buxton 1998).

Bovine neosporosis, caused by the protozoan Neospora caninum, is an important,
worldwide cause of bovine abortion (Innes et al. 2007). Similar to T. gondii infection in
sheep, cattle may become infected with N. caninum through the consumption of
contaminated food containing infected dog feces or through vertical transmission from
dam to calf during pregnancy (Dubey, Buxton & Wouda 2006). N. caninum infection
largely results in calves which remain persistently infected and capable of transmitting N.
caninum to their offspring (Andrianarivo et al. 2005). The high rate of vertical
transmission resulting in congenitally infected calves suggests a suppression of cell-
mediated immune responses during fetal development. This form of transmission is a
highly successful strategy, as naturally infected cattle will transmit the parasite over
several generations without developing effective immunity (Innes et al. 2005). As with
T. gondii, regulation of Th1 cytokines during pregnancy, may encourage recrudescence

of a persistent Neospora infection previously kept in check by pro-inflammatory Th-1
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immune responses (Innes et al. 2007). In dairy cattle naturally infected with N. caninum,
production of the Th-1 cytokine interferon-y (IFN-y) protects against abortion in

Neospora-infected cows (Lopez-Gatius et al. 2007).

Several species of intracellular bacteria have developed effective methods to
exploit their hosts during pregnancy. Q fever is a zoonosis with worldwide distribution
caused by the obligate intracellular bacterium Coxiella burnetii and affects a wide range
of domestic and free living mammals, birds, reptiles and fish (Berri et al. 2007).
Pregnant ruminants are highly susceptible to infection and shed C. burnetii into the
environment through infected birth tissues discharged at parturition or during an abortion,
as well as in urine, milk, and feces (Lang 1990; Woldhiwet 2004). Goats are the most
common source of C. burnetii infection in humans, which can cause long-term health
disorders. (Maurin & Raoult 1999; Hatchette, Hudson & Schezch 2001). In chronically
infected goats, multiplication of the pathogen may be reactivated during subsequent
pregnancies, with the bacteria excreted in the milk during lactation (Berri et al. 2007).
The mechanisms influencing recrudescence are not well understood, but
immunomodulation during pregnancy may be responsible for persistent infection of the

placenta (Polydourou 1981; Ben Amara 2010).

Chlamydiae are obligate intracellular bacteria with a wide host range and cause a
variety of diseases. Chlamydia abortus infects the placenta of sheep causing abortions
and has a major economic impact on agricultural industries worldwide (Kerr et al. 2005).
Humans are also susceptible to infection, especially pregnant women (Longbottom &
Coulter 2003). C. abortus is transmitted by ingesting infected birth tissues shed during an

abortion or at lambing, inhalation of aerosols from the environment, or transplacentally
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from ewe to developing fetus (Buxton et al., 1990, 2002). Lambs born to infected
mothers may be latently infected without clinical disease symptoms until their first
pregnancy (Wilsmore et al. 1990). In sheep, the Thl cytokine IFN-y controls the growth
of C. abortus in the placenta, but a high concentration of IFN-y can impair survival of the

fetus (Brown & Entrican 1996; Kerr et al. 2005)

Brucellosis, caused by bacteria in the Brucella genus, is a zoonotic disease of
concern throughout the world, generating at least a half million new cases annually
(\Vassalos et al. 2009). The Brucellae are intracellular bacteria known to infect a
diversity of mammalian hosts. Brucella abortus, the bacteria causing bovine brucellosis,
is transmitted primarily through the ingestion of infectious tissues (e.g. fetal membranes
and uterine discharges) shed following an abortion or at parturition (Samartino &
Entright 1993). B. abortus appears to exploit the regulatory processes that control
immune responsiveness during pregnancy (Kim et al. 2005). Replication of B. abortus in
placental cells is strongly influenced by the stage of gestation, with higher replication
rates during late gestation when the cells actively secrete steroid hormones, such as
progesterone (Carvalho Neta 2010). As with other intracellular pathogens, immunity to
B. abortus depends on the activation of white blood cells (macrophages), with the Th-1

cytokine IFN-y responsible for macrophage activation (Gorvel & Moreno 2002).

Though these bacterial and protozoan parasites use different methods to live
within their hosts, they share a common strategy of intracellular persistence followed by
within-host multiplication during the immunocompromised state of pregnancy.
Modification of cell-mediated immune function protects the developing fetus but

increases susceptibility to infection. Persistent pathogens appear to receive endocrine
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signals from the host communicating periods of immune suppression. The anti-abortive
effects of progesterone favors the production of Th2 cytokines which suppresses
protective Th1 responses, while cortisol, a stress hormone elevated during late gestation,
further reduces cell mediated immunity (Bouyou-Akotet et al. 2005). The resulting
decline in immune function is known to influence disease transmission and is well
documented in domestic animals. However, the mechanisms sustaining persistent
diseases in wild ungulate population are poorly documented (Marreros et al. 2011). For
free-ranging ungulates, seasonal factors may further impair immune defenses.
Simultaneous investment in immune defense and reproduction may not be an option if

both food and internal resources are limited.

Seasonal food restriction and immune function in wild ungulates

Wild ungulates experience periods of nutritional restriction, which can influence
the maintenance and transmission of infectious disease (Barboza, Parker, & Hume 2009).
Nutrition is defined as the rate of ingestion of assimilable energy and nutrients, while
nutritional condition is the varying state of an animal’s fat reserves and muscle mass
influencing future fitness (Cook et al. 2001; Stephenson et al. 2002). Poor nutrition
alters virtually every aspect of the immune response, including vulnerability to attack and
reactivation of chronic infections (Jolly and Fernandes 2000). The nutritional condition
of mammalian herbivores is driven by seasonal forage availability and quality. Early
plant growth stages generally have high nutrition in terms of energy and protein (Van
Soest 1994). Since immune defense is fueled by protein and energy (Bueler, Tieleman &
Piersma 2010), periods of food restriction may increase susceptibility to persistent

pathogens. At these times, intracellular pathogens, which exploit their hosts during
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pregnancy, may face less resistance from immune defenses if hosts are in poor nutritional

condition (Beldomenico & Begon 2009).

For ungulates at temperate and northern latitudes, parturition usually coincides
with the onset of the growing season (Parker, Barboza & Stephenson 2005; Rutberg
1987), but this reproductive schedule may reduce defenses against persistent pathogens.
Births synchronized with the early stages of plant growth influence offspring growth rate
and, consequently, survival (Guinness et al. 1978; Festa-Bianchet 1988). Fancy and
Whitten (1991) found that selection of calving sites with newly emergent forage plants by
female caribou influenced the survival of neonatal calves. In temperate Africa, the
pattern of births is less clear and may be a combination of the phenology of food supply
plus antipredator adaptations (Sinclair et al. 2000). For wild ungulates at temperate and
northern latitudes, timing parturition to coincide with the availability of high quality
forage increases fitness but also guarantees that pregnant animals will be in a state of

reduced nutritional condition near parturition.

The food required to meet reproductive demands may be supported by a
combination of food intake (income) and body stores (capital) (Barboza, Parker, & Hume
2009). Capital breeders, such as northern ungulates, rely on body reserves during periods
of food restriction for successful reproduction (Jonsson 1997). If internal resources are
limiting, it is reasonable to assume that investment of resources in reproductive demands
might reduce the resources available to invest in immune defense (Sheldon & Verhulst
1996; Martin, Weil & Nelson 2008). Wild ungulates experience increasing reproductive
demands during late gestation when food is limited and body reserves are depleted, and

thus nutrient resources allocated to fetal growth and early lactation may lead to a loss of
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immune protection near parturition (DelGiudice et al. 2001; Houdijk, Jessop &

Kyriazakis 2001; Nyman et al. 2008).

These seasonal dietary deficiencies can decrease a host’s ability to counteract and
contain parasites (Valderrabano, Gomez-Rincén, & Uriate 2006). Various aspects of the
immune system are condition-dependent, with immune responsiveness positively
associated with nutritional condition and the availability of dietary nutrients (Hoi-Leitner
et al. 2001; Demas et al. 2003; Ezenwa 2004; Xu & Wang 2010). Experimental studies
with mice indicate that even mild energy limitations can alter protective immunity against
nematode infection (Koski, Su, & Scott1999). In ewes, resistance to parasitic infection
near parturition was enhanced when diets were supplemented with protein and energy
during late pregnancy and early lactation (Donaldson et al. 1998, Houdijk et al. 2001).
Further, a negative correlation has been observed between prevalence of bovine
tuberculosis in African buffalo (Syncerus caffer) and body condition (Caron et al. 2003).
Because dietary demands are elevated during gestation and lactation (Gallagher 1981),
metabolic adjustments to nutritional deficiencies may be more evident in reproductive
than in nonreproductive animals (Lochmiller et al. 1988). Therefore, limitation of
resources for the competing physiological demands, such as reproduction and immune
defense, may help explain how chronic diseases are maintained in wild ungulate

populations.

In seasonal environments, mounting and maintaining an immune response is a
nutritionally expensive process involving tradeoffs between competing demands for
reproduction and immunity (Sheldon & Verhulst 1996; Lochmiller & Deerenberg 2000;

French, Moore & Demas 2009). For wild ruminants, the dietary protein and energy
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needed to fuel immune responses are largely reduced in the months before the emergence
of spring vegetation (Parker, Barboza & Gillingham 2009). At this time, temperate
ungulates have depleted energy reserves (fat) which can inhibit an effective immune
response when combined with low dietary protein (Nelson 2004; Gustine et al. 2011).
Protein scarcity seems to affect cellular immunity to a much larger extent than it affects
antibody-mediated immunity (Calder and Jackson 2000). Thus, intracellular strategies
are used by many pathogens in malnourished hosts, indicating that the cellular immune
system is affected (Cunningham-Rundles 2002). Protein and energy deficiencies
decrease the production of several cytokines, particularly IL-2 and INF-y (Chandra
1992), which are essential for controlling intracellular infection (Monack, Mueller &
Falkow 2004). For this reasons, pregnant ungulates in temperate and northern regions
may experience an increase in susceptibility to persistent pathogens, which may lead to

endemically infected wildlife populations.

Combating persistent pathogens

The discovery of new infectious agents and diseases transmissible to humans has
raised concerns regarding free-ranging wildlife as a source of emerging human pathogens
(Daszak, Cunningham & Hyatt 2000). By sharing pathogens with humans and domestic
animals, wildlife can serve as a reservoir for diseases that threaten human health.
Approximately 60% of human pathogens are zoonotic, with the interface between
livestock and wildlife being the most important factor in disease transmission (Bengis et
al. 2002; Bengis et al. 2004). In particular, pathogens that are able to evade the immune
defenses of their wildlife hosts and establish persistent infections are especially

problematic (Collins 2001). The inability of some wildlife hosts to recover from
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persistent infectious diseases such as tuberculosis and brucellosis leads to chronic
infection and a long-term wildlife disease reservoir. For example, tuberculosis is the
leading cause of death in adult humans worldwide, with domestic livestock and wildlife
acting as important transmission sources (Alexander et al. 2002; Cross et al. 2009; Jolles
et al. 2005; Gortazar et al. 2008; Nishi, Shury & Elkin 2006). Similarly, brucellosis is
regarded by the World Health Organization (WHO) as the world’s most widespread
zoonosis (Godfroid et al. 2005), with wild ungulates serving as reservoir hosts (Mufioz et
al. 2010; White et al. 2011). Thus, wild ungulates are an important source of persistent

pathogens where their distributions overlap with domestic livestock.

Managing the risk of disease transmission from wildlife to domestic animals and
humans traditionally has resulted in control strategies that negatively impact wildlife.
Traditional test-and-slaughter programs have been effective for managing diseased
livestock, but these practices may not be effective, realistic, socially acceptable, or ethical
for wildlife (Nishi Shury & Elkin 2006; Gortazar et al. 2007; White et al. 2011). The
ability of persistent pathogens to establish latent and chronic infections creates
difficulties for identifying infected animals. Consequently, animals that react positively
on antibody tests that detect exposure but cannot distinguish active from inactive
infection are frequently culled from the population (Treanor et al. 2011). Culling is
rarely appropriate for controlling wildlife diseases and may increase disease prevalence
under certain conditions (Choisy & Rohani 2006; Woodroffe et al. 2009; Beeton &

McCallum 2011).

Wildlife vaccination has been proposed as an alternative to culling and has been

successful in some situations in reducing infectious disease (Rupprecht, Hanlon & Slate
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2004; Tomkins et al. 2009). Though vaccination has been effectively used to control
infectious disease in humans and livestock, delivering vaccines to free-ranging wildlife
poses significant challenges (Plumb et al. 2007). Additionally, vaccines that generate
long-lived cellular responses for protection against intracellular diseases such as HIV,
malaria, and tuberculosis have not provided consistent protection against these agents
(Seder and Hill 2000). Because immune responses against intracellular pathogens have
high nutritional costs, the efficacy of vaccines tested under experimental conditions may
be reduced in wild ungulates. The nutritional demands needed to induce protective
immune responses following vaccination against intracellular parasites may not be
available during late gestation for wild ungulates. Further research is needed to compare
vaccine efficacy under experimental and natural conditions to assess how food restriction

during pregnancy influences the effectiveness of vaccines.

The ability of persistent pathogens to establish long-term infection within their
hosts suggests that they will remain within infected wildlife populations without disease
reduction efforts. Deciding on appropriate disease management practices for wildlife
frequently leads to disagreements between stakeholders, agency managers, and the
concerned public. Disease eradication is usually the option preferred by livestock
producers (Schumaker Peck & Kauffman 2012), but this may not be possible for
persistent diseases in wildlife. Managing the risk of disease transmission from infected
wildlife to livestock typically involves practices to maintain spatial separation between
wild ungulates and livestock. Though maintaining spatial separation will help protect
livestock from infected wildlife, it does not reduce disease prevalence in wild ungulates

and requires a continuous investment in management and surveillance efforts. Reducing

22



the prevalence of persistent pathogens in wild ungulates may be a compromise between
eradication and risk management, but will require improved tools, such as efficacious
vaccines, realistic delivery methods, accurate diagnostic tests, and an effective

monitoring program.

Here | have reviewed the intracellular pathogens known to cause abortive disease
in pregnant ruminants in an attempt to further understand the factors sustaining these
disease agents in wildlife populations. Though these diseases have been extensively
studied in domestic animals, much less is known about their epidemiology in free-
ranging wildlife. In wildlife populations, the breakdown of immunity during
immunocompromised periods may be better understood through life history trade-offs
involving resource allocation. Further research is needed on how competing resource
needs (reproduction and immune defense) in wild ungulates influence the maintenance of
persistent pathogens. For example, experimental studies could assess the effect of dietary
restriction (e.g. diets varying in protein and energy content) on the induction of protective
immune responses and ultimately transmission potential (i.e. shedding of the pathogen).
These studies would advance understanding of how environmental conditions influence
disease incidence rates and overall prevalence in endemically infected wildlife
populations. From a management perspective, it will be important to distinguish whether
a short-term reduction in disease prevalence resulted from management suppression
efforts rather than environmental factors (e.g. mild winters, food availability) that
improve host resistance during the critical period. Otherwise, public support for disease
reduction programs may be short-lived if infection levels spike despite consistent disease

reduction efforts. Managing persistent diseases of free-ranging wildlife will be a
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tremendous challenge requiring innovative management approaches. ldentifying the
ecological factors that influence immune suppression will help initiate control measures

that benefit human health and promote wildlife conservation.

Copyright © John Joseph Treanor 2012
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Disease/Agent Taxonomy  Host Zoonotic  Transmission\Persistence Strategy Immune
Response
Bovine Neosporosis Protozoal Mainly No Consumption of contaminated feed and transplacental Cell-mediated
(Neospora caninum) Cattle Support infection of calf via recrudescing cow
Ovine Toxoplasmosis Protozoal Mainly Yes Consumption of contaminated feed and congenitally Cell-mediated
(Toxoplasma gondii) sheep infected lambs via transplacental infection with re-
infection occurring in subsequent pregnancies
Malaria Protozoal Humans Yes Through mosquitoes during pregnancy, emerging new Cell-mediated
(Plasmodium falciparum) variants are able to evade acquired immune response
Brucellosis Bacterial Cattle, Yes Through birth fluids associated with aborted fetus or Cell-mediated
(Brucella abortus) Wild during normal delivery. Vertical transmission occurs from
Ungulates cow to calf. Chronic infection can result in infection and
transmission during future pregnancies
Q Fever Bacterial Goats, Yes Through birth fluids, organs and fetal membranes shed Cell-mediated
(Coxiella burnetii) sheep, and during normal delivery or during abortion, as well as via
cattle the urine, milk and feces. Latent persistence results in
reactivation of infection in pregnant ruminants
Chlamydia Bacterial Sheep Yes Infection of the placenta induces abortions and Cell-mediated
(Chlamydia abortus) transmission occurs through consumption of infected birth
fluids and membranes. Persistence results from latent
infection that is reactivated during pregnancy.
Listeriosis Bacterial Domestic Yes Infection of the fetus via the placenta frequently results in Cell-mediated
(Listeria monocytogenes) Animals, abortion in sheep and cattle. Can multiply both
Wildlife extracellularly and intracellularly and grow at low
temperatures outside host.
Bovine Viral Diarrhea Viral Cattle, Wild  NO Infections of the persistent form of the virus occur in the Cell-mediated
Virus Ungulates developing fetus prior to immune system development.

Transmission occurs through the consumption of infected
feces, urine, or birth tissues




Table 2.1. List of persistent intracellular pathogens with their hosts, taxonomic
affiliation, maintenance strategy and required protective immune response.
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Figure 2.1. Conceptual framework describing changes in forage quality and availability
in relation to protein and energy requirements over the reproductive cycle in wild female
ungulates. Increasing reproductive demands during periods of reduced food availability
create transmission and infection opportunities for persistent pathogens during late
gestation.
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Chapter 3 - Vaccination strategies for managing brucellosis in Yellowstone bison

Introduction

The discovery of new infectious agents and diseases transmissible to humans has
raised concerns regarding free-ranging wildlife as a source of emerging human pathogens
(Daszack et al. 2000; Bengis et al. 2004). Humans are often indirectly exposed to
wildlife pathogens through infected livestock. The crowding and mixing of wildlife with
domestic livestock can increase disease prevalence and transmission potential (Dorn &
Mertig 2005; Cross et al. 2007) thereby, increasing exposure to humans. Disease
transmission risk from wildlife to domestic animals and humans traditionally has resulted
in control strategies that negatively impact wildlife populations. Traditional test-and-
slaughter programs have been effective for managing diseased livestock but these
practices may not be realistic or socially acceptable for wildlife (Bienin & Tabor 2006;
Nishi et al. 2006). An approach to wildlife disease management is needed that addresses
both public health concerns and long-term wildlife conservation. Vaccination is
commonly used for disease control in veterinary medicine and wildlife vaccination may
offer a promising solution (Plumb et al. 2007). The success of a vaccination program is
influenced by vaccine efficacy and the proportion of the population inoculated. Our
ability to deliver efficacious vaccines and monitor their effectiveness is restricted in free-
ranging wildlife. Additionally, we seldom have all the information necessary to predict
the effectiveness of a wildlife vaccination program, but management actions will need to

move forward despite these uncertainties.
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Yellowstone National Park of the western United States was created in 1872, and
encompasses 9018 km? in portions of Idaho, Montana, and Wyoming, but only about
3175 km? of this area currently serves as principal bison habitat (Fig. 2.1). The
successful conservation of bison (Bison bison) from a low of 23 animals in 1901 to a high
near 5000 animals in 2005 has led to an enduring series of societal conflicts and
disagreements among various publics and management agencies regarding the potential
transmission of Brucella abortus to domestic livestock. B. abortus, the bacteria causing
the disease bovine brucellosis, was introduced to Yellowstone bison by cattle before 1917
and approximately 40-60% of the Yellowstone bison population has been exposed
(Cheville et al. 2008). Since that time, successful conservation increased the abundance
of Yellowstone bison from approximately 400 to >4700 in 2007 (Fuller et al. 2007). A
portion of the Yellowstone bison population periodically moves between habitats in the
park and adjacent lands in Montana during winter (Gates et al. 2005), resulting in a risk
of brucellosis transmission from bison to cattle on overlapping ranges adjacent to the
park (Plumb & Aune 2002). Humans are also susceptible to infection, though brucellosis
is no longer a widespread health threat in North America due to the use of sanitary
procedures (e.g., pasteurization) in milk processing (Young & Corbel 1989). When
livestock are infected, brucellosis results in economic loss from slaughtering infected
cattle herds and imposed trade restrictions (Godfroid 2002). More than $3.5 billion were
spent since 1934 to eradicate brucellosis in domestic livestock across the United States
(Cheville et al. 1998), however the disease remains endemic in bison and elk (Cervus

elaphus) in the greater Yellowstone ecosystem (Gates et al. 2005). Many livestock
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producers and cattle regulatory agencies contend that any risk of brucellosis transmission

is unacceptable for economic and public health reasons.

To manage the risk of brucellosis transmission from Yellowstone bison to
livestock, the federal government and State of Montana agreed to the Interagency Bison
Management Plan (U.S. Department of the Interior 2000a,b). This plan established
guidelines for implementing hazing, test-and-slaughter, hunting, and other actions
affecting bison abundance and distribution near the park boundary, where bison could
potentially co-mingle with livestock. The plan also indicates that the National Park
Service will conduct a remote delivery vaccination program of vaccination-eligible bison
within the park to increase tolerance of untested bison on winter range lands outside the
park. The National Park Service is currently considering the implementation of such a
program to reduce brucellosis infection in the bison herd. Much remains to be learned
about brucellosis epidemiology in bison and how effective vaccination may be, but it will
be necessary to make decisions and proceed despite uncertainty. Simulation models can
be effective tools for informing this decision-making process by evaluating the
effectiveness of different management strategies. Thus, | developed an individual-based
model to evaluate alternate vaccination strategies and how brucellosis infection in

Yellowstone bison might respond under different approaches.

Model context
B. abortus infection

Brucellae are facultative intracellular pathogens, which evade the host’s immune
system by replicating within the host’s white blood cells (e.g., macrophages) (Dormand

et al. 2002). During middle to late gestation, Brucellae that have infected the uterus

30



undergo massive replication in placental cells. The extensive replication causes a
rupture compromising placental integrity by allowing the bacteria direct access to the
fetus (Bellaire et al. 2003). The resulting abortions and premature calves are highly
infectious due to the large number of Brucellae on the fetus, placenta and birth fluids.
Following this acute phase of infection, some bison are unable to clear the bacteria and
remain infected. The pathogen’s ability to establish persistent infections in some animals
results in a class of latent carriers. The relapsing of latently infected animals to the

infectious state during future pregnancies, is a concern with Yellowstone bison.

Intracellular protection and replication are crucial components of incubation,
latency, and chronic infection of Yellowstone bison (Nicoletti & Gilsdorf 1997). Thus, |
modeled these aspects of brucellosis infection in bison by including an incubation period
in the model. This allowed for deciding whether a pregnant, susceptible bison that was
recently exposed would have adequate time to shed B. abortus. Also, | addressed latent
infection in the model by assuming bison never truly recover from brucellosis and that

adult females can potentially shed B. abortus throughout their reproductive lives.

Brucella abortus transmission

Transmission of B. abortus in Yellowstone bison is believed to occur primarily
through contact with an aborted fetus or infected birth tissues shed during a live birth.
The number of exposures that occur during these infectious events depends on the
behavior of the bison cow at the time of parturition. Bison tend to give birth in close
proximity to other group members, which increases the likelihood of transmission. B.
abortus is also known to cause mammary gland infections (Bevins et al. 1996) and can be
transmitted through infected milk (Nicoletti & Gilsdorf 1997; Olsen & Holland 2003;
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Olsen et al. 2003). Though bacterial numbers in milk are lower than in an infected
placenta, they are typically high enough to present a serious risk of transmission
(Cheville et al. 1998). The role vertical transmission (transmission from cow to newborn
calf) plays in the maintenance of B. abortus in Yellowstone bison is unclear, but may
help explain the low frequency of observed abortions, high seroprevalence rates among

young animals, and latent infection.

I modeled B. abortus transmission via infectious events (i.e., abortions and
infectious live births) and vertical transmission to calves. | assumed that a proportion of
latently infected adult cows will recrudesce in any given year and have an infectious live
birth. Also, a proportion of calves born from these infectious births will become infected
through vertical transmission.

A key component of brucellosis transmission is the number of exposures that
occur during an infectious event. Thus, the ability of the Brucella pathogen to spread
could be influenced by group size, composition, cohesion, and the infection status of
associates (Gudelj et al. 2004). Yellowstone bison appear to have a dynamic social
structure with fluid movements between groups (McHugh 1958; Lott & Minta 1983;
Rutberg 1984a; Lott 1991; Aune et al. 1998). The fundamental social unit is the cow-
calf association, which persists for approximately 9 months in male calves and 14 months
in female calves (Green et al. 1989; Lott 1991). There is little evidence that groups of
related females form lifelong associations (McHugh 1958), but cows with calves tend to
be found more often in groups with other cow-calf pairs (Rutberg 1984b). Also, group
sizes tend to get larger as habitat becomes more open and generally increase during the

spring calving season (Rutberg 1984a).
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I did not assume that every individual in the population is equally likely to
become exposed to B. abortus. If the association among cows is not random, an
individual's chance of being exposed is influenced by the infection status of its associates.
I modeled the bison social group as a fluid unit where infectious events occur and the

cow-calf pair as the focal unit of exposure

B. abortus detection in bison

Identifying the state of brucellosis infection within the Yellowstone bison
population relies on diagnostic tests performed on a segment of the bison population
captured at the park boundary. Brucellosis infection is diagnosed in bison through
serologic tests and bacterial cultures. For serologic tests, the fluorescent polarization
assay (FPA) is the diagnostic test of choice for detecting brucellosis in bison because of
its high sensitivity (94.5%), specificity (99.5%), and adaptability to field use (Gall et al.
2000; Gall & Nielsen 2001; Nielsen & Gall 2001). Serologic tests provide indirect
evidence of infection because they detect antibodies (i.e., responses to infection) rather
than living bacteria and can result in both false positive and false negative diagnoses.
Thus, it is unlikely that the probability of identifying truly infectious individuals can be
accomplished by serology alone (Cheville et al. 1998). Combining serologic testing with
tissue culture identified that nearly half (46%) of slaughtered seropositive bison were also
culture positive (Roffe et al. 1999). Based on this work, | estimated that 46% of
seropositive bison were culture positive animals and considered to be actively infected. |
assumed, based on the use of the FPA as a diagnostic tool, that all actively infectious
bison and a high proportion of latent infected animals could be diagnosed as positive

under boundary capture scenarios.
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Vaccination of Yellowstone bison

The objective of bison vaccination is to stimulate an acquired immune response to
B. abortus thereby increasing herd immunity and reducing the potential for transmission.
The live B. abortus strain RB51 (SRB51) is the official brucellosis vaccine for cattle in
the United States, but has the potential to induce abortions in pregnant bison vaccinated
in mid-gestation (Palmer et al. 1996). However, bison calves vaccinated with SRB51
may be safely booster-vaccinated during their first pregnancy, with early gestation being
a potentially safe period for adult pregnant bison (Olsen & Holland 2003). Based on
these findings | developed vaccination strategies that would limit the potential for vaccine
induced abortions by focusing on reproductively immature bison and adult females

during early gestation.

There is uncertainty about the level of protection (i.e., efficacy) SRB51 will
provide Yellowstone bison based on experimental studies. Vaccination of bison calves
provided protection from abortions and placental infection when challenged with virulent
B. abortus during their first pregnancy (Olsen et al. 2003). However, SRB51 was found
to have little efficacy in adult and calf bison despite repeated vaccinations (Davis & Elzer
1999; Davis & Elzer 2002). Thus, the duration of protection provided by a single dose
of SRB51 is unknown and older cows may need to be booster-vaccinated to extend the
protection of the vaccine (Olsen & Holland 2003). A key feature of SRB51 is that
vaccinated bison remain seronegative when tested with standard serologic tests (Olsen et
al. 1998) which prevents the removal of tested vaccinated animals. Delivery of vaccine
poses a problem with free-ranging bison and, currently, the most feasible method of

remote vaccine delivery is via biodegradable projectiles (i.e., “bio-bullets™). Ballistic
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vaccination has been used to inoculate free-ranging elk on feedgrounds in Wyoming
(Herriges et al. 1991) and tested experimentally with bison. Ballistic inoculation of bison
with photopolymerized SRB51 packaged into bio-bullets induced a significant cell-
mediated immune response that was similar to syringe delivery of the vaccine (i.e.,
parenteral vaccination) (Olsen et al. 2006). | assume that remote delivery of SRB51 to
free-ranging bison would provide protection equal to bison given syringe vaccinations
when handled at the boundary. 1 also addressed waning immune protection in the years

following vaccination and included an increase in protection with booster vaccination.

The individual-based model
Model development

| developed an individual-based model (IBM) using MATLAB 7 (The
MathWorks, Natick, MA, USA) to evaluate the effectiveness of vaccination at reducing
brucellosis infection in Yellowstone bison under the following three vaccination
alternatives: 1) vaccination of female calves and yearlings captured during boundary
management operations, 2) combining remote vaccination using bio-bullet delivery with
boundary vaccination of female calves and yearlings, and 3) vaccinating all female bison
during boundary operations and as targets for remote delivery. Under each alternative, I
assumed bison captured at the park boundary were all tested and positive reactors

removed.

The IBM tracked information on each female bison born into the population (Fig.
3.2A). The model used a yearly time step to simulate population level processes and
daily time steps to simulate exposure routes during the transmission period (Fig 3.2B).

The yearly time step components involved mating, natural mortality, exposure to B.

35



abortus via elk, and effects of management operations (testing and subsequent removal of
seropositive bison at park boundaries). The daily time step detailed the processes
(Brucella induced abortions and infectious live births) leading to shedding and
transmission of B. abortus among Yellowstone bison. Male bison were included in
yearly outputs, but were not a focal component of the model because their role in
maintenance and transmission is expected to be minimal (Robison et al. 1998). Age, sex,
disease status, reproductive status, and vaccination status were recorded for each female

bison modeled.

Modeled bison were initially assigned a disease status (susceptible, infected, or
latent) based on estimates derived from Yellowstone bison seroprevalence data. Bison
that had never been exposed to B. abortus were classified as susceptible. Infected bison
were viewed as actively infectious and modeled to shed B. abortus at a high probability
during their next pregnancy. These infected bison then entered a latent class with a low
probability of shedding B. abortus during future pregnancies. Changes in the disease
classes of individuals were used to predict the disease status for the overall population
with population seroprevalence being the sum of infected and latent bison. Individuals
changed their disease class based on events (i.e., exposure, vaccination) and rules
associated with their current state (i.e., disease class, pregnancy status, vaccination

status).

The model included two types of infectious events for simulating horizontal
transmission: Brucella induced abortions and infectious live births. 1 assumed that both
events had equal transmission potential. 1 also assumed that infected bison did not fully

recover from the disease. These animals had a low probability of shedding the bacteria in
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future pregnancies while remaining latently infected. In situations where latent cows
recrudesced and shed B. abortus during an infectious live birth, their calves became
infected through vertical transmission (consuming infected milk) at a specified

probability.

In the model, vaccinated, susceptible bison were classified as vaccine-protected
based on the assigned efficacy of the vaccine. These bison remained vaccine-protected
when exposed to the field strain at specified probabilities corresponding to vaccine
efficacy. When field exposure overwhelmed the protection of the vaccine, the bison
became infectious (i.e., entered the infected disease class). A vaccine delivery parameter
was used for alternatives involving remote vaccination. This represented the proportion
of targeted bison in the population that were likely to receive the vaccine. Once the
vaccine was delivered, bison entered the vaccine-protected class based on the level of

vaccine efficacy.

Model processes

Model parameters (Table 3.1) were initialized prior to running the model.
Management options were set to simulate desired vaccination alternatives under specified
levels of vaccine effectiveness. Each bison was assigned to a social group during
initialization. Bison were provided with demographic information (i.e., age, sex) and
assigned to a disease class based on estimates derived from seroprevalence data. Age
was assigned using estimates of bison population age structure (1-15 years) and sex was
assigned assuming an equal sex ratio. Bison social groups were then subdivided into

maternal units, with calves assigned to mothers (i.e., cow-calf unit).
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The annual time step began with bison becoming pregnant based on estimates of
age-specific pregnancy rates. Pregnant bison were given either a pregnancy date or an
abortion date depending on the individual’s disease class. The abortion period included
the last trimester (90 days) of gestation (287 days) before the live birth period (61 days).
Depending on their disease status, pregnant bison had a non-infectious live birth (i.e.,
Brucella not shed; calves classified as susceptible), an infectious live birth (i.e., Brucella
shed; calves classified as susceptible (0.34) or infected (0.66)), or a brucellosis-induced
abortion. | treated infectious material from abortions and infectious live births equally
with regard to disease transmission. Susceptible bison had a non-infectious live birth
unless exposed to B. abortus during pregnancy and there was sufficient incubation time
(35 days) for B. abortus to be shed. If there was insufficient incubation time (<35 days)
before parturition, the female did not abort or have an infectious birth. However, the
female’s newborn calf was infected via vertical transmission with a set probability (0.66).
Bison infected with greater than 35 days of incubation prior to parturition aborted their
pregnancy at a specified probability (0.96) or infected their newborn calves via vertical
transmission (0.66). Pregnant, latent cows had a non-infectious birth unless they relapsed
to the infectious state. | assumed 5% of latently infected adult females relapsed in a
given year and shed B. abortus through infectious live births and infected their calves

through vertical transmission.

Based on field observations of bison group members interacting with new born
calves and birth tissues, | assumed cow-calf pairs approached parturition sites and were
exposed to B. abortus together. Thus, transmission was modeled using maternal units,

which were either cows and their newly born calves or single female bison (>1-year old),
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that were exposed to B. abortus during an infectious event (i.e., abortion and infectious
live birth). Maternal units in the susceptible class became infected when exposed, while
the disease status of already infected and latent class bison remained unchanged. The
number of maternal units exposed per infectious event was decided by drawing from a
Poisson distribution fitting field observations of Yellowstone bison licking newborns or
expelled birth tissues. Contact with birth material was treated as a discrete random
variable and a Poisson distribution was fit to the frequency of contacts by group
members. The rate parameter that best fit the field data (A = 1.42) was adjusted (A = 1.0)
to fit the historical population seroprevalence estimates (Fig. 3.3).

Long-term group size information for Yellowstone bison (McHugh 1958) was
used to divide the population into groups of cows and their calves. Social groups of 24-
48 females and calves were assumed to have greater contact with each other than with
bison outside their group. Thus, the probability of exposure following an infectious event
is expected to be higher within groups than among groups due to the proximity of
individuals to infectious birth tissues. However, the mixing of bison social groups and
the ability of B. abortus to persist on the landscape (Aune et al. 2007; Aune et al. 2012)
suggests there is transmission potential to bison outside the social group experiencing the
infectious event. The specific maternal units exposed were determined using a biased
draw from the population, with parameter B biasing exposures in favor of bison maternal
units within the social group where the infectious event occurred. The probability that an

exposure will occur in any group, other than the group containing the infectious event,
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was expressed using Equation 1:

Probability of outside group transmission = : (D)
B(N, -1)+> N,

where N; is the number of bison maternal units in a social group where infectious
material was not shed, (Nx — 1) is the number of maternal units in the social group
experiencing the infectious event less the shedding maternal unit, ) N;j is the total number
of maternal units in all social groups not experiencing the infectious event and beta (B) is
a constant. The constant B was used to increase the probability of exposures occurring
within the social group experiencing the infectious event and was expressed using

Equation 2:

ﬂ(Nk_l)
ﬂ(Nk—l)+Zn: NJ.

j=k

Probability of within group transmission =

)

Following the daily processes influencing transmission and exposure, the
remaining annual processes were simulated. Social groups and their maternal units were
reestablished based on group size criteria. Bison were subjected to natural mortality
based on estimated age-specific death rates. Management operations (i.e., test, remove,
vaccinate) were modeled for each of the three vaccination alternatives. The portion of
the Yellowstone bison moving beyond the park boundary was modeled based on the past
20 years of capture operations. | used a frequency distribution of the portion of the

population captured (< 0.1, 0.1-0.2, and 0.2-0.3) at the park boundary each winter during
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1985-2005 (Table 3.2) to estimate the number of bison that might be tested in a given

year.

Seropositive bison were removed from the model to simulate management
operations based on the sensitivity and specificity of the FPA serologic test. | assumed
that infected and latent bison could be correctly diagnosed as seropositive during 100%
and 95% of the tests, respectively. The remaining seronegative bison were vaccinated
and assigned vaccine-protected status based on the specified efficacy of the vaccine.
These vaccinated bison retained their vaccine-protected status if exposed to B. abortus
based on the level of vaccine efficacy. Also, | assumed no abortions or mortality
occurred due to vaccination itself. Simulations were run over a range of vaccine efficacy
values under each management alternative. Vaccine-protected bison that were
subsequently exposed to B. abortus were expected to react positively on serologic tests
and, consequently, be removed during management operations. | recorded the proportion
of these seroposive-vaccinates in the model under each alternative. Bison previously
exposed to B. abortus (i.e., infected and latent bison) remained in their original states if
vaccinated. | included a duration-of-protection component to vaccine efficacy, which
modeled a decreasing level of vaccine protection in years following vaccination to

identify the effect of waning immune protection.

Elk populations in the greater Yellowstone ecosystem are also infected by B.
abortus and have been implicated as the source of brucellosis infection to cattle herds in
Idaho, Montana, and Wyoming (Galey et al. 2005; Higgins et al. 2012). The pathology

of the disease in elk is believed to be similar to bison and cattle. | included elk as a
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potential source of brucellosis infection for bison and modeled exposure from elk to
bison at a low probability (0.01).

The annual processes concluded by outputting all relevant information for each
year. The data were then analyzed over a 30-year period and comparisons were made
between the three vaccination alternatives. The rate of decrease in population
seroprevalence and the corresponding proportion of the population vaccinated were used
to assess the effectiveness of each vaccination alternative. Each vaccination alternative
was evaluated by running multiple model simulations over a range of vaccine efficacy

and delivery parameters.

Results

| conducted 10 simulations at intermediate levels of vaccine efficacy (0.5) for
each of the three vaccination alternatives: 1) boundary vaccination of female calves and
yearlings; 2) combination of boundary and remote vaccination of female calves and
yearlings; and 3) boundary and remote vaccination of all females. Under Alternative 1,
seroprevalence decreased by 24% from 0.46 to 0.35 over the 30-year period, with 1% of
the population vaccinated. Under Alternative 2, seroprevalence decreased by 40% from
0.47 to 0.28 over the 30-year period, with 10% of the population vaccinated. Under
Alternative 3, seroprevalence decreased by 66% from 0.47 to 0.16 over the 30-year
period, with 29% of the population vaccinated. Thus, combining boundary and remote
vaccination of all female bison (Alternative 3) resulted in the greatest seroprevalence
decreases over the 30-year simulation period (Fig. 3.4A).

Alternative 3 resulted in a larger proportion of vaccine-protected bison compared

to the other two alternatives (Fig. 3.4B), and the relationship between seroprevalence and
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the proportion of the bison population vaccinated over the 30-year period wasy = 2.4x +
0.85 (R =0.92). Boundary removals resulting from migrations out of the park were
stochastic, but there was a reduction of seropositive bison removed at the boundary as the
level of vaccine-protected bison increased in the population. The proportion of
seropositive-vaccinates (i.e., vaccinated bison that were subsequently exposed to B.
abortus) was larger under Alternative 3 than Alternatives 1 and 2. Population growth
rates increased from A = 1.02 (Alternative 1) to A = 1.05 (Alternative 3) with greater
vaccination effort.

Simulations indicated the effect of decreasing levels of vaccine efficacy (0.10,
0.20, and 0.30 per year) on seroprevalence had the most pronounced effect on Alternative
3 (i.e., the alternative with the most remote vaccination effort, Fig. 3.5), while model
trajectories were more variable in the other two alternatives with less vaccination effort.
Exploratory simulations to better understand the response of infection under a short-term
(10 years) implementation of Alternative 3, after which all vaccination and management
activities ceased, indicated seroprevalence returned to pre-vaccination levels and the rate
of return was more sensitive to the level of vaccine efficacy (0.10, 0.30, 0.50, and 0.70)
for alternatives with greater vaccination effort (Fig. 3.6A). The level of vaccinated
animals decreased toward zero as individuals were removed based on natural mortality
rates (Fig. 3.6B).
Discussion

Vaccinated bison exposed to field strain B. abortus are less likely to become
infectious and transmit the bacteria to other herd members. Model simulations suggest

that syringe vaccination of females captured at the park boundary will provide only a
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small decrease in brucellosis infection due to low vaccination rates that rely on out-of-
the-park migrations. Remote delivery vaccination extends the reach of management and
allows for considerably more bison to be protected from infection. Thus, the greatest
potential for reducing brucellosis infection could be achieved by combining vaccination
at boundary capture pens with the remote delivery of vaccine throughout the park to all
bison believed to be important in the maintenance of the disease. The projected reduction
in seroprevalence results from disrupting the transmission cycle of B. abortus by
reducing the quantity of Brucella bacteria shed onto the landscape and decreasing the
exposure rate of susceptible bison. Thus, fewer animals are exposed and the number of
seropositive bison removed during boundary capture operations decreases. Model
simulations demonstrated that the interconnectedness of these variables was dependent on
vaccine efficacy and vaccination effort. The sensitivity of vaccine efficacy was more
pronounced in the alternatives involving remote vaccination due to the greater
opportunities to vaccinate bison. However, improving the efficacy of a vaccine against
B. abortus may take some time and increasing vaccination effort may compensate for less

than desirable vaccine efficacy in the short term.

The current vaccine, SRB51, is not expected to provide lifetime protection and
female bison may need booster vaccinations (Olsen & Holland 2003). Thus, targeting
only young animals for remote vaccination (Alternative 2) would increase the variability
in seroprevalence declines because the level of vaccine protection would likely decrease
as animals age. However, SRB51 is safe for multiple immunizations (Davis & Elzer
1999), which would reduce the uncertainty of protection in years following vaccination.

Targeting all female bison (Alternative 3) allows animals to receive multiple vaccinations
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that extend the duration of vaccine protection and reduce the potential for latently

infected bison to relapse into an infectious state.

The difficulty in monitoring the level of brucellosis infection within the
population underscores the need for multiple indicators to evaluate the effectiveness of a
vaccination program. Seroprevalence is an attractive indicator of infection because
serum is easily obtained, diagnoses are quick and simple, and sampling does not involve
killing the animal. However, seroprevalence indicates a history of exposure (i.e.,
antibody responses) and does not provide a complete picture of how bison may be
responding to vaccination because rates of active infection are likely to be much lower
than indicated by seroprevalence (Roffe et al. 1999). Thus, testing bison at boundary
capture facilities should combine serologic tests with tissue culture on the seropositive
bison that are shipped to slaughter. Because the antibody responses to B. abortus are
long-lived, the proportion of actively infected bison would be expected to decrease faster
in response to vaccination than population seroprevalence. Also, vaccinated bison that
are subsequently exposed to field strain Brucella will react positively on serologic tests
even though they may be protected from further transmission. These bison would be
removed during boundary operations, thereby impeding the reduction of brucellosis
infection. These bison play an important role in herd immunity by reducing the number
of exposures of susceptible bison during an infectious event. Thus, a delay in
seroprevalence decrease is expected in the first 10 years of initiating a vaccination
program because of high population seroprevalence, long-lived antibodies, and the

removal of vaccinated, seropositive bison.
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Model simulations demonstrated an increase in seroprevalence as vaccinated
bison were removed through natural mortality under short-term vaccination scenarios.
Even under high levels of vaccine efficacy, investment in short-term vaccination efforts
will not reach long-term goals of reducing brucellosis infection in bison. Thus, a
consistent long-term investment in vaccination will be required to meet the objective of
the Interagency Bison Management Plan for reducing brucellosis transmission risk to
cattle by reducing infection within Yellowstone bison. The precise level of acceptable
risk has not been articulated, but model simulations indicate that brucellosis infection, as
indexed by seroprevalence, can be substantially reduced with a vaccine of intermediate
efficacy and realistic remote vaccination effort. Vaccination is likely to be a constant,
long-term investment with the tools (i.e., vaccine, delivery method, and diagnostics)
currently available. Reductions in the level of infection can be achieved, but will require
a strong surveillance program to validate the corresponding decrease in infection with

vaccination effort.

There is still much to be learned before remote delivery vaccination becomes
operationally feasible. The efficacy of vaccine SRB51 has not been tested under field
conditions and research is needed to estimate its efficacy within the Yellowstone system.
Also, the duration of vaccine protection offered by SRB51 is unknown, but undoubtedly
plays an important role in reducing infection and transmission. Yellowstone bison
experience strong seasonal changes that cause stress and a reduction in nutritional
condition. How bison respond to vaccination under these conditions will be important for
estimating responses to exposure after vaccination. Also, the bio-bullet delivery method

has been validated under experimental conditions, but its effectiveness has not been
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evaluated in Yellowstone bison. In addition, realistic group responses of bison to
vaccination are largely unknown, and disturbances from remote vaccination may make
bison difficult to vaccinate with this method over the long term. Remote vaccination

effort will be unable to compensate for vaccine efficacy if bison are difficult to vaccinate.

The large proportion (0.5) of young, immature bison in Yellowstone that are
seropositive indicates that exposure to B. abortus occurs early in life. However, little is
known about transmission through infected milk or trans-placental transmission in bison.
The risk of this route of exposure increases the need to vaccinate reproductively mature
cows to reduce mammary gland and placental infection. A greater understanding of this
potentially important route of transmission will lead to improved surveillance methods
and parameterizing more detailed transmission models. Also, latent carriers of B. abortus
are well documented, but the causes of recrudescence are speculative. Thus, all the
potential transmission routes and female age classes contributing to transmission require

further investigation.
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Table 3.1 — Default parameter values for an individual-based model predicting how

brucellosis infection in Yellowstone bison might respond under alternate vaccination

methods.

Parameter/Variable Value Source
Pregnancy rate (Pr) National Park Service
2 year olds 0.71
3 year olds 0.79
4 year olds 0.76
Adults (5 yrs+) 0.89
Calving rate (Cr) 0.71 National Park Service
Birth period (Bdays) 61 days Berger and Cain 1999
Abortion period (Adays) 90 days Dobson and Meagher 1996
Death rate (Dr)
0-2 years 0.2
3-13 years 0.1
14 years 0.2
15 years 1.0
Social group size National Park Service
Minimum 24
Maximum 48
Susceptible (S) 0.53 Department of Livestock
Infected (1) 0.22
Adult Latent (L) 0.25
Rate of recrudescence 0.05 Review of latency literature
Exposures / infectious event Poisson National Park Service
(=1)
Vertical transmission 0.66 Gross, Miller & Kreeger 1998
Minimum incubation time 35 days Gross, Miller & Kreeger 1998
Social transmission factor () 1.5 Fitted parameter
Bison captures at Park boundary per
year
0-10% of population 0.84
10-20% of population 0.11
20-40% of population 0.05
Bison removals at capture facility
Removal of infected class 1.0 Nielsen & Gall 2001
Removal of latent class 0.94

Vaccine Efficacy

Modeled over a range of
values
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Table 3.2 — Annual proportions of bison captured at the boundary of Yellowstone
National Park during winters 1985-2005.

Winter  Bison captured Population count Proportion captured

1985 88 2114 0.041
1986 57 2291 0.024
1987 6 2433 0.002
1988 35 2644 0.013
1989 569 3159 0.180
1990 4 2606 0.001
1991 14 3178 0.004
1992 271 3426 0.079
1993 79 3304 0.023
1994 5 3551 0.001
1995 427 3956 0.107
1996 433 3398 0.127
1997 1084 3436 0.315
1998 11 2105 0.005
1999 94 2239 0.041
2000 0 2444 0.000
2001 6 2800 0.002
2002 265 3286 0.080
2003 252 3880 0.064
2004 488 3824 0.127

2005 184 4239 0.043
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Figure 3.1 Map of the distribution of bison within Yellowstone National Park and
location of boundary capture areas for migrating bison. The northern and western
boundary capture areas include facilities where bison are tested and vaccinated for

brucellosis.
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Figure 3.2 Flow diagram of individual-based model processes influencing the state of B.
abortus infection in Yellowstone bison. The sequences simulated (panel A) for the three
vaccination alternatives were run for a 30-year period with yearly processes controlling
population demographics and vaccination status and daily processes detailing B. abortus
exposure and transmission. Changes in disease state and vaccination status (panel B)

were based on rules of exposure and vaccine efficacy.
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Figure 3.2 Continued
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Figure 3.3

live birth).

Estimate of B. abortus transmission following an infectious event (abortion or

The number of bison exposed was estimated using a probability (Poisson)

distribution fit to field observations of bison making contact with newborns and expelled

birth tissues (panel A). The rate parameter (lambda) for the probability of exposure was

adjusted to

simulate historic seroprevalence ranges (40-60%) for Yellowstone bison

(panel B).
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Figure 3.4 Simulated declines in brucellosis seroprevalence (panel A) and the proportion
of the bison population vaccinated (panel B) for each of the vaccination alternatives.
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Figure 3.5 Simulated declines in seroprevalence for alternative 3 with waning vaccine
protection. Line markers correspond to decreasing vaccine protection (based on the
initial vaccine efficacy of 0.5) each year. The initial level of protection was restored if

bison were re-vaccinated.
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Figure 3.6 Simulations of short-term (10 years) vaccination and boundary management
for alternative 3. Line markers correspond to the level of vaccine efficacy influencing

seroprevalence declines (panel A) and the proportion of the bison population vaccinated

(panel B).
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Chapter 4 -Estimating probabilities of active brucellosis infection in Yellowstone

bison through quantitative serology and tissue culture

Introduction

The increasing number of wildlife diseases transmissible to humans has raised
worldwide concerns regarding free-ranging wildlife as a source of emerging human
pathogens (Daszak, Cunningham & Hyatt 2000). In particular, agents of infectious
diseases, such as bovine tuberculosis, brucellosis, and salmonellosis, which can establish
persistent infections in wild ungulates, are especially difficult to manage (Renter et al.
2006; Cross et al. 2009; White et al. 2011). The limitation of diagnostic tests to
accurately identify infectivity of persistent bacterial diseases in wild ungulates has led to
disease management practices that are not aligned with wildlife conservation. Traditional
test-and-slaughter programs, which have been effective for livestock management, may
not be realistic or socially acceptable for wildlife (Bien & Tabor 2006). However, the
sharing of diseases at the human, livestock and wildlife interface is a global problem
(Bohm et al. 2007), which requires management practices that advance wildlife

conservation as well as human and animal health.

During the past century, the livestock industry and wildlife managers in the
Greater Yellowstone Area in the western U.S. have been concerned about the infectious
disease brucellosis caused by the bacterium Brucella abortus. This zoonosis can infect
the reproductive organs of several ungulate species during pregnancy, and can lead to the

induction of late-term abortions of infected hosts. Aborted fetuses are highly infectious
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and can serve as a transmission source for the disease (Thorne 2001). This non-native
disease was most probably introduced to Yellowstone bison by European cattle (Bos
spp.)(Cheville, McCullough & Paulson 1998) nearly a century ago (Mohler 1917). In
1934, a nationwide brucellosis eradication program was initiated and has since resulted in
the elimination of B. abortus in most of the United States, with the exception of free-
ranging wildlife in the three states surrounding Yellowstone National Park
(Yellowstone): Montana, Idaho, and Wyoming. Cattle industries in these states have
additional economic expense if they lose their brucellosis-free status, as has occurred in
all three states due to multiple brucellosis exposures in the past decade (Montana
Department of Livestock 2008). As such, this remaining pocket of brucellosis has led to
decades of conflict among wildlife managers, environmental groups and the livestock
industry over management of Yellowstone bison.

Although brucellosis-infected elk Cervus elaphus have been responsible for
disease transmissions to cattle (Beja-Pereira et al. 2009; Higgins et al. 2012),
Yellowstone bison have long been the focus of brucellosis management in the northern
portion of the Greater Yellowstone Area. Yellowstone bison management operates under
an Interagency Bison Management Plan (IBMP) aimed at conserving wild bison while
reducing the risk of brucellosis transmission to Montana livestock (USDI and USDA
2000). Bison management practices used to prevent brucellosis transmission to local
cattle conflicts with the goal of conserving bison and the processes that sustain them (e.g.
migration). Severe winter conditions encourage bison movement to low elevation ranges
outside Yellowstone (Geremia et al. 2011) where they are not tolerated because of the

risk of transmitting brucellosis to cattle. In some years, large numbers of migrating bison
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are captured and tested for brucellosis, with seropositive animals being shipped to
slaughter. Approximately 3,200 Yellowstone bison were shipped to domestic slaughter
facilities between 2001-2010, with 899 shipped during 2006 and 1,434 shipped during
2008.

These large scale bison removals have not been random, because bison social
structure and the reproductive demands of pregnancy predispose female bison and their
recent offspring (i.e. male and female calves and yearlings) to culling as they move onto
low elevation winter ranges outside the park. The effects of several large, non-random
culls during the past decade have contributed to a skewed sex ratio in favor of male
bison, gaps in the population’s age structure, and reduced productivity that, if continued
over time, could reduce the potential of Yellowstone bison to respond to future
challenges (White et al. 2011). Additionally, boundary culling has not contributed to a
measurable reduction of brucellosis infection in the bison population. The proportion of
seropositive adult female bison has increased slightly since 1985 or remained constant at
approximately 60% (Hobbs et al. 2009).

Removing brucellosis-infected bison is expected to reduce the level of population
infection, but test and slaughter practices may instead be removing mainly recovered
bison. Recovered animals provide protection to the overall population through the effect
of herd immunity (John & Samuel 2000), thereby reducing the spread of disease.
Identifying recovered bison is difficult because serologic tests (i.e. blood tests) detect the
presence of antibodies, indicating exposure but cannot distinguish active from inactive
infection. In bison, B. abortus antibodies are long lived (Rhyan et al. 2009), thus

seroprevalence overestimates the level of active infection (Roffe et al. 1999) by failing to
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distinguish between infected and recovered animals (i.e. bison that have cleared the
bacteria). Though it is highly probable that bison can have serologic titers and not be
infected (Cheville et al. 1998), all seropositive Yellowstone bison have been treated as
actively infected because of potentially chronic or latent forms of the disease.

The ability of B. abortus to establish undetectable latent infections in young
animals (e.g. heifer syndrome) has been documented in cattle (Lapraik et al. 1975;
Wilesmith 1978; Catlin & Sheehan 1986), though the occurrence of latency is infrequent
(Ray et al. 1988; Rhyan et al. 2009). Latently infected animals are typically exposed as
calves and do not react on serologic tests until they have calved or aborted their
pregnancy following infection. The proportion of adult bison that develop chronic
infections (i.e. persistent infection of lymphatic tissue) following acute disease (i.e.
reproductive tract infections) is unknown. However, the epidemiology and pathogenesis
of brucellosis in chronically infected bison is similar to chronically infected cattle (Rhyan
et al. 2009), and most infected cattle recover by clearing the infection and exhibiting life-
long immunity (Ficht 2003).

The epidemiology of brucellosis in Yellowstone bison appears typical of an
endemic disease, with a reduced portion of seropositive animals being actively infected
and immune protection increasing with age. B. abortus has been isolated from 46% of
seropositive Yellowstone bison, with young bison and high antibody titered animals
predominantly infected (Roffe et al. 1999). Thus, the relationship between bison
demography and quantitative serologic responses may be an important association for
identifying actively infected animals. | integrated age-specific serology and B. abortus

culture results from Yellowstone bison shipped to slaughter in 2008 to estimate
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probabilities of active infection. | then applied this information to brucellosis risk
management for the purpose of identifying high risk animals (i.e. those contributing to
brucellosis maintenance) and low risk animals (i.e. recovered bison contributing to herd
immunity). This approach has important application to the growing problem of disease
management along the boundaries of protected reserves (Newmark 2008). The ability to
target specific individuals that disproportionately contribute to the maintenance of
infectious disease can improve the effectiveness of disease management programs while

supporting long-term conservation efforts.

Methods

Study area

Yellowstone bison comprise the largest (3,000-5,000) wild population of plains
bison in North America. Two semi-distinct breeding herds migrate and disperse across
an extensive landscape (>90,000 ha). The central herd occupies the central plateau,
which extends from the Pelican and Hayden valleys with a maximum elevation of 2,400
m in the east to the lower-elevation and geothermally-influenced Madison headwaters
area in the west. Winters are often severe, with snow water equivalents (i.e. mean water
content of a column of snow) averaging 35 cm and temperatures reaching -42 C. The
northern herd occupies the northern portion of Yellowstone where elevation decreases
from 2,200-1,600 m over approximately 90 km between Cooke City and Gardiner,
Montana. The northern range is drier and warmer than the rest of the park, with mean
snow water equivalents decreasing from 30 to 2 cm along the east-west elevation

gradient. In both breeding herds, bison tend to migrate to lower-elevation ranges in and
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outside the park as bison density and climatic factors (i.e. snow, drought) interact to limit

food availability (Geremia et al. 2011).

Data collection

During the winter and spring (February-April) of 2008, 1,805 migrating bison
were captured and held at bison management facilities on the northern and western
boundaries of Yellowstone. A total of 1,434 bison were consigned to slaughter by the
IBMP partner agencies. All bison captured at the west boundary (n = 158) were shipped
untested to slaughter. The large number of bison exiting the park’s northern boundary (n
= 1,647) resulted in bison shipped untested to slaughter (n = 860) between 11 February
2008 and 19 March 2008. Bison were transported in trailers from Yellowstone to
slaughter houses in Montana and Idaho where blood was collected by state or federal

inspectors and transferred to state diagnostic laboratories for serologic testing.

After 19 March 2008, many of the bison (n = 191) shipped to slaughter from the
park’s northern boundary were animals that tested positive on standard serologic tests
conducted at the boundary facility. Test-negative bison were held at the northern
boundary facility and released into the park in May 2008. For bison that were tested
prior to being shipped to slaughter, whole blood was collected into vaccutainer blood
tubes, immediately centrifuged, and serum was tested for B. abortus antibodies using the
standard card test and Fluorescent Polarization Assay (FPA). The quantitative FPA is the
diagnostic test of choice for bovine brucellosis because of its high sensitivity (94.5%) and
specificity (99.5%), quick diagnosis, and ease of use (Gall & Neilsen 2001). FPAis a

homogenous assay that measures the rotation time of labeled antigen molecules through a
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specified angle of polarized light, where slower molecular rotation times indicate larger
molecule size because of the binding of B. abortus antibodies (Muma et al. 2006).
Measured rotational times are converted to milli-polarisations (mP) where seropositivity
is determined by comparisons to mP values of positive and negative controls. FPA
results were obtained from state laboratories for bison that were shipped untested to
slaughter and from Yellowstone’s northern boundary capture facility for tested bison
using the Sentry Fluorescence Polarisation Analyser (Diachemix Sentry TM 100, single

tube reader, Diachemix LLC, Wisc.USAFPM-1).

| collected tissue samples from 402 slaughtered bison for culture of B. abortus.
At receiving slaughter houses, bison were killed by gunshot, and tissues were collected
immediately after death. Blood was collected to test for presence of B. abortus
antibodies using FPA. Depending on bison sex and age, | collected a section of
mammary gland and pairs of the following lymph nodes which have been identified as
the priority tissues for isolating B. abortus from Yellowstone bison (Rhyan et al. 2001):
1) retropharyngeal, 2) supramammary, 3) superficial inguinal, and 4) internal iliac.
Tissues were collected into sterile Whirl-Paks (Nasco, Fort Atkinson, Wisconsin) and
stored frozen (-20°C) until sent to the National Veterinary Services Laboratories (Ames,
lowa, USA). Ages of young bison (<5 years old) were determined by incisor eruption
patterns (Fuller 1959) and by cementum annuli analysis of the first incisor for older bison

(= 5 years old) with all permanent teeth.

The long held gold standard for brucellosis diagnosis is isolation of the bacteria.
Though molecular diagnostic techniques are promising (e.g. polymerase chain reaction

(PCR) assays), much work still needs to be done before they can be used in routine
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brucellosis testing (Yu & Nielsen 2010). Consequently, application of the PCR assay for
B. abortus testing in bison blood samples have not been accurate, as results have largely
been negative in culture positive animals (Roberto & Newby 2007). Similarly, culture
assays may not be sensitive enough to identify low level infections in all animals sampled
without culturing an unrealistic amount of tissue. Based on the large sample size in this
study, I chose a subset of tissues demonstrating no statistical difference in isolating B.
abortus from Yellowstone bison compared to a much larger comprehensive set of tissues

(Schumaker et al. 2010).

Brucella abortus isolation from tissue samples was conducted according to
established standard operating procedures (USDA-NVSL a). Trained staff minced and
then mixed each tissue separately in phosphate buffered saline and plated the macerated
tissue suspension onto the agar surface of 5 plates: 1 tryptose agar plate with 5% bovine
serum, 1 tryptose agar plate with 5% bovine serum and antibiotics; 1 tryptose agar plate
with 5% bovine serum, antibiotics, and ethyl violet; 1 Farrell plate; and 1 Ewalt plate.
Inverted plates were incubated at 37°C with 10% CO, for a minimum of 10 days. Plates
were observed at 5 days and 10 days for the presence of morphologically suspect
Brucella colonies. Suspect colonies were identified as B. abortus using traditional

biochemical analysis (USDA-NVSL b).

Bayesian analysis framework

| used a Bayesian approach to estimate the probability of B. abortus presence in
targeted bison tissues based on bison age and quantitative serology data collected in
2008. 1 collected at least partial information from 402 bison, including gender (402), age
(401), culture results (397), and serologic status (299). Approximately 41% (n = 165) of
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the slaughtered bison studied were sampled after brucellosis testing began. This may
have biased culture results toward seropositive animals that were more likely to be
actively infected and not representative of the infection status of the Yellowstone
population. | corrected for this by using a two-sample test of proportions and determined
that the portion of culture-positive calves was significantly higher once disease screening
began (P <0.0001, n = 49). Thus, in this analysis | considered calves prior to disease
screening and all results for other ages (n = 374). Antibody values specific to B. abortus
were determined using the FPA based on the difference between the observed mP value
and the negative control. | centered and scaled the net FPA difference by subtracting the
mean from the raw values and dividing the difference by the mean. Centered and scaled
values were between -1.25 and 2.25, which facilitated model convergence. Bison age,
determined using incisor eruption patterns and cementum annuli analyses for animals >5
years old, varied between <1 and 15 years. Of the 374 bison with culture results, I had
273 results with FPA and age data, and 101 results with only age data. Censoring results
when one of multiple predictor values is unknown increases the uncertainty of parameter
estimates (Gelman & Hill 2007). The Bayesian framework provides a coherent method
for imputation by treating missing values as random variables that arise from the
distribution of observed values (Clark 2007), and | imputed missing FPA values within

this Monte Carlo Markov chain algorithm.

I hypothesized that Yellowstone bison are exposed to B. abortus at a young age
and experience acute infection early in their reproductive lives from which they generally
recover (i.e. clear B. abortus). | expected the probability of active infection to increase

rapidly after birth through reproductive maturity followed by a gradual decline with
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increasing age. The Ricker function, a common phenomenological model used for
ecological variables, starts at zero, increases to a maximal value, and gradually decreases
back to zero. This functional form allowed a process model to be developed that could
describe exposure early in life, followed by acute infection at reproductive maturity, and
gradual recovery with increasing age. In its simplest form, the Ricker model includes the
shape parameters a, the initial linear rate of increase, and b, the reciprocal of the
maximum response value. | chose a single functional form for this process model with
interpretable parameters based on previous brucellosis studies in Yellowstone bison (Pac

& Frey 1991; Roffe et al. 1999).

My response variable y;, was active B. abortus infection identified by bacterial
culture of a single colony forming unit from tissues collected from each individual bison.
Thus, bison were either culture positive or culture negative. | treated y; as a random

Bernoulli variable with probability of isolating bacteria equaling the Ricker equation

aA;e’P4i where A;was animal age. This basic model was used with age as the single
predictor variable to determine if the data supported my hypothesis of early infection and
recovery with age. A Bayesian analysis seeks the posterior distribution which is the
probability of the parameters conditional on the data. 1 initially evaluated the posterior

distribution as:

374

P(a,b|Y,A4) < || Bemoulli (y;,|a,b,A;)x gamma (a|0.001,0.001)x beta (b |1,1)

i=1

| expected a positive relationship between FPA mP values and active infection status
with higher FPA scores relating to higher culture prevalence. However, reproductively

immature animals that are responding to active infection may have fairly low FPA values
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due to competing protein needs (i.e. antibody production vs. growth and maintenance).
Thus, | anticipated that the relationship between FPA and culture status would be more
pronounced in older bison that have completed growth and achieved sexual maturity. To

account for these effects, | again treated y; as a random Bernoulli variable, but with a
probability of isolating bacteria equaling aA;e ?4it<Fitd4iFi where F; was individual FPA
mP value. Missing FPA values (Fn ) were imputed in the Monte Carlo Markov chain
algorithm by treating missing values as arising from the distribution of observed values,
where G was the mean and o was the variance of observed FPA values. In this refined

analysis, | evaluated the posterior distribution as: pP(a,b,c,d,F, |Y, A, F,z,0) o«

273 374
H Bernoulli (y,-|a,b,c,d,A,»,F,-)><H Bernoulli (y;|a,b,c,d,A;,F, ;)
i=1 i=274

374

x H normal (F,, ;|u,o0)x gamma (a|0.001,0.001)x beta (b |1,1)

i=274

x normal (c|0,1000 )x normal (d |0,1000 )

Existing information on probability models of the parameters, or prior
distributions, were unavailable. Thus, I used uninformative probability models
illustrating that I knew little about the values of these parameters. | used normal
distributions for the prior parameter distributions for FPA (c ~ NORMAL (0,1000)) and
age by FPA interaction (d ~ NORMAL (0,1000)). I used a gamma distribution to estimate
the initial linear rate of increase (a ~ GAMMA (0.001,0.001)) and beta distribution to
estimate the reciprocal of the age of maximum infection probability (b ~ BETA(1,1)).

Monte Carlo Markov Chain procedures were implemented using the RIAGS
package to call JAGS (Plummer 2009) version 2.1.0 from R (R Core Development Team

2010). I ran each of the three models for 25,000 iterations using three different Monte
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Carlo Markov chains. The first 5,000 iterations were excluded to allow for burn-in.
Convergence was assessed visually and when the potential scale reduction factor was less
than 1.1 for all parameters (Gelman & Hill 2007).

Bayesian application

| used the described Bayesian analysis framework to develop a management tool for
making probabilistic statements about the true infection status of bison based on age and
net positive FPA values. The objective of the tool is to increase the effectiveness of a
brucellosis reduction program, such as vaccination by selectively removing bison with a
specified probability of being infectious.
Results

Brucellosis seroprevalence in bison shipped untested to slaughter (n = 237)

increased with age in bison < 6 years old and decreased in older age classes (Table 4.1).
Active B. abortus infection measured by culture prevalence increased rapidly in bison < 3
years old, closely matching seroprevalence in young bison, and then decreased in age
classes following reproductive maturity (Table 4.1). The highest culture prevalence was
observed in 2.75 year old bison, just before the age of first parturition. The portion of
sampled seropositive bison that were actively infected was highest in calves and
decreased with age (Figure 4.1). FPA values in seropositive bison were more variable
across ages for culture-positive bison compared to culture-negative animals (Figure 4.2),
indicating that seropositive bison that were culture negative may maintain reduced levels
of antibodies, while active infection raises this level because of repeated exposure to B.

abortus antigen.
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The magnitude of estimated parameters in a simple form of the Ricker model,
which included only bison age as a predictor variable, indicated the probability of active
B. abortus infection increased in young bison (median a = 0.29, 95% credible interval =
0.19-0.43) and peaked at 2.6 years of age (median 1/b = 2.63, credible interval = 2.08-
3.45), which coincided with middle to late gestation during the age of first pregnancy
(Figure 4.3). These results suggest that active B. abortus infection in Yellowstone bison
occurs early in life and peaks during the time when female bison would have their first
opportunity to transmit the bacteria.

Posterior distributions from the process model which included covariate values
for age and FPA allowed for testing whether higher antibody levels were associated with
active infection in older bison. Posterior probabilities indicated that active infection was
greatest in young bison while active infection in older bison was associated with higher
FPA values (Figure 4.4). The posterior distributions of model parameters suggested that
active infection increased with age in young bison (median a = 0.32, 95% credible
interval =0.20-0.49) and peaked just before age of first parturition (median 1/b = 2.22,
95% credible interval = 1.72-3.03). FPA antibody levels had a positive effect on my
ability to culture B. abortus (median ¢ = 0.32, 95% credible interval = -0.04-0.64). There
was a high probability (0.82) that the interaction of age and FPA was positively
associated with active infection (median d = 0.05, 95% credible interval = -0.05-0.15),
indicating the probability of active infection increased at higher FPA values in older
bison.

| developed a management tool that forecasts the true infection status of bison

based on age (0.75 to 14.75 years old) and net FPA values (-25 to 250 in 25 mP
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increments). Posterior distributions of the probability of infection for each age and net
FPA combination were recovered. | used the empirical cumulative distribution function
to determine age and net FPA combinations such that the probability of infection was
>95%, >85%, >75%, >65%, and >55% (Table 4.2).

Discussion

The data supported my hypothesis that B. abortus in bison behaves much like an
endemic disease, with infection occurring primarily in young animals and recovery
increasing with age. Bison age was an important predictor of active infection, in which
active infection increased rapidly in young bison and peaked during the age of first
pregnancy. These findings are in agreement with Rhyan et al. (2009), which found
seroconversion rates in Yellowstone bison to be highest in calves and juveniles (20%)
compared to adult females (10%). Bison social structure may predispose newborns and
reproductively immature bison to B. abortus exposure. In Yellowstone, pregnant and
barren females tend to associate with females in similar states of pregnancy (Rutberg
1984). Young bison in these groups have been observed licking birth tissues shed by
calving females (Jones, Treanor & Wallen 2009). The high seroprevalence observed in
reproductively immature bison may result from close associations with infectious,
pregnant females. Additionally, neonates born to infected mothers may become infected
at birth or through B. abortus in milk; nursing calves receive maternal antibodies, but
these wane after 5-6 months of age (Rhyan et al. 2009). In this study, calves were
approximately 9 months old when sampled, and antibodies were highly associated with

active infection (Table 4.1), suggesting active B. abortus infection begins early in life.
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The highest probability of active infection was in bison approximately 2.75 years
old. Seroprevalence (0.46) and culture prevalence (0.43) were also similar in this age
class, which may be caused by systemic infection following reproductive maturity.
Ingestion of B. abortus into the gastrointestinal tract is the most common route of
exposure from where infection spreads to local lymph nodes before colonization of the
uterus during pregnancy (Carvalho Neta et al. 2010). The proliferation of Brucella,
necessary for transmission, is influenced by the stage of gestation (Nicoletti 1980), with
increasing replication in placental cells during late gestation (Carvalho Neta et al. 2010).
Female bison in Yellowstone typically experience their first fertile oestrous early (27
months of age) as two year olds. In the present study, all reproductively mature female
bison sampled were in middle to late stages of gestation, suggesting that this large,
recently infected age group may be the primary source of infection for the overall

population.

Seroprevalence tracked culture prevalence in young animals but diverged after
reproductive maturity (age 2, Table 4.1). Similarly, the proportion of seropositive bison
found to be culture positive decreased as age increased, with low levels of active
infection prevalence after age 5 (Figure 4.1). These results suggest that bison exposed to
B. abortus early in life may begin to recover from acute infection after their first
pregnancy following seroconversion. However, B. abortus exposure, measured in
seroprevalence, increased until bison were older than 5 years of age. Rhyan et al. (2009)
found the greatest potential for positive tissue culture occurred within 2 years following
seroconversion, which suggests a high risk of transmission during this period. In this

study, seroconversion began early in life, prior to reproductive maturity, and active
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infection peaked at the age of first parturition with a steady decrease in the probability of
active infection beyond the age of 3. This suggests that young bison (< 3 years old) may
be a vulnerable age class to B. abortus infection in comparison to older animals, where a

large proportion has experienced B. abortus infection earlier in life.

The protective effect of the humoral immune response (i.e. serum antibodies) in
brucellosis is mild or questionable (Carvalho Neta et al. 2010) because the Brucellae are
intracellular pathogens able to hide from humoral defenses. Accordingly, the positive
association between bacterial isolation and high serologic titers (Roffe et al. 1999;
Thorne 2001) may indicate reactivation of persistent infection or recent exposure. In the
absence of B. abortus antigen, antibody levels are expected to decrease. Yellowstone
bison identified with low antibody titers have converted back to seronegative status
(Rhyan et al. 2009). This finding may explain the delayed decline in seroprevalence after
the age of 5 in comparison to declines in culture prevalence after the age of 3. If bison
are able to clear the infection with age, then one may observe a slower decrease in
seroprevalence because of circulating antibodies (i.e., long-lived humoral 1gG responses),

high test sensitivity, and spikes in antibodies resulting from re-exposure.

| found a positive relationship with FPA values and active infection (Figure 4.2,
Figure 4.4), supporting the view that active infection is associated with increased
antibody production. Bison that have cleared the infection will still react positive on
serologic tests until antibodies have decreased below detectable levels. The FPA is a
sensitive test for detecting antibodies specific to B. abortus, and the high rates of

seroprevalence in older bison include animals that seroconverted at younger ages because
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of antibody persistence. These bison may have undergone acute infection early in life

and have developed some level of immunity against re-exposure.

Though B. abortus antibodies may not be protective, they do play an important
role in decreasing the number of bacteria upon subsequent exposure. Opsonized
Brucellae, which are extracellular bacteria marked for destruction by host antibodies, are
less likely to survive and establish intracellular infections (Carvalho Neta et al. 2010).
Once B. abortus establishes intracellular infection, bacterial clearance requires effective
cell-mediated immune responses induced by activation of specialized T-cells (Oliveira,
Soeurt & Splitter 2002). Memory T-cells persist after the infection has been cleared and
allow for secondary responses to low concentrations of B. abortus antigen that are faster
and of greater magnitude than the primary response (Bernard &Tough 2002). Effective
cell-mediated immune responses may clear the initial infection and quickly respond to
secondary infections, thereby reducing antibody levels as a result of eliminating B.
abortus from bison tissues. Thus, high antibody levels may indicate ineffective cell-
mediated immune responses, and, conversely, effective cell-mediated immune responses

may clear bacteria and reduce B. abortus antibody production.

A limitation of my work may be that | failed to detect low-level chronic infections
in adult bison. Brucella abortus is known for its intracellular hiding ability which can
facilitate long-term persistence (Spera et al. 2006). Consequently, the association of high
serologic responses with active infection in older bison may indicate recent exposure or
recrudescence of chronic infection. Chronically infected female cattle have been
observed to periodically shed B. abortus in genital infections (Manthei, DeTray & Goode

1950; Lambert et al. 1960). However, in my study, the relationship between antibody
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levels and active infection in older bison suggests that low serologic responses may be
indicative of recovery rather than chronic infection. The reactivation of infection is
expected to occur from stress and favorable conditions for B. abortus proliferation during
late gestation (Cheville et al.1998). In 2008, bison were sampled in middle to late
gestation during one of the most stressful years in Yellowstone’s recorded history (based
on high bison population density and winter severity). Thus, | would expect a high rate
of recrudescence (i.e., active infection) in older animals if chronic infection was the

typical progression of brucellosis in Yellowstone bison.

Management applications

The objective of the present study was not to identify every actively infected
bison, but to provide managers with a reliable tool for identifying FPA cutoff values
based on specified active infection probabilities and bison age (Table 4.2). This allows
managers to take a conservation approach to bison management by targeting infectious
animals based on active infection probabilities, which can be adjusted to different phases
of a brucellosis reduction program. Currently, brucellosis seroprevalence is high (0.45,
White et al. 2011), with bison diagnosed as seropositive when net FPA values typically
exceed 10-20 mp. This tool allows managers to reduce removals when seroprevalence is
high by identifying infectious bison (e.g. probability of active infection > 0.95) with a
high level of certainty. Similarly, as immune protection increases against B. abortus
through vaccination and seroprevalence declines, removal efforts can focus on the
majority of B. abortus exposed bison (e.g. probability of active infection >0.55) that are

less likely to be actively infected. This targeted approach allows for removing high risk
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individuals and increasing herd immunity through vaccination, while promoting bison

conservation without large-scale culling.

Brucellosis in the greater Yellowstone area is one of the most challenging issues
facing wildlife managers, livestock producers and the concerned public in the western
United States. High genetic diversity, unique alleles, and lack of introgression of
domestic cattle genes (Halbert 2003) make the Yellowstone bison population critical to
the conservation of the species in North America. Because definitive brucellosis tests do
not currently exist, the threat of spreading brucellosis has prevented translocation of
Yellowstone bison for purposes of genetic augmentation of smaller herds elsewhere in
North America. Yellowstone bison management has long relied on serologic tests which
overestimate the level of brucellosis infection, the continuation of which may lead to
management decisions that reduce bison numbers and reduce long-term viability of this
unique population. | have presented a novel method for estimating active brucellosis
infection in bison that will allow managers to better assess the relative risk of individual
animals and influence culling decisions in a way that should reduce annual losses from
this practice. My approach has broad application to balancing disease management with
wildlife conservation, such as situations where migratory wildlife pose a risk to livestock
and human health or when endangered wildlife may be impacted by infectious disease.
The ability to identify infectious individuals, which disproportionately contribute to

disease maintenance increases management options beyond traditional culling practices.
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Table 4.1. Age-specific seroprevalence and culture prevalence of B. abortus in

Yellowstone bison shipped untested to slaughter during the winter of 2008.

Bison Age Culture Prevalence Seroprevalence  Seroconversion Rate”
0 0.11 (3/27) 0.10 (3/29) 0.10
1 0.28 (17/61) 0.37 (22/59) 0.21
2 0.43 (6/14) 0.46 (6/13) 0.19
3 0.11(3/27) 0.65 (17/26) 0.23
4 0.16 (4/25) 0.48 (11/23) 0.12
5 0.27 (6/22) 0.81 (17/21) 0.24
6+ 0.16 (4/25) 0.54(13/24) 0.10

Age specific seroconversion rates were estimated using the formula:
p=1-(1- Py)l’y, where p = annual rate of seroconversion, y = age in years,

and Py = seroprevalence at age y
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Table 4.2. Minimum net FPA values for corresponding probabilities of active infection

and bison age.

Probability of Active B. abortus Infection

>95% >85% >75% >65% >55%

0.75 200 175 175 150 125
1.75 175 150 125 100 50

2.75 150 150 125 100 75

3.75 150 150 125 100 75

4.75 175 150 150 125 100
5.75 175 150 150 125 125
6.75 175 150 150 125 125
7.75 175 150 150 125 125
8.75 150 150 150 125 125
9.75 150 150 150 125 125
10.75 150 150 150 125 125
11.75 150 150 150 125 125
12.75 150 150 150 125 125
13.75 150 150 150 150 125
14.75 150 150 150 150 125
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Figure 4.1. Age distribution of active B. abortus infection in seropositive Yellowstone bison
shipped to slaughter during 2008. Values above bars indicate the proportion of culture positive

bison for each specified age.
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Figure 4.2. Age stratified FPA values (mP) based on B. abortus isolation from culture assays of

bison.
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Figure 4.3. Estimated posterior probabilities of active B. abortus infection in bison based on
shape parameter (p) estimates of a Bernoulli distribution. The shape parameter is the probability
of observing active infection with bison age related by, P = a4 e - *4:. The solid line represents
the median and dotted lines represent the 95% credible interval. Points represent observed

proportions of culture positive bison for specified ages.
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Figure 4.4. Age-specific estimated posterior probabilities of active B. abortus infection based on

shape parameters (p) estimates of a Bernoulli distribution. The shape parameter is the

probability of observing active infection with age and FPA related by, p = aA e -btai+ i+ | The

solid line represents the median and dotted lines represent the 95% credible interval.
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Chapter 5 - Maintenance of brucellosis in Yellowstone bison: Linking seasonal food
resources, host-pathogen interaction, and life-history trade-offs

Introduction

The acquisition and allocation of food resources are key factors shaping the life history
strategies of organisms (Boggs 1992; Boggs 2009). During periods of food restriction,
individuals may face trade-offs in the allocation of limited internal resources toward
reproduction, survival, and growth (Stearns 1992; Zera & Harshmman 2001). Consequently,
investment in immune defense, which has high nutritional costs, may be reduced (Martin, Weil
& Nelson 2008). Susceptibility to infectious disease may increase when seasonal food
restriction overlaps periods of high nutritional demands because parasite infectivity is influenced
by host condition and the timing of physiological tradeoffs (Jolly & Fernandes 2000; Bueler et
al. 2010). Thus, individuals in poor nutritional condition may be more susceptible to infection,
have higher infection intensities, and serve as an important source of infection within the
population (Beldomenico & Begon 2009).

In seasonally cold environments, the quality and availability of forage fluctuates
seasonally and is often limited for large mammalian herbivores during periods of high
reproductive needs (Parker, Barboza & Gillingham 2009). Female ungulates may thus
experience their lowest nutritional state near parturition, which can increase their susceptibility
to pathogens known to establish chronic infections. Many persistent intracellular disease
organisms, such as Toxoplasma gondii, Coxiella burnetii, and Brucella abortus, have life cycles
that are timed with periods of high reproductive demands of their hosts (Innes et al. 2002; Berri

et al. 2007; Carvalho Neta et al. 2010). The intracellular strategy allows these pathogens to hide
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within host cells until the immune system is suppressed (Rhen et al. 2003), typically when
reproductive costs increase in late gestation. If reproductive demands are prioritized over
immune defense, nutrient resources allocated to fetal growth and lactation may lead to a loss of
immune protection near parturition (Houdijk, Jessop & Kyriazakis 2001; Nyman et al. 2008).

The maintenance of brucellosis in Yellowstone bison may be linked to periods of
nutritional stress and reduced immune function, both seasonally and across host life stages.
Brucella abortus is an intracellular bacterium transmitted primarily through the ingestion of
infectious tissues (e.g. fetal membranes and uterine discharges) shed following an abortion or at
parturition (Samartino & Entright 1993). Yellowstone bison are seasonal breeders with
moderate synchrony in spring calving (Jones et al. 2010). This reproductive schedule restricts B.
abortus transmission to mainly late gestation near parturition when there is an influx of
vulnerable hosts (e.g. naive newborns) into a nutritionally stressed population. Such seasonal
conditions favor pathogens that can establish persistent infections enabling transmission during
future pregnancies. The endemicity of brucellosis in Yellowstone bison may be a consequence
of vulnerability in young animals and the timing of food restriction with seasonal reproductive
needs.

Here | provide a conceptual framework describing how brucellosis may be maintained in
Yellowstone bison based on life-history strategies of the host and pathogen with seasonal factors
influencing infection and transmission (Figure 5.1). For pregnant bison, late gestation is a
protein and energy demanding state as increasing demands of fetal development coincide with
food restriction. Yellowstone bison are typically in negative energy balance during winter when
endogenous reserves (fat and body protein) are used to meet energy requirements until spring

green-up (DelGuidice et al. 2001). Calving is synchronized with the emergence of highly
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nutritious spring forage, which reduces lactational demands and increases calf survival (Rutberg
1987). However, this strategy requires pregnant bison to be in a state of reduced body condition
at a time when food is limited and reproductive demands of late gestation are high. The seasonal
reduction in protein and energy can create a bottleneck that constrains immune defenses
(Buehler, Tieleman, & Piersma 2010) and may open a transmission and infection window for B.
abortus. The life-history traits of B. abortus (persistence, replication rate, and transmissibility)
influence bacterial fitness and consequently overlap with the reproductive cycle of Yellowstone
bison. Investment of internal resources toward growth and winter survival may increase
susceptibility to infection in immature bison, with transmission potential increasing at sexual
maturity. In contrast, older bison may have lower infection and transmission rates than younger
animals because they are no longer growing and have had time to recover from infection
acquired earlier in life.

In this study, I examined how age and nutritional condition affect active brucellosis
infection and the intensity of infection in Yellowstone bison. First, | assessed whether seasonal
changes in diet quality affect nutritional condition and coincide with reproductive needs in
female bison. Next, | tested whether active brucellosis infection and infection intensities varied
with host condition and nutrition. Last, | investigated evidence for seasonal changes in immune
responses, which may offer protection against B. abortus, in relation to nutritional condition. |
expected active B. abortus infection and the intensity of infection to be greatest in young bison
and animals in poor condition across ages. | also expected the magnitude of protective immune
responses to be greatest outside the infection and transmission window when bison are in good

nutritional condition.
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Methods
Study area and seasonality of food

The study was conducted in the Yellowstone National Park (Yellowstone) in the western
United States during the winter of 2008, as described in Treanor et al. (2011). Yellowstone is
over 898,000 ha within the states of Wyoming, Montana, and Idaho, of which >90,000 ha are
habitat for bison. The bison population is divided into two separate breeding herds. The central
herd occupies the central plateau and the northern herd occupies much of Yellowstone’s northern
boundary. The park’s geologic processes have created a range in elevations that exerts strong
control over the distribution of plant species (Marston & Anderson 1991). Plant communities
range from grasslands and shrubs at low elevations, coniferous forest at mid elevations, and
alpine tundra near peak elevations. Winter ranges for both bison herds consist of large valley
bottoms and open meadows comprised of grasses and sage brush (Artemisia tridentata) bordered
by coniferous forest. Yellowstone winters are often severe, with snow water equivalents (i.e.
mean water content of a column of snow) averaging 35 cm and temperatures reaching -42° C.
Bison are generalist grazers and their diet is mainly composed of graminoids (grasses and
sedges). Winter conditions (e.g. deep snow pack) reduce foraging opportunities within the park,
which influences winter movements out of the park where bison are not tolerated because of the
risk of brucellosis transmission to privately owned domestic cattle (USDI & USDA 2000a;

Geremia et al. 2011).

I collected bison fecal samples each month (April 2006 to September 2007) to assess
seasonal changes in diet quality. Sampling was determined by the distribution of bison on
sampling days. I located bison groups (> 20 individuals), consisting of adult females and

associated young, across seasonal ranges. For each group sampled, approximately 5 fecal
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samples of equal volume were collected from individual bison and pooled to make a single
composite sample (n=143 composite samples) for diet quality analysis. Freshly deposited
(nonfrozen) fecal samples were collected into sterile whirl paks (Nasco, Fort Atkinson,
Wisconsin) and stored frozen (-20° C). Samples were analyzed for crude protein (CP) and
digestible organic matter (DOM) using near infrared reflectance spectroscopy (NIRS). The
NIRS technique is an effective method for assessing diet quality in livestock and wildlife
(Showers et al. 2006; Li et al. 2007; Rothman et al. 2009).

Bison sampling

During the winter and spring (February-April) of 2008, 1434 Yellowstone bison were
consigned to slaughter at facilities in Montana and Idaho. | collected tissue samples immediately
post-mortum from 402 slaughtered bison for culture of B. abortus. Ages of young bison (< 5
years old) were determined by incisor eruption patterns (Fuller 1959) and by cementum annuli
analysis of the first incisor for older bison (> 5 years old) with all permanent teeth. Pregnant
females were sampled during the third trimester of pregnancy, and pregnancy status was
determined by the presence of a fetus in the uterus. Depending on bison sex and age, | collected
a section of mammary gland and pairs of the following lymph nodes, which have been identified
as the priority tissues for isolating B. abortus from Yellowstone bison (Rhyan et al. 2001): 1)
retropharyngeal, 2) supramammary, 3) superficial inguinal, and 4) internal iliac. Tissues were
collected into sterile Whirl-Paks and stored frozen (-20°C) before being sent to the National
Veterinary Services Laboratories (Ames, lowa, USA). Brucella abortus isolation from tissue
samples was conducted according to established standard operating procedures (USDA-NVSL
a). Trained staff minced and then mixed each tissue separately in phosphate buffered saline and

plated the macerated tissue suspension onto the agar surface of 5 plates: 1 tryptose agar plate
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with 5% bovine serum, 1 tryptose agar plate with 5% bovine serum and antibiotics; 1 tryptose
agar plate with 5% bovine serum, antibiotics, and ethyl violet; 1 Farrell plate; and 1 Ewalt plate.
Inverted plates were incubated at 37°C with 10% CO; for a minimum of 10 days. Plates were
observed at 5 days and 10 days for the presence of morphologically suspect Brucella colonies.
For each plate, suspect colonies were identified as B. abortus using traditional biochemical

analysis (USDA-NVSL b).

Indicators of nutrition, condition, and immune function

For large herbivores, nutrition refers to the assimilation rate of ingested energy and
nutrients, while nutritional condition describes the varying state of an animal’s fat reserves and
muscle mass that ultimately result in future fitness (Stephenson et al. 2002). During periods of
food restriction, body reserves are mobilized resulting in metabolic changes that can be measured
as adjustments in blood concentrations of hormones and metabolites (Ingvartsen & Friggens
2005). For each bison, whole blood was collected into 10-mL vacutainer tubes containing 15%
EDTA (K3). Blood was centrifuged within 3 hours after collection and separated plasma was
stored frozen (-80 °C). Concentrations of plasma non-esterified fatty acids (NEFA, n = 352) and
urea nitrogen (BUN, n = 374) were measured enzymatically in duplicate according to Ballou et
al. (2008). Plasma concentrations of insulin-like growth factor 1 (IGF-1, n = 328) and leptin (n

= 326) were analyzed by radioimmunoassay in duplicate according to Delavaud et al. (2000).

Bison condition was assessed using live weight, backfat measurements, and body
condition scoring for each age group. The live weights (kg) of bison (n = 262) were recorded at
the Stephens Creek capture facility on Yellowstone’s northern boundary using an electronic
platform scale before being shipped to slaughter houses. All slaughtered bison were skinned

and eviscerated, with carcasses split along the midline (midsagittal plane). Subcutaneous backfat
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(mm) was measured at the thickest point on carcasses just posterior to the last sacral vertebra.
Carcass weights (kg, n = 214) were measured after processing on bison without hide, head,
blood internal organs, and feet. Since multiple bison were being processed simultaneously, a
modified kistner score was used to quickly evaluate the physical condition of carcasses (Kistner
Trainer & Hartmann 1980). Body condition scores were determined based on the distribution of
subcutaneous fat on the carcass and visceral fat associated with internal organs. Subjective fat
indices were rated on a scale from 0 to 5 with 0.5 increments. Scores of three subcutaneous
indicator sites (rump, hump, and brisket) and three visceral locations (omentum, cardiac, and
perirenal) were used to produce a mean score for each bison. Each of the six sites was scored as

0-1(little to no fat), 2-3 (moderate amount of fat), 4-5 (abundant fat).

Cell-mediated immune responses are essential for host defense against B. abortus, with a
bias toward Theperl responses, characterized by the production of interferon-y (IFN-y), being
important (Waters et al. 2002). Seasonal changes in IFN-y were assessed from bison captured
during 2007 to 2009 as described in Clapp et al. (2011). Blood samples were collected from
female bison (n = 69, ages 1 to 11) held at the Stephens Creek capture facility and from bison
captured via chemical immobilization within Yellowstone as part of bison management and
monitoring. Blood was collected from the jugular vein into 10-ml vacutainer tubes containing
sodium heparin, refrigerated or placed on ice, and processed within 24 hours after collection.
Peripheral blood mononuclear cells (PBMC) were isolated using density gradient centrifugation,
washed three times with RPMI 1640 and resuspended in RPMI 1640 medium supplemented with
2 mM L-glutamine, 10% heat-inactivated horse serum (GIBCO BRL), and 100 U/ml penicillin,
100 mg/ml streptomycin. PBMC at 5 x 10° cells/ml in medium were aliquoted into 24-well

tissue plates. Duplicate cultures were stimulated with concanavalin A (ConA, 1pg/ml) or
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unstimulated (medium only). Cultures were incubated at 37°C with 5% CO, for 5 days and
stored at -80°C until analysis. Interferon-y in culture supernatants was measured using a bovine
capture ELISA. Concentrations of IFN-y were determined by comparing absorbances of test

samples with absorbances of standards within a linear curve fit.

Statistical analysis

Generalized linear models were used to evaluate the effects of age-specific nutrition and
condition on active infection and infection intensity. The data for bison age were standardized
by subtracting and dividing each value by the mean. Covariates for all analyses were also scaled
with respect to bison age. Because condition indicators may be correlated with age, these
transformations standardized covariates for each age group as the percentage above or below the
mean, which facilitated interpretation of covariate effects.

To evaluate active infection in female bison (n = 152), culture status was defined as a
binary response variable based on the presence of at least one colony forming unit of Brucella
abortus on a single culture plate for all tissues assayed. The inverse-logit transform was used to
relate the probability of observing a positive culture status to covariates for bison age and
condition. Animals > 8 years of age were grouped into a single old-adult age class. A suite of
11 logistic models was developed to represent alternative hypotheses of bison age and the effect
of nutritional condition on active infection. Active B. abortus infection was expected to
correspond with sexual maturation in female bison (Treanor et al. 2011), thus I included a
quadratic term for age effects in all models. The model suite consisted of additive models, which
included all combinations of age, the quadratic effect of age, live weight, and back fat thickness.
| expected bison live weight and back fat thickness to be negatively associated with active B.

abortus infection.
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| expected the intensity of B. abortus infection to increase during periods of food
restriction, as body reserves were metabolized to meet competing nutritional demands. Culture
results were reevaluated from actively infected bison (e.g. culture positive, n = 94) to identify
age-specific effects of nutrition and condition on the intensity of infection using logistic-
binomial models. The response was the total number of culture positive plates observed for each
individual. Infection intensity was defined as the probability of observing a culture positive
result on a single plate, with the probability corresponding to covariates for bison age, condition,
and nutrition using the inverse-logit transform. Bison > 7 years of age were grouped into a
single old-adult age class. To maximize sample size, the effects of nutrition and condition were
analyzed separately. A suite of 22 additive models was developed to assess the effects of
condition indicators (n =53 records) on infection intensity. The model suite included all
combinations of age, the quadratic effect of age live weight, back fat thickness and body
condition score. Because Yellowstone bison become exposed to B. abortus as juveniles, |
predicted the intensity of infection would be greatest in younger ages (i.e., reproductively
immature animals), with infection intensity negatively associated with age and covariates for
condition. | also developed a suite of 32 models to assess effects of nutrition (metabolites and
hormones; n = 78 records) on infection intensity. The model suite included all combinations of
age, the quadratic effect of age, and concentrations of plasma indicators of nutrition (BUN,
NEFA, IGF-1, and leptin). Again, | predicted the intensity of B. abortus infection to be greatest
in young bison experiencing undernutrion. | expected infection intensity to be negatively
associated with age, BUN, IGF-1 and leptin, but positively associated with NEFA.

Maximum likelihood estimation was used to estimate model parameters using the

package bbmle in program R (R Development Core Team 2010). Models were ranked using

92



Akaike’s Information Criterion corrected for small sample size (AIC.); normalized AIC. weights
(w;) were used to compare candidate models. Models with AIC, differences (Aj) <2 from the top
supported model were considered to offer substantial empirical support, while models with 4 <
Aj <7 have considerably less support and models having values A; > 10 having essentially no
support (Burnham & Anderson 2002). We examined 95% confidence intervals of model
parameters to determine the relative magnitude and direction of effects. Normalized AIC,
weights (w;) were used to compare the fit of candidate models to the data.

Results

Season and age effects

The analysis of bison fecal samples demonstrated a seasonal pattern in diet quality, with
peak forage quality occurring immediately following spring green-up and extending into early
summer. The period from May to June, which corresponds with the timing of bison calving and
high lactation demands, had the largest percentage of crude protein and digestible organic matter
(Figure 5.2a). The ratio of digestible organic matter to crude protein (DOM:CP) is a useful
metric of rumen efficiency, with a range between 4 and 8 being acceptable and 4 being optimal
(Odadi et al. 2011). The DOM:CP ratio was within the range expected for weight gain during
late spring and summer, while the ratio during winter and early spring (Jan-April) reflected low
quality forage (Figure 5.2b).

Reduced body condition and metabolic and hormonal responses of pregnant bison
sampled during late gestation (Feb 9 to April 9) implied a prolonged state of undernutrition
(Figure 5.3). Mean concentrations of NEFA in pregnant bison increased during the sampling
period and were larger than concentrations in reproductively mature nonpregnant bison (Figure

5.3a), indicating a shortage of dietary energy. The rise in BUN and corresponding decline in
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IGF-1 (Figure 5.3b) reflect a shortage in dietary protein that coincided with a decline in dietary
energy. The mean concentration of plasma leptin and backfat thickness declined during late
gestation (Figure 5.3c) further reflecting an increase in fat metabolism and a state of negative
energy balance. Annual changes in bison live weight and carcass weight were significantly

greater (P < 0.001) in young bison below the age of three than in older individuals (Figure 5.4).

The secretion of IFN-y by stimulated cells was greater (P < 0.05) in bison sampled
during fall months than winter or spring (Figure 5.5a). Plasma leptin concentrations were lower
(P < 0.05) in spring than winter (Figure 5.5b) indicating a seasonal decline in energy reserves.
Mean IFN-y responses to unstimulated cells (media only) was near zero for all seasons measured

(fall=0, Winter=0.12, and spring = 0.08 ng/ml IFN-y).
Analysis of infection

The probability of active brucellosis infection was influenced by age and age-specific
live weight with the highest probability observed in early reproducing bison (ages 3 to 5). The
two top supported models (83% of w;; Table 5.1) included covariates for bison age, live weight
and back fat. However, the 95% confidence interval for the back fat coefficient spanned zero
(Table 5.2) suggesting that it did not improve model performance. The coefficient estimates for
bison live weight and age? did not span zero and indicated these covariates were negatively
associated with the probability of active infection. Fitting bison age as a quadratic covariate
improved model fit by allowing for a curvilinear response such that the probability of active
infection could increase early in life, peak during early reproductive years and decline with
increasing age. The influence of live weight had less support in models without age? (AAIC, =

4.43-4.97), while models without live weight had essentially no support (AAIC; > 10; > w; = 0).
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These findings suggest that bison in below average body condition in this early reproducing age

group had the highest probability of active brucellosis infection (Fig 5.6a).

In actively infected bison, the intensity of infection was influenced by age and live
weight (5.6b). There was strong support for models that included live weight, age, and age? (3
w; = 0.95;Table 5.1). The coefficient estimates for back fat thickness and body condition score
were unstable. For these covariates, the direction of the effect varied between models and the
95% confidence interval for the estimated coefficients spanned zero (Table 5.3). Thus, back fat
thickness and body condition scores were found to be unimportant predictors of infection

intensity.

For models assessing the influence of bison nutrition on the intensity of infection, the
top supported models (AAIC, < 3) included covariates for age, age?, BUN, and NEFA (3 w; =
0.86;Table 5.1). These ranking of these models suggest that the intensity of brucellosis infection
is greatest in young bison with lower levels of BUN and higher levels of NEFA (Table 5.1).
Leptin was also found to be an important predictor of infection intensity, but the positive
direction of the effect was unexpected (Table 5.4). Coefficient estimates for IGF-1 suggest that
the plasma concentration of this hormone is not an important predictor of infection intensity, as
the estimated confidence interval spanned zero (Table 5.4). These findings suggest that the
intensity of B. abortus infection in actively infected bison corresponds with a reduction in dietary

protein and an increase in fat metabolism and is most pronounced in young animals (fig 5.6c).
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Discussion

The dominant mechanism sustaining the endemic level of B. abortus infection in
Yellowstone bison appears to be the synchrony of food restriction and seasonal reproductive
needs in young bison. My results support the hypothesis that seasonal changes in forage quality
influence the reproductive cycle in Yellowstone bison. There is a strong relationship between
plant phenological stages and the nutritional quality of herbivore diets, with energy and protein
content generally being highest in early plant growth stages (Van Soest 1994; Mysterud et al.
2001). As I expected, fecal crude protein and digestibility were highest in late spring through
early summer and declined to the lowest levels during winter and early spring (Figure 5.1a). The
emergence of high quality spring forage may explain the synchrony of calving observed in
Yellowstone bison (Rutberg 1984). High quality forage at the onset of the calving period
through the breeding season has fitness benefits for bison by increasing calf survival and
allowing postpartum females to initiate their next reproductive cycle.

However, Yellowstone bison are also challenged to meet their maintenance and energy
needs during winter as dietary protein and energy decline below maintenance levels (DelGuidice
et al. 2001). In wild adult ruminants, the level of crude protein necessary to maintain minimum
protein balance ranges from 5 to 9% (Parker, Barboza & Stephenson 2005). In my study, bison
fecal analysis suggested that forage crude protein was below maintenance levels during the
winter (Figure 5.2a). Forage digestibility, an indicator of available energy, also declined over the
growing season as the amount of indigestible structural tissues increased in growing plants
(Larter & Nagy 2001). The ratio of digestible organic matter to crude protein (DOM:CP)
indicated that bison had access to high quality forage from May to August (Figure 5.2b), which

coincides with lactation demands and replenishing body reserves needed for ovulation in late
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summer. However, forage quality was well outside this range during the winter months that
coincide with increasing fetal demands in late gestation. The reproductive strategy in
Yellowstone bison links calving with the availability of high quality forage, but also ensures that
pregnant females are in poor condition when forage quality is low in winter and early spring.
Pregnant bison had elevated plasma NEFA concentrations 2-3 times that of mature,
barren females (Figure 5.3a), indicating a state of negative energy balance during late gestation.
In ruminants, peak energy requirements coincide with pregnancy demands (Van Soest 1994)
which are met by the mobilization of fat reserves. As food restriction and pregnancy advance,
non-esterified fatty acid (NEFA) levels rise, indicating a shortage in dietary energy and an
increase in fetal energy demands (Yambayamba, Price & Foxcroft 1996). In my study, observed
increases in blood urea nitrogen (BUN) and declines in insulin-like growth factor-1(IGF-1)
(Figure 5.3b) indicate that pregnant bison were also experiencing a reduction in protein nutrition
during late gestation. Protein restriction decreases BUN; however, during long period of
negative energy balance, muscle tissue is catabolized as a gluconeogenic substrate and increases
BUN (Harder & Kirkpatrick 1994; Karasov & Martinez del Rio 2007). Additionally, the
endocrine hormone IGF-1 is sensitive to dietary protein with reduced levels indicating periods of
deficient protein and calorie ingestion (Gomes et al. 2003). The decline in plasma leptin and
back fat thickness over late gestation (Figure 5.3c) reflect an increase in fat metabolism and an
advancing state of negative energy balance. Leptin, a peptide hormone secreted primarily by
adipose tissue, tracks available energy stores (fat) and has been linked to fat metabolism and
energy balance in many mammals (Spady et al. 2009). Further, the ability to communicate the
status of fat stores makes leptin an attractive candidate for modulating immune responses in

accordance with energetic reserves (Adelman & Martin 2009; French et al. 2009; Borghetti et al.
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2009). Cumulatively, these findings support the hypothesis that food restriction during winter
reduces fat and protein stores in Yellowstone bison, which contribute to a decline in nutritional
condition.

In my study, active brucellosis infection in female bison was negatively associated with
bison age and nutritional condition. Infection probabilities increased during pre-reproductive
years, peaked in early reproductive ages (2-4 years old), and declined with increasing age. For
each age class, the probability of isolating B. abortus was greatest for animals in below-average
condition (Figure 5.5 a & b). The high level of active infection in juvenile bison may reflect
greater exposure risk resulting from social interactions with infectious pregnant females (Treanor
et al. 2011). However, the significant effect of reduced body mass suggests nutritional stress
increases susceptibility to B. abortus infection. Loss of body mass may be the critical factor that
mirrors compromised immune function (Nelson, Demas & Klein 2002). For immature bison,
prioritizing body reserves for maintenance and growth over immune defense could be the best
strategy for survival and reproduction. Survivorship increases with body size in juvenile
ungulates (Parker, Barboza & Gillingham 2009), while nutritional restriction increases the age at
first reproduction and reduces life-time reproductive success (Gaillard et al. 2000). Over-
investment in immune defense may result in fitness costs, such as age and size at maturity (Sorci
et al. 2009). Thus, the increase in B. abortus prevalence in juvenile bison may reflect a tradeoff

in immune defense for survival and future reproductive success.

Individual bison life stages can represent different habitats for B. abortus. Malnourished
juveniles may be vulnerable to infection but are a dead-end host for B. abortus transmission until
females reach sexual maturity and become pregnant. Until then, B. abortus may pose little threat

to the immune defenses of immature hosts thereby not eliciting costly immune responses. After
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establishing infection, B. abortus bacteria can persist within their host in low numbers, yet
undergo massive replication in pregnant females during late gestation (Cheville, McCullough &
Paulson1998; Carvalho Neta et al. 2010). In long-lived ungulates, such as bison, young females
reproduce before reaching their adult weight and often bear the energetic costs of growth and
lactation simultaneously (Hamel, C6té & Festa-Bianchet 2010). Primiparous bison may have
compromised immune function during the B. abortus transmission period because they are still
growing and body reserves are largely depleted during late gestation. In older bison, the decline
in active infection may indicate some level of acquired immunity after experiencing acute
infection earlier in life (Treanor et al. 2011). My findings support that active B. abortus
infection is influenced by nutritional condition, with seasonal food restriction facilitating
infection of immature bison which become the primary transmission source during early

reproductive ages.

When food is limited, mounting an effective immune response to contain and overcome
parasitic infections can have considerable nutritional costs (Valderrabano et al. 2006; Martin,
Weil & Nelson 2008). Consequently, hosts in poor condition might have higher infection
intensities because parasites would encounter less opposition to their survival and proliferation
(Beldomenico & Begon 2009). My results suggest that infection intensities are exacerbated by
seasonal reductions in dietary protein and energy. The association of BUN and NEFA levels
with infection intensities indicates that reduced protein intake and elevated fat metabolism (i.e.
energy needs) may increase susceptibility to B. abortus infection. Deficiencies in dietary protein
increased susceptibility to gastrointestinal parasites in wild bovids (Ezenwa 2004), while
reductions in total body fat reduced humoral immunity in rodents (Demas et al. 2003). Because

B. abortus is an intracellular parasite, immune defense requires effective T cell-mediated
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responses which have high costs in terms of protein and energy (Calder and Jackson 2000;
Buehler, Tieleman, & Piersma 2010). Suppression of these defenses may reduce the ability of
bison to contain B. abortus when infection is concurrent with seasonal food restriction and high

reproductive demands.

Leptin plays an important role in the generation and maintenance of T cell responses (e.g.
Theiper Cell 1), which are reduced at low leptin levels (Lord 2002; Bernotiene, Palmer & Gabay
2006). The positive association between leptin and the intensity of B. abortus infection in bison
was unexpected. Leptin levels and fat reserves indicated bison were in a state of negative energy
balance, thus | expected higher infection intensities in animals with lower plasma leptin.
However, in this study, leptin levels in bison were comparable to those in food-restricted animals
(Delavaud et al. 2000; Soppela et al. 2008) and may have signaled that energy reserves were
depleted. Thus, T cell responses in bison may have been down regulated as leptin levels
communicate the amount of energy available for the immune system (French, Dearing & Demas
2011). As a mediator of the inflammatory immune response, leptin increases the production of
IFN-y (Fernandez-Riejos et al. 2010), which plays a major role in protection against B. abortus
(Clapp et al. 2011). The reduction of IFN-y and leptin during spring (Figure 5.5) suggests that
immune defenses against B. abortus may be suppressed in Yellowstone bison during the most

critical period.

These findings have application to management efforts attempting to reduce the level of
B. abortus in Yellowstone bison. During spring, bison seek emerging forage on low elevation
ranges outside the park but are frequently pushed back onto high elevation ranges within the park
where snow cover delays spring green-up. This management approach maintains separation of
Yellowstone bison and cattle outside the park and has been successful at preventing B. abortus
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transmission from bison to cattle. However, management practices that prevent bison from
accessing nutritious food during the B. abortus transmission period may contribute to the
maintenance of brucellosis in Yellowstone bison. Extending the period of food restriction when
reproductive demands are greatest and body reserves are depleted is expected to suppress
immune function which may facilitate B. abortus transmission and infection. Management
practices that concentrate bison in the park during the B. abortus transmission window increase
transmission potential as bison densities rise near park boundaries. Conversely, management
practices that improve the nutritional condition of Yellowstone bison may improve the ability of
bison to respond to B. abortus infection and also increase the effectiveness of vaccines aimed at

reducing transmission.

| have provided a framework that integrates seasonal factors within a life-history context
for the purpose of understanding how B. abortus is maintained within Yellowstone bison. The
reproductive strategy of bison appears to be linked with the seasonal availability of food.
Though this strategy increases bison fitness, it may have consequences for B. abortus infection.
The investment of limited resources toward reproduction over immune defense in young bison
may be a major trade-off sustaining infection. These findings further understanding of how
physiological tradeoffs favoring survival and reproduction over immune defense can influence

infection heterogeneities in wildlife populations.

Copyright © John Joseph Treanor 2012
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Table 5.1. Ranking of regression models evaluating active brucellosis infection (logistic) and the
intensity of infection (binomial-logistic) in Yellowstone bison. Models are ranked by ascending

AAIC;and Akaike weights (w;).

Model K AlCc A AIC W
Active Infection

Age + Age? + LW + BF 5 155.45 0.00 0.43
Age + Age® + LW 4 155.61 0.16 0.40
LW 2 159.88 4.43 0.05
LW + BF 3 160.17 4.72 0.04
Age + LW 3 160.38 4.93 0.04
Age + LW + BF 4 160.42 4.97 0.04
Infection Intensity - Condition

Age + Age® + LW 4 561.74 0.00 0.32
Age + Age’ + LW + BCS 5 561.76 0.02 0.31
Age + Age? + LW + BCS + BF 6 562.39 0.65 0.23
Age + Age? + LW+ BF 5 564.18 2.44 0.09
Infection Intensity - Nutrition

Age + Age® + BUN + NEFA + IGF-1 + LEP 7 754.23 0.00 0.34
Age + Age” + BUN + NEFA + LEP 6 754.41 0.18 0.31
Age + Age? + BUN + NEFA 5 756.16 1.93 0.13
Age +Age’ + BUN + NEFA + IGF-1 6 757.05 2.82 0.08
Age + Age? +BUN + LEP 5 758.02 3.79 0.05
Age + Age2 + BUN + IGF-1 + LEP 6 758.34 411 0.04
Age + Age’ + BUN 4 759.75 5.52 0.02
Age + Age? + BUN + IGF-1 5 760.97 6.74 0.01

Model notation: LW = bison live body weight; BF= backfat thickness; BUN= blood urea

nitrogen; NEFA= non-esterified fatty acid; IGF-1= insulin-like growth factor-1; LEP = leptin.
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Table 5.2. Parameter estimates of top supported models (logistic) evaluating active Brucella abortus infection in female bison in

Yellowstone National Park (n = 152). Non-bolded estimates indicate the 95% confidence interval spans zero.

Active Infection Intercept Age

Age’

Live WT

Back Fat

Age + Age’ + LW+ BF  -0.68 (-1.22, -0.15)  -0.56 (-1.41, 0.28)

Age + Age? + LW -0.69 (-1.22, -0.16)  -0.50 (-1.34, 0.33)
LW -1.19 (-1.59, -0.78)
LW + BF -1.19 (-1.60, -0.78)
Age + LW -1.17 (-1.57,-0.76)  -0.44 (-1.14, 0.25)
Age + LW + BF -1.17 (-1.58,-0.76)  -0.49 (-1.19, 0.22)

-1.82 (-3.29, -0.35)

-1.77 (-3.21, -0.32)

-6.84 (-10.85, -2.84)
-7.65 (-11.52, -3.78)
-7.50 (-11.28, -3.71)
-6.74 (-10.67, -2.81)
-7.16 (-10.93, -3.39)

-6.31 (-10.24, -2.39)

-0.78 (-1.81, 0.24)

-0.67 (-1.67, 0.32)

-0.73 (-1.74, 0.28)

Model notation: LW = bison live body weight; BF= backfat thickness
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Table 5.3. Parameter estimates of top supported models (binomial-logistic) evaluating the influence of age and nutritional condition

on Brucella abortus infection intensity in Yellowstone bison (n = 53). Non-bolded estimates indicate the 95% confidence interval

Spans Zero.

2

Infection Intensity  Intercept Age Age LW BF BCS

2 -1.13 -0.38 0.60 -1.82
AgetAge +LW 13 096)  (-061,-014)  (0.24,095)  (-2.85,-0.79)
Age + Age’ + LW -1.13 -0.37 0.58 -1.65 -0.04
+BCS (-1.30,-0.96)  (-0.6,-0.13) (0.22,0.93)  (-2.70, -0.60) (-0.90, 0.10)
Age + Age’ + LW -1.13 -0.38 0.57 -1.91 -0.69 0.31
+ BCS + BF (-1.30,-0.96)  (-0.61,-0.14)  (0.21,0.93)  (-3.03,-0.79)  (-1.33,-0.04)  (-0.13,0.76)
Age + Age’ + LW -1.13 -0.38 0.6 -1.84 0.02
+ BF (-1.30,-0.96)  (-0.62,-0.14)  (0.24,0.95)  (-2.96,-0.72)  (-0.33,0.37)

Model notation: Live Wt = bison live body weight; BF= backfat thickness; BCS = body condition score
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Table 5.4. Parameter estimates of top supported models (binomial-logistic) evaluating the influence of age and nutrition on Brucella

abortus infection intensity in Yellowstone bison (n = 78). Non-bolded estimates indicate the 95% confidence interval spans zero.

2z

Infection Intensity  Intercept Age Age BUN NEFA IGF-1 LEP
Age + Age’ + BUN +  -1.09 -0.55 0.32 -0.88 0.17 -0.21 0.26
NEFA + IGF-1 + LEP  (-1.24, -0.94) (-0.70, -0.40) (0.15, 0.48) (-1.30, -0.45) (0.04, 0.30) (-0.47, 0.05) (0.04, 0.48)
Age + Age’ + BUN +  -1.08 -0.56 0.31 -0.71 0.16 0.23
NEFA + LEP (-1.23, -0.93) (-0.70, -0.41) (0.15, 0.47) (-1.08, -0.34) (0.03, 0.29) (0.01, 0.44)
Age + Age’ + BUN +  -1.08 -0.57 0.32 -0.71 0.16
NEFA (-1.23,-0.93) (-0.72, -0.43) (0.15, 0.48) (-1.08, -0.34) (0.03, 0.29)
Age +Age’ + BUN +  -1.09 -0.57 0.32 -0.83 0.17 -0.16
NEFA + IGF-1 (-1.24, -0.94) (-0.71, -0.42) (0.16, 0.49) (-1.25, -0.41) (0.04, 0.29) (-0.41, 0.10)
Age + Age” +BUN +  -1.07 -0.55 0.30 -0.69 0.22
LEP (-1.22, -0.92) (-0.70, -0.41) (0.14,0.47) (-1.06, -0.32) (0.01, 0.44)
Age + Age’ + BUN +  -1.08 -0.55 0.31 -0.83 -0.19 0.25
IGF-1 + LEP (-1.23, -0.93) (-0.70, -0.40) (0.15, 0.47) (-1.26, -0.41) (-0.44,0.07) (0.03,0.47)
Age + Age’ + BUN -1.07 -0.57 0.31 -0.69
(-1.21, -0.92) (-0.71, -0.42) (0.15, 0.47) (-1.06, -0.32)
Age + Age’ + BUN +  -1.07 -0.57 0.32 -0.79 -0.13
IGF-1 (-1.22,-0.92) (-0.71, -0.42) (0.15, 0.48) (-1.21,-0.37) (-0.38,0.12)

Model notation: LW = bison live body weight; BF= backfat thickness; BUN= blood urea nitrogen; NEFA= non-esterified fatty acid,;

IGF-1= insulin-like growth factor-1; LEP = leptin.



Figure 5.1. Conceptual framework describing the endemicity of brucellosis in
Yellowstone bison through the integration of seasonal resource availability, host-parasite
interaction, and host life history trade-offs. Forage quality declines as reproductive needs
increase during late gestation, which in turn decreases nutritional condition and resources
available for immune defense. The life cycle of B. abortus is linked with the
reproductive cycle of bison to facilitate transmission when immune activity is depressed
during late gestation. Seasonal food restriction influences physiological tradeoffs
favoring growth and reproduction over immune defense in young bison, which increase

susceptibility to infection and transmission potential during pregnancy.
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Figure 5.2. Monthly percentage (mean + SE) of (a) fecal crude protein (CP) and
digestible organic matter (DOM) and (b) DOM:CP ratio for bison in Yellowstone
National Park. Bison calving is synchronized with spring emergence of forage high in
protein and digestibility. Dietary DOM:CP ratios between 4 to 8 indicate a favorable

protein-energy balance to meet reproductive demands.
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Figure 5.3. Differences in blood
metabolites, hormones and body
condition in female Yellowstone bison
sampled during late gestation. Julian date
refers to the numeric date starting on
Janl, 2008 (e.g. 50 = Feb 9 and 100=
April 9). Values are presented as mean £
SE for (a) nonesterified fatty acid
(NEFA), (b) concentrations of insulin-
like growth factor -1 (IGF-1), and blood
urea nitrogen (BUN), and (c)
concentrations of leptin and backfat

measurements.
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Figure 5.4. Differences in body mass (mean + SE) with increasing age in female
Yellowstone bison. Live weight represents measurements on intact animals including
pregnant and nonpregnant adults. Carcass weight represents measurements on processed

animals without internal organs and reproductive tissues.
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Figure 5.5. Seasonal levels (mean * SE) of (a) interferon-y and (b) leptin in female
Yellowstone bison sampled from 2007-2009. The interferon-y levels were measured by
ELISA from the culture supernatants of peripheral blood mononuclear cells stimulated by
the mitogen Concanavalin A. Asterisks indicate significant differences in interferon-y

and leptin between seasons relative to spring (Apr-Jun) sampling, *P < 0.05.
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Figure 5.6. Predicted probabilities of active brucellosis infection and intensity of
infection across bison age for the dependent variable (a & b) bison live weight and (c)
concentrations of blood urea nitrogen (BUN) and non-esterified fatty acid (NEFA).
Below and above average live weight and low and high BUN and NEFA represent data
from the 20th and 80th percentile, respectively. The dashed lines indicate the 95%

confidence limits for the predictions.
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Chapter 6 - Comparison of immune responses following vaccination with Brucella

abortus strain RB51 in captive and free-ranging bison

Introduction

Brucellosis, caused by bacteria in the Brucella genus, is a zoonotic disease of
concern throughout the world, with at least half a million new cases occurring annually
(Vassalos et al. 2009). The Brucellae are gram negative, facultative intracellular bacteria
known to infect a diversity of mammalian hosts. The bacteria were first isolated by
David Bruce from human spleens in 1884 (Nicoletti 2002), though the disease has been
linked to humans as far back as 79 A.D (Capasso 2002). Currently, the World Health
Organization regards brucellosis as the world’s most widespread zoonosis (Godfroid
2005). Prevention of human brucellosis depends on control of the disease in animals
because humans cannot maintain the disease without an animal host (Corbel 2006).

Since no human brucellosis vaccine exists, vaccination of livestock has been the primary

method for controlling the spillover of animal infection to humans.

In the United States, vaccination has played a critical role in nearly eradicating
bovine brucellosis (Brucella abortus) from domestic cattle (Olsen & Tatum 2010).
Vaccination of domestic animals reduces the clinical effects of the disease (e.g. abortions
and shedding of bacteria in birth tissues and milk), which facilitate transmission. The
massive amount of bacteria expelled on fetal membranes and birth tissues drives
transmission and maintains the disease (Cheville 1998). Livestock vaccination has

significantly reduced brucellosis infection (Corbel 2006), while mass vaccination
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programs, which include test-and-slaughter practices, have the potential to reduce
brucellosis prevalence toward eradication (Martins et al. 2009). Despite the success of
livestock vaccination, brucellosis control programs become more complicated when a

wildlife reservoir for the disease is present.

In the Greater Yellowstone Area (GYA), the risk of brucellosis transmission from
wild bison (Bison bison) to cattle (Bos taurus) has been a contentious issue between
wildlife managers and advocates for bison conservation (Kilpatrick et al. 2009).
Yellowstone bison have been infected with B. abortus since 1917 through the
introduction of infected European cattle (Mohler 1917; Meagher & Meyer 1994). Though
the disease is not a threat to the long-term survival of the Yellowstone bison herd,
concern that bison may transmit brucellosis to cattle on neighboring lands has led to
unpopular management practices which prevent bison from migrating outside the park
(Bienen & Tabor 2006). Currently, wildlife (bison and elk Cervus elaphus) in the GYA
are the last reservoirs of B. abortus in the United States. In the past decade, brucellosis
outbreaks in the three states bordering Yellowstone National Park (Idaho, Montana, and
Wyoming) have caused additional economic expenses for the state livestock industries.
Though infected elk have been implicated in these outbreaks (Beja-Pereira et al. 2009;
Higgins et al. 2012), the high level of infection and intolerance of bison outside the park

have made them a target for brucellosis management.

Traditional brucellosis control methods, such as test and slaughter, have been
ineffective at reducing prevalence in Yellowstone bison and are unlikely to be effective
without reducing the population to near eradication levels (Dobson & Meagher 1996).
Conflicting perspectives on how to manage the risk of brucellosis transmission from
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bison to cattle led to the development of an Interagency Bison Management Plan. The
plan’s objective is to maintain a wild, free-ranging population of bison while addressing
the risk of brucellosis transmission to Montana’s livestock industry (USDI & USDA
2000). Vaccination of Yellowstone bison was proposed as a method to manage the
transmission risk between bison and cattle, but there have been mixed results of bison

vaccination using the currently available vaccine.

Strain RB51 (SRB51), the official live brucellosis vaccine for cattle in the United
States, provides significant protection in cattle (Davis and Elzer 2002), but efficacy in
bison has been suspect. The efficacy of SRB51 is typically determined by protection
from infection and abortion following challenge with a virulent strain of B. abortus (e.g.
S2308). Early studies concluded that SRB51 did not confer significant protection in
vaccinated adult bison despite intensive (three injections) vaccination efforts (Davis &
Elzer 1999). More recently, research has shown SRB51 to offer protection against
abortion and placental infection when bison calves were vaccinated and later challenged
with virulent B. abortus during mid-gestation (Olsen et al. 2003). The appeal of SRB51
as a vaccine for bison is that it has provided significant protection in cattle, with
vaccinated animals remaining negative when tested with standard serologic tests (Olsen

et al. 1998; Davis & Elzer 2002).

Vaccine protection relies on the stimulation of an immune response to B. abortus
that can be recalled following field exposure. Protection occurs through the prevention of
bacterial excretion in pregnant bison, which disrupts further transmission. The efficacy
of SRB51 is expected to be greater under field conditions than under experimental
conditions, where known pregnant bison receive an infectious dose of virulent B. abortus
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during mid-gestation, when they are most susceptible to brucellosis infection (Olsen &
Stoffregen 2005). However, vaccine efficacy under field conditions may be influenced
by a number of factors, including nutritional stress (Olsen & Johnson 2011). Thus,
mounting an effective immune response against B. abortus may have condition-related

costs influencing the ability of bison to recall protective responses.

Because cellular immune responses play a major role in protection against B.
abortus, an effective vaccine is expected to generate strong cell-mediated immunity
(Clapp et al. 2011). As with other intracellular pathogens, immunity to B. abortus
depends on T-cell-mediated activation of phagocytic white blood cells (macrophages),
with interferon-y (IFN-y) being the primary cytokine responsible for macrophage
activation (Murphy et al. 2001; Gorvel & Moreno 2002; Carvalo Neta et al. 2010).
However, the induction of protective cell-mediated immunity is costly in terms of protein
and energy (Calder and Jackson 2000; Buehler et al. 2010). For Yellowstone bison, body
reserves (e.g. fat) decline as forage quality and availability decrease during late winter

and early spring, overlapping the primary B. abortus transmission period.

Bison nutrition may be an important factor influencing the effectiveness of a
vaccination program to reduce brucellosis prevalence in Yellowstone bison. The purpose
of this study was to compare the immunologic responses to vaccination in captive and
free-ranging bison and assess the effect of nutritional differences. Additionally,
vaccinated free-ranging bison provided the opportunity to evaluate vaccine protection

following natural exposure to B. abortus within Yellowstone National Park.
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Methods

Bison sampling and vaccination

During the winter and spring of 2008, deep snow influenced the movement of
bison from high elevation ranges within Yellowstone to low elevation ranges outside the
park’s boundaries. Over 1647 bison eXited the northern boundary between February and
April, 2008. Migrating bison were captured and held at the Stephens Creek bison capture
facility to prevent them from co-mingling with cattle outside the park. The total
population at YNP was estimated at 4694 bison during August, 2007, with 50% of female

bison (n = 881) testing positive for B. abortus exposure.

Bison calves (n = 112), which tested negative for B. abortus exposure using the
fluorescent polarization assay (FPA) and standard card test were transferred from
Yellowstone to the Corwin Springs capture facility as part of a bison quarantine
feasibility study (MTFWP & USDA-APHIS 2006). All quarantined bison were
vaccinated subcutaneously with 1.4 x 10™ colony-forming units (CFU) of SRB51
(Colorado Serum Company, Denver, CO) as yearlings on November 12, 2008. Blood
samples were collected by jugular venipuncture from 12 female yearlings (age c. 19
months) before vaccination and at 3, 8, 12, 18, and 21 weeks after vaccination (Nov 12,
2008 to April 8, 2009). Bison were sustained on a supplied diet of mixed-grass hay.
These 12 pre-pubescent bison constituted the quarantine study group. At each sampling
time point, blood was collected into sodium heparin (50mL), EDTA (K3, 10mL), and
serum (10mL) BD Vaccutainer Collection Tubes. Serum and plasma were aliquoted and
stored at -20 C until analyzed. The heparinized blood used in immunological assays was

processed on the day of collection. Because all quarantined bison were required to be
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vaccinated, there were no control animals (non-vaccinated bison) in the study. The
before-vaccination time point served as a negative control for quantifying immune

responses following vaccination.

During winter of 2008, 14 female bison (age c. 22 months) that tested negative for
B. abortus exposure using FPA and standard card test were syringe-vaccinated with
SRB51 (1.4 x 10'® CFU) on April 1, 2008. VVaccinated bison were held within the
Stephens Creek capture facility for 6 weeks. Blood was collected from 12 of the bison
before vaccination (April 1, 2008), 2 weeks after vaccination (April 15, 2008), and 6
weeks after vaccination (May 13, 2008). These 12 bison constituted the Yellowstone
study group. All vaccinated bison were fitted with ear tag radio-transmitters (M3620
ATS, Isanti, MN) and released into the park on May 19, 2008. During summer 2008,
vaccinated bison matured sexually (fertile estrous) at c. 28 months of age and were
naturally bred. Nine of the vaccinated bison were located using radio telemetry and re-
captured in the field starting 28 weeks after vaccination (Oct 14, 2008, to Jan 20, 2009).
Bison were immobilized with carfentanil and xylazine remotely administered using
tranquilizing darts. Blood was collected for determining pregnancy status (using serum
pregnancy specific protein B, PSPB), diagnosing B. abortus exposure (FPA and card test)
after release into the park, and evaluating bison immunological status. Bison that
converted from seronegative to seropositive status when tested 28 weeks after
vaccination were monitored to determine the outcome of their pregnancy (observed
abortion or live birth) following natural infection. Bison in the Yellowstone group that

reacted positively on the serologic test following release into the park (28 + weeks after

117



vaccination) were excluded from the study addressing vaccine-induced immune

responses because natural exposure may confound vaccine-induced responses.
Blood Analysis

Blood collected for determining immunological responses to vaccination was
processed at Montana State University’s Biosafety Level 3 Facility-Jutila Research
Laboratory. For the quarantined study group blood was processed on the day of
collection, while for the Yellowstone study group, blood was refrigerated overnight and
processed the next day. The peripheral blood mononuclear cells (PBMC) were isolated
from heparinized blood (40 mL) using density centrifugation. The cells were washed
three times with media (RPMI 1640) and re-suspended in media supplemented with 2
mM L-glutamine, 10% heat-inactivated horse serum (GIBCO BRL), 100 U/ml penicillin,
and 100 mg/ml streptomycin. The PBMCs (5 x 10% ml in medium) were aliquoted into
24-well plates. Duplicate cultures were stimulated with the mitogen concanavalin A
(ConA, 1pg/ml), heat-killed B. abortus (S2308, 1pg/ml), or unstimulated (medium only).
ConA is a strong mitogen used to induce T-cell proliferation. Cell cultures were
incubated at 37°C with 5% CO,, harvested after 5 days, and stored at -80°C until
analyzed. Immune responses of bison to vaccination were monitored by gamma
interferon (IFN-y) using a bovine capture ELISA from the supernatants of the cell
cultures. Concentrations of IFN-y were determined by comparing the absorbance of test
samples with the absorbance of standards within a linear curve fit. For the quarantine
and Yellowstone study groups, mean IFN-y concentrations at time points following
vaccination were compared with concentrations before vaccination using a paired t test.
Individual bison in both study groups were given a vaccine responder classification
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(strong, weak, and none) based on IFN-y production from isolated cells following
stimulation with B. abortus antigen, with the assumption that strong responses may
indicate some level of protection induced through vaccination. Bison were classified as
strong responders (>20 ng/mL IFN-y), weak responders (2 > ng/mL IFN-y < 20), or non-
responders (None) (< 2 ng/mL IFN-y) based on the largest concentration of IFN-y

measured at any sampling time point following vaccination.

For analyzing indicators of nutrition in bison blood, plasma was separated from
whole blood within 3 hours of collection and stored frozen -80 until assayed for
metabolites and hormones. The hormones leptin and Insulin-like growth factor-1 (IGF-1)
regulate immune responses in relation to protein and energy metabolism (Borghetti et al.
2009). Plasma leptin and IGF-1 concentrations were determined by radioimmunoassay
(RIA) at the University of Missouri, division of animal sciences. The plasma metabolites
urea nitrogen (BUN), an indicator protein nutrition, and non-esterified fatty acid (NEFA),
an indicator of fat metabolism, were estimated using capture ELISA at Texas Tech
University’s department of animal and food sciences. Serum collected for pregnancy

diagnosis was analyzed by Biotracking (Moscow, ID) using PSPB assay.

Statistical analysis

To assess the influence of nutrition on the induction of cellular immune responses
in sampled bison, a suite of 15 regression models were developed. The level of IFN-y
produced by isolated PBMCs following treatment with the mitogen ConA was used as a
continuous response variable. A log-transformation of the response variable (log;o IFN-y:

ConA) was used to improve normality. Plasma hormones and metabolites, leptin, IGF-1,
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BUN, and NEFA, were model predictor variables. The data set included complete
records for each variable (n = 81). Models were ranked using Akaike’s Information
Criterion corrected for small sample size (AIC;), and normalized AIC. weights (w;) were
used to compare candidate models. Models with AIC differences (Aj) < 2 from the top
supported model were considered to offer substantial empirical support, while models
with 4 < A; <7 have considerably less support and models having values A; > 10 having
essentially no support (Burnham & Anderson 2002). All statistical analyses were

conducted in R (R Development Core Team 2010).

Results

Immune response to vaccination

Bison inoculated with SRB51 showed elevated IFN-y responses to B. abortus
antigen across sampling time points following vaccination (Figure 6.1). For both study
groups, the mean IFN-y response increased during the initial period (8 weeks) following
vaccination, though sampling time points for the 2 study groups did not overlap. IFN-y
levels were significantly greater (p < 0.05) for quarantined bison at time points after
vaccination in comparison to before vaccination, while IFN- y responses for the
Yellowstone group were statistically different (P < 0.05) only at 6 weeks after
vaccination in comparison to before vaccination. For both study groups, the proportion
of bison (0.42) that showed strong responses (IFN-y > 20 ng/mL) following SRB51
vaccination was similar (Table 6.1). However, this was less than 50% of bison in each
study group. Strong responders from both study groups showed similar initial responses
to vaccination, with recall responses at the long-term time point (> 20 weeks post

vaccination) being statistically indistinguishable (P > 0.05) for both groups (Table 6.1).
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Protection from natural infection

Three incident cases of natural B. abortus exposure were observed in the
vaccinated Yellowstone study group following release into the park in spring of 2008.
Though vaccination with SRB51 does not provide protection from the establishment of B.
abortus infection, it has demonstrated protection against the induction of abortions in
vaccinated bison under experimental conditions (Olsen & Tatum 2010). All three of the
bison, identified as positive for B. abortus exposure using serologic tests (FPA and card)
at 28+ weeks after vaccination, were diagnosed as pregnant via serum PSPB. Of the
three bison, one had a B. abortus induced abortion, one gave birth to a live calf, and one
was never observed with a calf (Table 6.2). During spring, 2009, the aborting female was
observed with a retained placenta and confirmed as actively infected with B. abortus
based on isolation of the bacteria from vaginal exudate. Isolated PBMCs from the
aborting cow produced low levels of IFN-y when stimulated with B. abortus antigen at 6-
weeks post vaccination and at 28+ weeks post vaccination following the field exposure to
B. abortus. Though not protective, the high antibody levels in the aborting cow indicate a
strong humoral response to natural infection. The cytokine interleukin-4 (IL-4), which

suppresses the production of IFN-y was produced by the aborting cow.

Effects of nutrition on immune response

In comparison, IFN-y responses to heat killed B. abortus and ConA treatment
were not significantly different between the Yellowstone and quarantine study groups
when measured 20 weeks after vaccination (Figure 6.2 a & b). The mean values of
plasma leptin, IGF-1, and BUN were different between the study groups at the long-term

post-vaccination time point (Figure 6.2 c-€), while there was no difference in plasma
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NEFA levels (Figure 6.2f). Plasma, IGF-1, leptin, and BUN levels had a significant
positive effect on the induction of IFN-y following treatment with the mitogen Con A

(Figure 6.3 a-c), while plasma NEFA had a significant negative effect (Figure 6.3d).

The induction of IFN-y following treatment of PBMCs with ConA (logio IFN-
v:ConA ) was influenced by indicators of bison nutrition. The top supported model based
on results of model selection (38% of w;; Table 6.4) included covariates for plasma
leptin, IGF-1, and NEFA. There was strong support for the top 4 models (AAIC.=0 -
2.60; >w; = 0.93), all of which contained IGF-1 and NEFA. Models without both of
these covariates had less support (AAIC, = 4.75 - 20.95; Y'w; = 0.07). The second most
supported model (30% of w;, Table 6.4) indicated that the slope coefficients for IGF-1
(Bicr-1 = 0.016 + 0.004 [mean + SE], P = 0.001) and NEFA (Bnera = 0.002 + 0.000 [mean
+ SE], P <0.001) had a significant effect on the level of IFN-y by cells stimulated with
ConA. These results suggest that bison experiencing under nutrition, indicated by
decreasing plasma IGF-1 and increasing plasma NEFA, may have reduced cellular
immune responses measured by the production of IFN-y from isolated cells stimulated

with the mitogen ConA.

Discussion

Vaccination has been one of the most successful methods for preventing disease
in domestic animals, but vaccination of wildlife presents numerous challenges (Plumb et
al. 2007). In particular, pathogens that are able to maintain persistent infections within
wildlife populations are especially difficult to manage through vaccination. Currently,
there are few effective vaccines available for protecting wildlife from persistent bacterial
diseases, such as bovine tuberculosis, salmonellosis, and brucellosis. Vaccines that
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generate long-lived cellular responses against intracellular pathogens have not provided
consistent protection (Seder and Hill 2000). Since much of our understanding of wildlife
diseases comes from treating similar diseases in humans and domestic animals, a greater
understanding of how to apply disease management approaches to wildlife is needed. In
contrast to domestic animals, the effectiveness of wildlife vaccination may be
complicated by a variety of ecological and climatological factors. Additionally, because
wildlife species are valued by society, livestock methods, which are not aligned with

wildlife conservation, are unlikely to be socially acceptable (Nishi, Shury & Elkin 2006).

In Yellowstone, vaccination of bison is recognized as a potential method for
reducing the risk of brucellosis transmission from bison to cattle, while also conserving
this wildlife resource. My results suggest that a single vaccination of SRB51 provided to
female, yearling bison may offer some protection from clinical disease (B. abortus
induced abortions) in c. 50% of vaccinated animals. Here | am assuming that the
proportion of bison in both study groups that were classified as strong responders based
on in vitro responses would have acquired some level of protection. However, the
abortion and subsequent isolation of B. abortus in one of the three naturally infected
bison underscores that SRB51 does not offer complete protection from clinical disease.
Additionally, these findings further indicate that vaccination with SRB51 will not prevent
positive reactions on standard serologic tests if vaccinated bison are exposed to an

infectious dose of B. abortus field strain (Olsen et al. 2009).

Though vaccinated bison experienced different environmental conditions during
the study period, the immune response to vaccination was similar between the two
groups. The antigen-induced production of IFN- y increased in both study groups
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following vaccination in comparison to pre-vaccination levels, with peak IFN-y

production at about 6 weeks after vaccination.

The production of IFN-y in response to antigen seemed to be deficient in a similar
proportion (0.58) of bison (weak and non-responders) within both study groups. The lack
of IFN-y production in all bison prior to vaccination and in un-stimulated cells (media
only) confirmed that the specificity of the low measurable responses in most bison were
in response to B. abortus antigen. Also, there was no statistical difference in IFN-y
production in cells stimulated with mitogen ConA across responder classes, which
indicated cell cultures in all responder classes were viable. Thus, these findings support
that variation in individual immune responses are likely to play a role in the efficacy of

SRB51.

In experimental efficacy studies, bison challenged with virulent B. abortus will
abort their pregnancy in a shorter interval and at a higher percentage compared to cattle.
The mean exposure dose for Yellowstone bison that results in abortion is unknown. In
cattle, 10° CFU of particular challenge strains have not induced clinical effects, while
exposure to 700,000 bacteria resembles the epidemiologic features of infected cattle
herds (Olsen & Johnson 2011). In the present study, I have no information on the
infectious dose received by the bison that had a B. abortus-induced abortion. However,
in contrast to experimental studies that challenge animals in mid-gestation, the three
seropositive bison in the Yellowstone group were exposed before they reached sexual
maturity, with the aborted pregnancy occurring the following spring. The high antibody
levels detected in the aborting individual is consistent with active B. abortus infection
identified in young bison with elevated antibody titers (Roffe et al. 1999; Treanor et al.
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2011). These findings suggest that SRB51 will not prevent persistent infection and the
onset of clinical disease in a proportion of juvenile bison vaccinated before reaching

sexual maturity.

Vaccine protection against B. abortus infection requires vaccinated bison to have
strong recall responses, which induce the proliferation of T-cells and the production of
IFN-y when exposed to field strain bacteria (Wyckoff 2002). Mean IFN-y production, in
response to B. abortus and mitogen stimulation, was not significantly greater in the
Yellowstone group than in the quarantined group when sampled 20 weeks after
vaccination (Figure 6.2 a-b). | expected responses to be greater in the quarantine group,
which was assumed to be under less nutritional stress. However, based on the time of
year when sampling occurred for the long-term time point (20 weeks after vaccination),

neither group may have been undernourished.

Because bison were not available for both study groups concurrently, animals in
each study group were vaccinated at different times of the year. For the Yellowstone
group, sampling animals 20 weeks after vaccination occurred in fall and early winter,
while for the quarantine group sampling 20 weeks after vaccination occurred during
spring. In comparison, plasma levels of IGF-1 and leptin were higher for the
Yellowstone group, while BUN levels were higher for the quarantine group. Plasma
concentrations of leptin and IGF-1 are regulated by dietary energy and protein levels
(Gomes et al. 2003; Chelikani et al. 2009), which may have been greater for the
Yellowstone group as there was no restriction on their ability to graze. For the quarantine
group, higher levels of BUN reflect that they were supplied a mixed grass hay diet over
the winter (Table 6.3, Figure 6.2e), though overall intake may have been lower than in
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the free-ranging Yellowstone group. The protein content in the diet available to the
quarantine bison was probably higher than the natural forage available to the Yellowstone
group because dietary protein in bison forage declines in late summer through early
spring (Chapter 5). More importantly, plasma NEFA levels indicated that fat metabolism
was similar in both groups (Figure 6.2f), suggesting little difference in the mobilization
of energy reserves at the time of sampling. In my analysis, Plasma NEFA was identified
as an important factor influencing IFN-y production in cells stimulated with mitogen
(Table 6.4). Thus, the production of IFN-y may be further reduced during periods of

nutritional restriction, such as late winter through early spring.

The transmission window for B. abortus overlaps periods of food restriction and
increasing pregnancy demands for Yellowstone bison (Chapter 5). In the present study,
production of IFN-y in response to mitogen stimulation was influenced by nutritional
factors, which suggests that recall responses to B. abortus following vaccination may be
depressed during the critical period. Pregnant bison are typically in negative energy
balance during winter with nutritional deficit increasing as parturition approaches
(DelGuidice et al. 2001). Protective cellular immune responses are costly in terms of
protein and energy and may be limited during periods of nutritional restriction
(Cunningham-Rundles, McNeely, & Moon 2005; Buehler et al. 2010). During late
gestation, pregnant bison have elevated levels of NEFA accompanied by declines in IGF-
1, leptin, BUN and fat reserves, which, in combination, influence greater tissue
colonization by B. abortus in infected animals (Chapter 5). The hormones leptin and
IGF-1, play a prominent role in the modulation of cellular immune responses, though

their function is compromised during periods of protein and energy restriction (Lord et al.
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1998, Borghetti et al. 2009, Xu & Wang 2010). For pregnant Yellowstone bison,
nutritional condition and the availability of dietary nutrients decline as nutritional needs
increase during late gestation. Thus, protective immune responses acquired through
vaccination may be compromised during late gestation when B. abortus transmission

typically occurs.

Though vaccination of free-ranging bison is challenging, it has potential to be a
useful method for reducing brucellosis infection (Treanor et al. 2010, Ebinger et al.
2011). Under confined and free-ranging conditions, vaccination with SRB51 induced
similar immunological responses in bison. However, the magnitude of the in vitro
immune responses in the present study were considerably lower than responses observed
in experimental studies (Olsen et al. 2009). These findings suggest that a single
vaccination of SRB51 does not offer strong protection from clinical disease. However,
the immune responses may be improved if vaccinated animals receive booster

vaccinations.

Vaccination alone is unlikely to result in a large-scale reduction of brucellosis
prevalence in Yellowstone bison. Methods that combine large-scale vaccination
coverage with test and slaughter practices have been effective at reducing brucellosis in
cattle (Poester et al. 2006; Martins et al. 2009). However, Yellowstone bison are a
valued wildlife species, making intensive culling socially unacceptable to many
stakeholders (Bienen & Tabor 2006) and making vaccination a more suitable approach
for managing brucellosis. Because brucellosis has little effect on the Yellowstone bison
population, the relevant disease management question is whether vaccination of bison can
reduce the risk of B. abortus transmission to livestock while conserving Yellowstone
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bison. Findings of this study suggest that protective immune responses may be reduced
in bison during periods of nutritional restriction. Therefore, seasonal nutrition may play a
role in the effectiveness of bison vaccination, with protective immune responses reduced
during the primary B. abortus transmission period. Further research identifying how
seasonal nutrition influences vaccine induced responses may help improve the

effectiveness of wildlife vaccination programs.

Copyright © John Joseph Treanor 2012
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Table 6.1. IFN-y (ng/mL; mean £ SE) produced by peripheral blood cultures stimulated with heat killed B. abortus following

vaccination with SRB51for Quarantine and Yellowstone bison study groups.

Quarantine Bison Weeks After Vaccination
Reé’f;sr;ger 0 3 8 12 18 21

Strong(n=5) 0.16+0.10 61.68+33.74 1757+6.86 9.88+4.83 1335+10.24 13.76+5.72
Weak (n=5) 0.16+0.12 1.63+0.62 1.12 £ 0.47 1.23+0.80 2.60+1.46 1.46 £0.90

None (n=2) 0.08+0.08 0.14+0.03 029+0.04 0.05+0.05 0.05+0.05 0.18+0.18

Yellowstone .

Bison Weeks After Vaccination

Responder

Class 0 2 6 28+

Strong(n=5)  1.91+1.28 3835 +18.0 98.85 +59.47 14.77 +4.85
Weak (n=4)  149+149 143+143 597 +2.46 0.79 +0.79

None (n=3) 0 150 £0.31 0.46 £0.46 NA

# Individual bison were assigned to responder classes based on the largest concentration of IFN-y measured for any time point
following vaccination (strong : >20 ng/mL IFN-y , weak: 2 > ng/mL IFN-y < 20, none: < 2 ng/mL IFN-y).
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Table 6.2. Immune responses and observed pregnancy outcomes in free-ranging Yellowstone bison that seroconverted from negative

to positive status following SRB51 vaccination.

__ IFN-y (ng/mL) IL-4 (ng/ml) Antibody Response Pregnency

D Owks 2Wks 6Wks 28+Wks 28+ WKks FPA (mP) at 28+ Weeks® Outcome
357 0 0 0 17.5 0 165.6 Calf observed
361 6.0 2.9 9.3 134.5 0 168.6 No calf observed
370 NA NA 2.0 4.4 2.7 228.0 Abortion®

 Antibody levels identifying seroconversion at 28+ weeks post vaccination using fluorescent polarization assay (FPA)
b All three bison were diagnosed pregnant using serum pregnancy specific protein B (PSPB)
°Bison Yell-370 was observed with retained placenta and B. abortus was cultured from vaginal exudates



Table 6.3. Nutritional indicators (mean + SE) for quarantine and Yellowstone study groups based on responder classification.

Quarantine Responder Class® Yellowstone Responder Class
Indicator  Strong Weak None Strong Weak
Leptin 1.56 + 0.54 1.11+0.21 1.0+0.41 2.49 £ 0.53 3.02 £0.58
IGF-1 60.87 +8.98 57.9+13.78 43.35 + 1.47 77.29 +4.32 74.76 £ 3.56
UN 30.72+1.51 32.88 +1.37 32.95+1.05 19.3+4.08 8.4+ NA
NEFA 321.94+90.33 481.74+81.46 552.35+57.25 448.57 + 116.45 449.1 + NA

-
= #Individual bison were assigned to responder classes based on the largest concentration of IFN-y measured for any time point
following vaccination (strong : >20 ng/mL IFN-y , weak: 2 > ng/mL IFN-y < 20, none: < 2 ng/mL IFN-y).



Table 6.4. Ranking of regression models evaluating the influence of nutrition on IFN-y
production (logie IFN-y) from peripheral blood cultures stimulated with mitogen (ConA)
in quarantine and Yellowstone bison study groups (n = 81). Models are ranked by

ascending AAIC.and Akaike weights (w;).

Model K AIC. AAIC, w;
Leptin + IGF-1 + NEFA 5 20901 0.00 0.38
IGF-1 + NEFA 4 209.46 045  0.30
Leptin + IGF-1+BUN + NEFA 6 21092 191  0.15
IGF-1 + BUN + NEFA 5 21161 260  0.10
Leptin + NEFA 4 21349 448  0.04
Leptin + BUN + NEFA 5 21445 544  0.02
NEFA 3 21786 885  0.00
BUN + NEFA 4 21943 1042 0.00
Leptin + IGF-1 + BUN 5 22212 1311 0.00
Leptin + BUN 4 22284 1383 0.00
IGF1 +BUN 4 22504 16.03 0.00
Leptin + IGF-1 4 22545 16.44 0.00
IGF-1 3 22712 1811 0.00
Leptin 3 22742 1841 0.00
BUN 3 22947 20.46 0.00

Model notation: BUN= blood urea nitrogen; NEFA= non-esterified fatty acid; IGF-1=
insulin-like growth factor-1
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Table 6.5. Parameter estimates for the model with the lowest AIC. value in Table 6.4.

Parameter Estimate SE t-value P
Intercept 4,031 0.334 12.057 <0.0001
Leptin 0.221 0.136 1.621 0.109
IGF-1 0.013 0.005 2.587 0.012
NEFA -0.002 0.000 -4.473  <0.0001

Model notation: NEFA= non-esterified fatty acid; IGF-1= insulin-like growth factor-1.
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Figure 6.1. IFN-y production (mean = SE) by bison peripheral blood cultures following

vaccination with SRB51for quarantine and Yellowstone study groups.
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Figure 6.2. Levels of IFN-y, hormones, and metabolites in bison from the quarantine
and Yellowstone study groups sampled 20 weeks after vaccination with SRB51. Values
are presented as mean + SE for (a) INF-y production by bison PBMC stimulated with
heat-killed B. abortus, (b) INF-y production by bison PBMC stimulated with mitogen
(ConA), (c) plasma leptin, (d) plasma insulin-like growth factor-1 (IGF-1), (e) blood urea
nitrogen (BUN), and (f) plasma non-esterified fatty acid (NEFA). Asterisks indicate

significant differences between study groups, *P < 0.05.
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Figure 6.3. Bivariate analyses of the relationship between logjo-transformed IFN-y

production (ng/mL) of bison peripheral blood cultures stimulated with mitogen (ConA)

and (a) plasma insulin-like growth factor-1 (IGF-1), (b) plasma leptin, (c) blood urea

nitrogen (BUN), and (d) plasma non-esterified fatty acid (NEFA).
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Chapter 7 — Conclusions and Future Directions

The focus of this dissertation research has been to advance our understanding of
how brucellosis is maintained within Yellowstone bison and to use this information to
improve disease management practices. Though there has been much research conducted
on brucellosis in domestic animals, there has been far less involving free-ranging
wildlife. In chapter 2, | provided a review of intracellular pathogens known to establish
long-term infections and cause abortions in their mammalian hosts. For wild ungulates,
the reduction of immune defenses near parturition may be better understood in relation to
life history tradeoffs involving the allocation of internal resource. Seasonal food
restriction during pregnancy has the potential to limit resources available for immune
defense and ultimately leads to endemically infected wildlife populations. The work
presented in chapter 1 might be expanded to address whether the prevalence of abortive
pathogens increases in wild ruminants at northern latitudes. If nutritional restriction
increases susceptibility to these disease agents, wild ungulates may have higher infection

rates in geographical regions where food availability is seasonally restricted.

For Yellowstone bison, the endemicity of brucellosis infection might be
influenced by the timing of food restriction with increasing reproductive demands
(chapter 5). Seasonal food restriction was found to reduce nutritional condition during
late gestation, with the probability of active brucellosis infection being highest for bison
in below-average condition (chapter 5). Variation in winter severity across years may

influence brucellosis transmission, with more bison unable to contain B. abortus during
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severe or prolonged winters. Such heterogeneity in B. abortus transmission may help
explain the observed fluctuations in bison seroprevalence over past decades. Future
brucellosis surveillance efforts could be conducted to assess whether incidence rates, an
estimate of new B. abortus exposures within a given year, increase in marked bison in

years following severe winters.

Primiparous bison may be the primary transmission source sustaining brucellosis
in the Yellowstone population (chapter 4 & 5). The greater intensity of infection
observed in reproductively immature bison suggests an inability of young animals to
contain infection. Further research is needed on how nutritional condition, the level of
endogenous protein and energy reserves, influences susceptibility to infection in young
bison. Does B. abortus behave differently in immunocompromised young animals,
which may lead to increased transmissibility, compared to chronically infected older
animals? Additionally, bison exposed to multiple persistent disease agents may decrease
immune responsiveness, exacerbating clinical disease. Joly and Messier (2005) found
that bison which were positive for both tuberculosis and brucellosis were less likely to be
pregnant or to survive the winter than bison positive for one or neither disease.
Monitoring Yellowstone bison for co-infection of additional abortive disease agents will
help better assess disease impacts on the population and improve disease management

efforts.

Persistent diseases can decrease long-term conservation of wild ungulates,
especially when management practices, such as culling are implemented to control
disease transmission from wild ungulates to domestic animals and humans. Although
wildlife vaccination has potential to reduce disease prevalence, vaccines that induce long-
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lived cellular responses are lacking. In chapter 6, | compared the immunologic responses
to vaccination in captive and free-ranging bison. In yearling female bison, the immune
response to a single vaccination of SRB51 may offer some protection in approximately
50% of vaccinated animals. Overall, immune responses following vaccination were
similar between both study groups including the proportion of individuals within each
study group that showed either strong, weak or essentially no response following
vaccination. This individual variation is expected to reduce vaccine efficacy when
vaccination is applied at the population level. Factors, such as seasonal food restriction
and loss of body reserves may play an important role in the effectiveness of wildlife
vaccination programs. Research is needed to link within host processes (e.g. nutrition)
with the induction of protective immune responses against persistent pathogens.
Protective immune responses induced through vaccination may be limited if vaccines are

delivered to undernourished animals.

The abortion in one of the three vaccinated bison that were naturally exposed to
B. abortus (chapter 6) confirms incomplete protection from clinical disease. This study
suggests that a single vaccination of SRB51 does not provide strong protective responses.
Wild ungulates in temperate and northern environments may need to receive multiple
vaccinations to build up immunological memory needed to defend against persistent
infectious diseases. To monitor the effectiveness of wildlife vaccination programs,
further research is needed to establish measurable correlates of immune protection. In
chapter 6, | measured an important indicator of cell-mediated immune response, IFN-y,
following vaccination. Future vaccination studies would benefit from measuring a

broader range of indicators, such as multiple cytokines and the proliferation of T-
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lymphocyte subpopulations to better assess protective responses. A comprehensive
immunological profile could also improve vaccination models by explicitly modeling

individual variation in host immune responses to vaccination.

The individual-based model (chapter 3) helped evaluate how different vaccination
strategies might reduce the level of brucellosis infection in Yellowstone bison. Model
simulations suggested that eradication of brucellosis is unlikely with the currently
available vaccine and delivery options. However, reducing the level of infection may be
achievable but would require a long-term investment. The main factors limiting success
of a bison vaccination program are consistent delivery methods of an efficacious vaccine.
Currently, there is much work being conducted on vaccine development, which could be
applied to brucellosis reduction in Yellowstone bison. However, effective delivery
methods providing large scale coverage to the target population are under-developed.
The variability in individual immune responses to vaccination underscores the need for
delivery methods that ensure vaccinated animals receive the intended dose of the vaccine.
For this reason, remote delivery of vaccine to free-ranging bison may not be a credible
option. Alternatively, establishing temporary capture facilities within Yellowstone where
bison could be vaccinated, marked, and released would maximize coverage of the vaccine
with a reliable delivery method (syringe delivery). Additionally, this approach would
allow bison to receive booster vaccinations, with marked individuals available to monitor

the program’s effectiveness.

Long-term monitoring will be an essential component of any brucellosis reduction
program for Yellowstone bison. Until diagnostic tests are improved, seroprevalence is
expected to be the primary metric by which the level of brucellosis infection is
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determined. Thus, monitoring the effectiveness of vaccination will require a surveillance
program which recognizes the limitations of serologic tests in making determinations on
the effectiveness of vaccination. Bison in early reproductive ages represent a large
demographic of the population and may be the primary source maintaining brucellosis
infection (chapter 4). However, antibodies produced against B. abortus decline slowly
and probably overestimate the level of infection in older bison. Thus, serologic tests can
be misleading without an understanding of how they relate to active infection. Further
research is needed to better link antibody levels with active B. abortus infection and
indicators of protective immunity, such as IFN-y. Since B. abortus is a persistent
pathogen known to establish long-term infection, we can never be certain that bison have
completely recovered from infection by clearing all bacteria. Therefore, improving our
ability to identify potentially infectious individuals will advance management practices

that are more aligned with bison conservation.

Until effective methods to reduce brucellosis are developed, the best approach to
control the risk of brucellosis transmission from bison to cattle is to maintain spatial and
temporal separation. Management agencies should continue to allow bison migration to
essential winter range areas in and adjacent to Yellowstone National Park, but actively
prevent dispersal and range expansion to outlying private lands until there is tolerance for
bison in these areas (Plumb et al. 2009). Additionally, Kilpatrick et al. (2009)
recommended the cessation of cattle grazing in areas where bison leave the park in winter
and compensating ranchers for lost earnings and wages. Conservation groups and
government agencies have successfully used, and are still pursuing, this strategy with

willing landowners (U.S. Department of the Interior et al. 2008). However, further
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efforts are needed from wildlife managers, livestock producers, and the public to balance

long-term bison conservation with brucellosis risk management.

Brucellosis risk management in the Greater Yellowstone Ecosystem is one of the
great challenges facing large mammal conservation in North America. Effective
management practices will require a diverse range of integrated methods which include
maintaining separation of livestock and wildlife, managing habitat to reduce brucellosis
transmission, and reducing disease prevalence in wildlife. The long-term success of these
management practices will depend on sound science and support from the stakeholders
involved. Otherwise, efforts to balance brucellosis management with wildlife

conservation are unlikely to be successful.

Copyright © John Joseph Treanor 2012

142



References

Adelman, J.S. & Martin, L.B. (2009) Vertebrate sickness behaviors: adaptive and
integrated neuroendocrine immune responses. Integrative and Comparative
Biology, 49, 202-214.

Ahmed, R., Lanier, J.G. & Pamer, E. (2002) Immunological Memory & Infection.
Immunology of Infectious Diseases. (eds S.H.E. Kaufmann, A. Sher & R.
Ahmed), pp.175-189. ASM Press, Washington, D.C.

Alexander, K.A., E. Pleydell, M.C. Williams, E.P. Lane, J.F.C. Nyange, &A.L. Michel.
(2002). Mycobacterium tuberculosis: an emerging disease of free-ranging
wildlife. Emerging Infectious Diseases, 8, 598-601.

Alizon, S., Hurford, A., Mideo, N. & Van Baalen, M. (2009) Virulence evolution and the
trade-off hypothesis: history, current state of affairs and the future. Journal of
Evolutionary Biology, 22, 245-2509.

Anderson, R.M. & May, R.M. (1979) Population biology of infectious diseases: Part I.
Nature, 280, 361-367.

Andrianarivo, A.G., M.L. Anderson, J.D. Rowe, I. A. Gardner, J.P. Reynolds, L.
Choromanski, and P.A. Conrad. (2005). Immune responses during pregnancy in
heifers naturally infected with Neospora caninum with and without immunization.
Parasitology Research, 96, 24-31.

Aune, K., Roffe, T., Rhyan, J., Mack, J. & Clark, W. (1998) Preliminary results on home
range, movements, reproduction and behavior of female bison in northern
Yellowstone National Park. International Symposium on Bison Ecology and
Management in North America (eds. L. Irby & J. Knight), pp. 1-10. Montana
State University, Bozeman, MT, USA.

Aune, K., Rhyan, J., Corso, B. & T. Roffe. (2007) Environmental persistence of Brucella
organisms in natural environments of the Greater Yellowstone Area- a
preliminary analysis.

143



Aune, K., Rhyan, J.C., Russell, R., Roffe, T.J. & Corso, B. (2012) Environmental
persistence of Brucella abortus in the Greater Yellowstone Area. Journal of
Wildlife Management, 76, 253-261.

Ballou, M.A,, Cruz, G.D., Pittroff, W., Keisler, D.H., & DePeters, E.J. (2008)
Modifying the acute phase response of Jersey calves by supplementing milk
replacer with omega-3 fatty acids from fish oil. Journal of Dairy Science, 91,
3478-3487.

Barboza, P.S., Parker, K.L. & Hume, I.A. (2009) Integrative Wildlife Nutrition. Springer-
Verlag, Heidelberg, Germany.

Beeton, N. & McCallum, H. (2011) Models predict that culling is not a feasible strategy
to prevent extinction of Tasmanian devils from facial tumour disease. Journal of
Applied Ecology, 48, 1315-1323.

Beja-Pereira, A., Bricker, B., Chen, S., Almendra, C., White, P.J. & Luikart, G. (2009)
DNA genotyping suggests recent brucellosis outbreaks in the greater Yellowstone
area originated from elk. Journal of Wildlife Diseases, 45, 1174-1177.

Beldomenico, P.M. & Begon, M. (2009) Disease spread, susceptibility and infection
intensity: vicious circles? Trends in Ecology and Evolution, 25, 21-27.

Bellaire, B.H., Elzer, P.H., Baldwin, C.L. & Roop II, R.M. (2003) Production of the
siderophore 2 dihydroxybenzoic acid is required for wild-type growth of Brucella
abortus in the presence of erythritol under low-iron conditions in vitro. Infection
and Immunity, 71, 2927-2932.

Ben Amara, A., Ghigo, E., Le Priol, Y., Lépolard, .C, Salcedo, S.P., et al. (2010) Coxiella
burnetii, the agent of Q Fever, replicates within trophoblasts and induces a unique
transcriptional response. PLoS ONE 5, e15315.

Bengis, R. G., R. A. Kock, & J. Fischer, 2002. Infectious animal diseases: the
wildlife/livestock interface. Rev. Sci. Tech. 21, 53-63.

144



Bengis, R.G., F.A. Leighton, J.R. Fischer, M. Artois, T. Morner, & C.M. Tate. 2004.
The role of wildlife in emerging and re-emerging zoonoses. Revue Scientifique et
Technique de 1’Office International des Epizooties, 23, 497-511.

Berger, J. & Cain, S.L. (1999) Reproductive synchrony in brucellosis-exposed bison in
the southern greater Yellowstone Ecosystem and in noninfected populations.
Conservation Biology, 13, 357-366.

Bernard, M. & Tough, D.F. (2002) Qualitative differences between naive and memory T
cells. Immunology, 106, 127-138.

Bernotiene, E., Palmer, G. & Gabay, C. (2006) The role of leptin in innate and adaptive
immune responses. Arthritis Research and Therapy, 8, 217.

Berri M., Rousset, E., Champion, J.L.,Russ, P. & Rodolakis, A. (2007). Goats may
experience reproductive failures and shed Coxiella burnetii at two successive
parturitions after a Q fever infection. Research in Veterinary Science, 83, 47-52.

Bevins, J.S., Blake, J.E. Adams, L.G., Morton, J.K. & Davis, D.S. (1996) The
pathogenicity of Brucella suis biovar 4 for bison. Journal of Wildlife Diseases,
32, 581-585.

Bienen, L. & Tabor, G. (2006) Applying and ecosystem approach to brucellosis control:
can an old conflict between wildlife and agriculture be successfully managed?
Frontiers in Ecology and the Environment, 4, 319-327.

Bogdan, C. (2008) Mechanisms and consequences of persistence of intracellular
pathogens: leishmaniasis as an example. Cellular Microbiology, 10, 1221-1234.

Boggs, C.L. (1992) Resource allocation: exploring connections between foraging and life
history. Functional Ecology, 6, 508-518.

Boggs, C.L. (2009) Understanding insect life histories and senescence through a resource
allocation lens. Functional Ecology, 23, 27-37.

145



Bohm, M., White, P.C.L., Chambers, J., Smith, L. & Hutchings, M.R. (2007) Wild deer
as a source of infection for livestock and humans in the UK. The Veterinary
Journal, 174, 260-276.

Borghetti, P., Saleri, R., Mocchegiani, E., Corradi, A. & Martelli, P. (2009) Infection,
immunity and the neuroendocrine response. Veterinary Immunology and
Immunopathology, 130, 141-162.

Bouyou-Akotet, M.K., Adegnika, A.A., Agnandji, S.T., Ngou-Milama, E., Kombila, M.,
Kremsner, P.G., Mavoungou, E. (2005) Cortisol and susceptibility to malaria
during pregnancy. Microbes and Infection, 7, 1217-1223.

Brown, J. & Entrican, G. (1996) Interferon-gamma mediates long-term persistent
Chlamydia psittaci infection in vitro. Journal of Comparative Pathology,115,
373-383.

Buehler, D.M., Tieleman, B.l. & Piersma, T. (2010) How do migratory species stay
healthy over the annual cycle? A conceptual model for immune function and for
resistance to disease. Integrative and Comparative Biology, 50, 346-357.

Burnham, K.P. & Anderson, D.R. (2002) Model Selection and Multimodel Inference: A
Practical Information-Theoretical Approach, 2nd edn. SpringerScience+Budiness
Media, Inc., New York, New York.

Buxton D. (1998) Protozoan infections (Toxoplasma gondii, Neospora caninum and
Sarcocystis spp.) in sheep and goats: recent advances. Veterinary Research, 29,
289-310.

Buxton D & Finlayson, J. (1986) Experimental infection of pregnant sheep with
Toxoplasma gondii: pathological and immunological observations on the placenta
and foetus. Journal of Comparative Pathology, 96, 319-333.

Buxton, D., Barlow, R.M. , Finlayson, J. , Anderson, I.E. , Mackellar, A. (1990)
Observations on the pathogenesis of Chlamydia psittaci infection of pregnant
sheep. Journal of Comparative Pathology, 102, 221-237.

Buxton, D., Anderson, I.E. Longbottom, D. , Livingstone, M., Wattegedera, S. &
Entrican, G. (2002) Ovine chlamydial abortion: characterization of the

146



inflammatory immune response in placental tissues. Journal of Comparative
Pathology, 127, 133-141.

Calder, P.C. & Jackson, A.A. (2000) Undernutrition, infection and immune function.
Nutrition Research Reviews, 13, 3-29.

Capasso L. (2002) Bacteria in two-millennia-old cheese, and related epizoonoses in
Roman populations, Journal of Infection, 45, 122-127.

Caron, A., Cross, P.C. & Du Toit, J. (2003) Ecological implications of bovine
tuberculosis in African buffalo herds. Ecological Applications, 13, 1338-1345.

Carvalho Neta, A.V., Mol, J.P.S., Xavier, M.N., Paixdo, T.A., Lage, A.P. & Santos, R.L.
(2010) Pathogenesis of bovine brucellosis. The Veterinary Journal, 184, 146-155.

Catlin, J.E. & Sheehan, E.J. (1986) Transmission of bovine brucellosis from dam to
offspring. Journal of the American Veterinary Medical Association, 188, 867-
869.

Chandra, R.K. (1992) Protein-energy malnutrition and immunological responses.
Journal of Nutrition, 122, 597-600.

Chelikani, P.K., Ambrose, D.J., Keisler, D.H., & Kennelly, J.J. (2009) Effects of dietary
energy and protein density on plasma concentrations of leptin and metabolic
hormones in dairy heifers. Journal of Dairy Science, 92, 1430-1441.

Cheville, N.F., McCullough, D.R. & Paulson, L.R. (1998) Brucellosis in the Greater
Yellowstone Area. National Academy Press, Washington, DC.

Choisy, M. & Rohani, P. (2006) Harvesting can increase severity of wildlife disease
epidemics. Proceedings of the Royal Society B: Biological Sciences, 273, 2025—
2034.

Clapp, B., Walters, N., Thornburg, T., Hoyt, T., Yang, X. & Pascual, D.W. (2011) DNA
vaccination of bison to brucellar antigens elicits elevated antibody and IFN-y
responses. Jorunal of Wildlife Diseases, 47, 501-510.

147



Clark, J.S. (2007) Models for ecological data: an introduction. Princeton University
Press, Princeton, New Jersey.

Cleaveland, S., Laurenson, M.K. & Taylor, L.H. (2001) Diseases of humans and their
domestic mammals: pathogen characteristics, host range and the risk of
emergence. Transactions of the Royal Society B: Biological Sciences, 356, 991-
999.

Clemens, L.E., Siiteri, P.K. & Stites, D.P. (1979) Mechanism of immunosuppression of
progesterone on maternal lymphocyte activation during pregnancy. The Journal
of Immunology, 122, 1978-1985.

Cole, G. F. (1971) An ecological rationale for the natural or artificial regulation of
ungulates in parks. Transactions of the North American Wildlife Conference 36,
417-425.

Collins, J.D. (2001) Tuberculosis in cattle: new perspectives. Tuberculosis, 81, 17-21.

Cook, R.C., Cook, J.G., Murray, D.L., Zager, P., Johnson, B.K., Gratson, M.W. (2001)
Development of Predictive Models of Nutritional Condition for Rocky Mountain
Elk. The Journal of Wildlife Management, 65, 973-987.

Corbel M.J. (principal author). (2006 ) Brucellosis in humans and animals. World Health
Organization. Geneva, Switzerland.

Cross, P.C., Edwards, W.H., Scurlock, B.M , Maichak, E.J. & Rogerson, J.D. ( 2007)
Effects of management and climate on elk brucellosis in the Greater Yellowstone
Ecosystem. Ecological Applications, 17, 957-964.

Cross, P.C., Heisey, D.M., Bowers, J.A., Hay, C.T., Wolhuter, J., Buss, P., Hofmeyr, M.,
Michel, A.L., Bengis, R.G., Bird, T.L.F., DuToit, J.T.& Getz, W.M. (2009)
Disease, predation and demography: assessing the impacts of bovine tuberculosis
on African buffalo by monitoring at individual and population levels. Journal of
Applied Ecology, 46, 467—475.

148



Cunningham-Rundles, S. (2002) Evaluation of the effects of nutrients on immune
function. Nutrition and Immune Function.(eds P.C. Calder, C.J. Field, and H.S.
Gill ), pp. 21-39. CABI Publishing, New York, NY.

Cunningham-Rundles, S., McNeeley, D.F., & Moon, A. (2005) Mechanisms of nutrient
modulation of the immune response. Journal of Allergy and Clinical
immunology, 115, 1119-1128.

Daszak, P., Cunningham, A.A. & Hyatt, A.D. (2000) Emerging infectious diseases of
wildlife-threats to biodiversity and human health. Science, 287: 443-449.

Davis, D.S. & Elzer, P.H. (1999) Safety and efficacy of Brucella abortus RB51 vaccine
in adult American bison. Proceedings of the U.S. Animal Health Association,
103, 154-158.

Davis, D.S. & Elzer, P.H. (2002) Brucella vaccines in wildlife. Veterinary Microbiology,
90, 533-544.

Delavaud, C., Bocquier, F., Chilliard, Y, Keisler, D.H., Gertler, A. & Kann, G. (2000)
Plasma leptin determination in ruminants: effect of nutritional status and body
fatness on plasma leptin concentration assessed by a specific RIA in sheep.
Journal of Endocrinology, 165, 519-526.

DelGiudice, G.D., Moen, R.A,, Singer, F.J. & Riggs, M.R. (2001) Winter nutritional
restriction and simulated body condition of Yellowstone elk and bison before and
after the fires of 1988. Wildlife Monographs, 147, 1-60.

Demas, G.E., Drazen, D.L. & Nelson, R.J. (2003) Reductions in total body fat decrease
humoral Immunity. Philosophical Transactions of the Royal Society B:
Biological Sciences 270, 905-911.

Dobson, A. & Foufopoulos, J. (2001) Emerging infectious pathogens of wildlife.
Philosophical Transactions of the Royal Society B: Biological Sciences, 356,
1001-1012.

Dobson, A. & Meagher, M. (1996) The population dynamics of brucellosis in the
Yellowstone National Park. Ecology, 77, 1026-1036.

149



Donaldson, J., Houtert, M.F.J. & Sykes, A.R. (1998) The effect of nutrition on the
periparturient parasite status of mature ewes. Animal Science, 67, 523-533.

Dorn, M.L. & Mertig, A.G. (2005) Bovine tuberculosis in Michigan: stakeholder
attitudes and implications for eradication efforts. Wildlife Society Bulletin, 33,
539-552.

Dornand, J., Gross, A., Lafont, V., Liautard, J., Oliaro, J. & Liautard, J.P. (2002) The
innate immune response against Brucella in humans. Veterinary Microbiology,
90, 383-394.

Dubey JP & Beattie, CP. (1988) Toxoplasmosis of animals and man. CRC Press. Boca
Raton, FL.

Dubey JP, Buxton , D. & Wouda, W. (2006) Pathogenesis of bovine neosporosis. Journal
of Comparative Patholology, 134, 267-89.

Dubey, J.P. & Schares, G. (2011) Neosporosis in animals — the last five years. Veterinary
Parasitology, 180, 90-108.

Eastick, F.A. & Elsheikha, H.M. (2010) Stress-driven stage transformation of Neospora
caninum. Parasitology Research, 106, 1009-1014.

Ebinger, M., Cross, P. Wallen, R., White, P.J. & Treanor, J. (2011) Simulating
sterilization, vaccination, and test-and-remove as brucellosis control measures in
bison. Ecological Applications, 21, 2944-2959.

Entrican, E., 2002. Immune regulation during pregnancy and host-pathogen interactions
in infectious abortion. Journal of Comparative Pathology, 126, 79-94.

Entrican G, & Wheelhouse, N.M. (2006) Immunity in the female sheep reproductive
tract. Veterinary Research, 37, 295-309.

Ezenwa, V.O. (2004) Interactions among host diet, nutritional status and gastrointestinal
parasite infection in wild bovids. International Journal for Parasitology, 34, 535—
542.

150



Fancy, S.G. & Whitten, K.R. (1991) Selection of calving sites by Porcupine herd caribou.
Canadian Journal of Zoology, 69, 1736-1743.

Faull WB, Clarkson, M.J. & Winter, A.C. (1986) Toxoplasmosis in a flock of sheep:
some investigations into its source and control. Veterinary Record, 119, 491-493.

Ferndndez-Riejos, P., Najib, S., Santos-Alvarez, J., Martin-Romero, C., Pérez-Pérez, A.,
Gonzalez-Yanes, C. & Sanchez-Margalet, V. (2010) Role of Leptin in the
Activation of Immune Cells. Mediators of Inflammation,
doi:10.1155/2010/568343.

Festa-Bianchet, M. (1988) Birthdate and lamb survival in bighorn lambs (Ovis
Canadensis). Journal of Zoology (London), 214, 653-661.

Ficht, T.A. (2003) Intracellular survival of Brucella: defining the link with persistence.
Veterinary Microbiology, 92, 213-223.

Frank, S.A. (2002) Immunology and Evolution of Infectious Disease. Princeton
University Press, Princeton, New Jersey.

French, S.S., Moore, M.C. & Demas, G.E. (2009) Ecological immunology: The organism
in context. Integrative and Comparative Biology, 49, 246-253.

French, S.S., Dearing, M.D. & Demas, G.E. (2011) Leptin as a Physiological Mediator of
Energetic Trade-Offs in Ecoimmunology: Implications for Disease. Integrative
and Comparative Biology, 51, 505-513.

Fuller, J.A., Garrott, R.A. & White, P.J. (2007) Emigration and density dependence in
Yellowstone bison. Journal of Wildlife Management, 71, 1924-1933.

Fuller, W.A. (1959) The horns and teeth as indicators of age in bison. Journal of Wildlife
Management, 23, 342-344.

Gaillard, J.-M., Festa-Bianchet, M., Yoccoz, N.G., Loison, A. & Toigo, C. (2000)
Temporal variation in fitness components and population dymanics of large
herbivores. Annual Review of Ecology, Evolution, and Systematics, 31, 367-93.

151



Galey, F., et al., (2005) Wyoming Brucellosis Coordination Team Report and
Recommendations. Report presented to Governor Dave Freudenthal on January
11, 2005, Cheyenne, WY, USA.
<http://wyagric.state.wy.us/relatedinfo/govbrucecoordinati.htm>. Accessed
August 2007.

Gall, D., Nielsen, K., Davis, D., Elzer, P., Olsen, S., Kelly, L., Smith, P., Tan, S. & Joly,
D. (2000) Validation of the fluorescence polarization assay and comparison to
other serological assays for the detection of serum antibodies to Brucella abortus
in bison. Journal of Wildlife Disease, 36, 469-476.

Gall, D. & Nielsen, K. (2001) Evaluation of the fluorescent polarization assay and
comparison to other serological assays for detection of brucellosis in cervids.
Journal of Wildlife Disease, 37, 110-118.

Gallagher, J.F. (1981) Diet, nutrition and forage requirements of javelina in south Texas.
MS. Thesis, Texas A&M University, College Station, Texas.

Gates, C.C., Stelfox, B., Muhley, T., Chowns, T. & Hudson, R.J. (2005) The Ecology of
Bison Movements and Distribution in and Beyond Yellowstone National Park.
University of Calgary, Alta., Canada.

Gelman, A. & Hill, J. (2007) Data analysis using regression and multilevel hierarchical
models. Cambridge University Press, New York, New York, USA.

Geremia, C., White, P.J., Wallen, R.W., Watson, F.G.R., Treanor, J.J., Borkowski, J.,
Potter, C.S. & Crabtree, R.L. (2011) Predicting bison migration out of
Yellowstone National Park using Bayesian models. PLoS ONE, 6, e16848.

Godfroid, J. (2002) Brucellosis in wildlife. Rev. Sci. Tech. Off. Int. Epiz, 21, 277-286.

Godfroid, J., Cloeckaert, A., Liautard, J-P., Kohler, S, Fretin, D., Walravens, K., Garin-
Bastuji, B. & Letesson, J-J. (2005) From the discovery of the Malta fever’s agent
to the discovery of a marine mammal reservoir, brucellosis has continuously been
a re-emerging zoonosis. Veterinary Research, 36, 313-326.

152



Gomes, M.R., Oliveira Pires, I.S.,Castro, I.A. & Tirapegui, J. (2003) Effect of protein
restriction on plasma and tissue levels of insulin-like growth factor-1 (IGF-1) in
adult rats. Nutrition Research, 23, 1239-1250.

Gortazar, C., Ferroglio, E., Hofle, U., Frolich, K., & Vincente, J., (2007) Diseases shared
between wildlife and livestock: a European perspective. European Journal of
Wildlife Research, 53, 41-256.

Gortazar, C., Torres, M.J., Vicente, J., Acevedo, P., Reglero, M., de la Fuente, J., Negro,
J., & Aznar-Martin, J. (2008) Bovine tuberculosis in Dofiana Biosphere Reserve:
the role of wild ungulates as disease reservoirs in the last Iberian lynx
strongholds. PLoS ONE 3, e2776.

Green, W., Griswold, J. & Rothstein, A. (1989) Post-weaning associations among bison
mothers and daughters. Animal Behavior, 38, 847-858.

Gross, J., Miller, M. & Kreeger, T. (1998) Simulating Dynamics of Brucellosis in Elk
and Bison. Part I: Final Report to the U.S. Geological Survey, Biological
Resources Division, Laramie, WY, USA.

Grovel, J.P. & Moreno, E. (2002). Brucella intracellular life: from invasion to
intracellular replication. Veterinary Microbiology, 90, 281-297.

Gudelj, 1., White, K.A.J. & Britton, N.F. (2004) The effects of spatial movement and
group interactions on disease dynamics of social animals. Bulletin of
Mathematical Biology, 66, 91-108.

Guinness, F.E.,. Albon, S.D & Clutten-Brock, T.H. (1978) Factors affecting
reproduction in red deer (Cervus elaphus) hinds on Rhum. Journal of
Reproduction and Fertility, 54, 325-334.

Gustine, D.D., Barboza, P.S., Adams, L.G., Farnell, R.G. & Parker, K.L. (2011) An
isotopic approach to measuring nitrogen balance in caribou. Journal of Wildlife
Management, 75, 178-188.

153



Halbert, N. (2003) The utilization of genetic markers to resolve modern management
issues in historic bison populations: implications for species conservation. PhD
thesis, Texas A&M University, College Station.

Hamel, S., C6té, S.D. & Festa-Bianchet, M. (2010) Maternal characteristics and
environment affect the costs of reproduction in female mountain goats.
Ecology, 91, 2034-2043.

Hamlin, K. L. & Cunningham, J.A. (2008) Montana elk movements, distribution, and
numbers relative to brucellosis transmission risk. Montana Department of Fish,
Wildlife, and Parks, Bozeman, Montana.

Harder, J.D. & Kirkpatrick, R.L. (1994) Physiological methods in wildlife research.
Research and Management Techniques for Wildlife and Habitats, (ed. Bookhout,
T.A.), pp. 275-306. 5th edn, The Wildlife Society, Bethesda, Maryland.

Hatchette, T., Hudson, R. & Schezch, W.F. (2001) Goat associated-Q fever: a new
disease in Newfounland. Emerging Infectious Disease, 7, 413-419.

Herriges, J.D. Jr., Thorne, E.T. & Anderson, S.L. (1991) Vaccination to control
brucellosis in free-ranging elk (Cervus elaphus) on western Wyoming
feedgrounds. The Biology of Deer (ed.Brown, R.D.), pp. 107-112. Springer-
Verlag, New York, NY.

Higgins, J., Stuber, T., Quance, C., Edwards, W.H., Tiller, R.V., Linfield, T., Rhyan, J.,
Berte, A. & Harris, B. (2012) Molecular epidemiology of Brucella abortus
isolates from cattle, elk, and bison in the United States: 1998 — 2011. Applied and
Environmental Microbiology, doi: 10.1128/AEM.00045-12.

Hobbs, N.T., Wallen, R., Treanor, J., Geremia, C. & White, P.J. (2009) A stochastic
population model of the Yellowstone bison population. Colorado State
University, Fort Collins.

Hoi-Leitner, M., Romero-Pujante, M. , Hoi, H. & Pavlova, A. (2001) Food availability
and immune capacity in serin (Serinus serinus) nestlings. Behavioral Ecology
and Sociobiology, 49, 333-339.

154



Houdijk, J.G.M., Jessop, N. S. & Kyriazakis, I. (2001) Nutrient partitioning between
reproductive and immune functions in animals. Proceedings of the Nutritional
Society, 60, 515-525.

Ingvartsen, K.L. & Friggens, N.C. (2005) Leptin and the regulation of food intake,
energy homeostasis and immunity with special focus on periparturient ruminants.
Domestic Animal Endocrinology, 21, 215-250.

Innes EA, Andrianarivo, A.G., Bjorkman, C., Williams, D.J. & Conrad, P.A. (2002)
Immune responses to Neospora caninum and prospects for vaccination. Trends in
Parasitology, 18, 497-504.

Innes, E.A., Wright, S., Bartley, P. Maley, S., Macaldowie, C. Esteban-Redondo, I. &
Buxton, D. (2005) The host—parasite relationship in bovine neosporosis.
Veterinary Immunology and Immunopathology, 108, 29-36.

Innes, E.A., Bartley, P.M , Maley, S.W, Wright, S.E. & Buxton. D. (2007) Comparative
host—parasite relationships in ovine toxoplasmosis and bovine neosporosis and
strategies for vaccination. Vaccine, 25, 5495-5503.

Janeway, Jr, C.A., Travers, P., Walport. M. & Schlomick, M.J. (2005) Immunobiology:
the immune system in health and disease. 6th edn. Garland Science Publishing,
New York, New York.

John, T.J. & Samuel, R. (2000) Herd immunity and herd effect: new insights and
definitions. European Journal of Epidemiology, 16, 601-606.

Johnson, D. E. (1951) Biology of the elk calf, Cervus canadensis nelsoni. Journal of
Wildlife Management, 15, 396-410.

Jolles, A.E., Cooper, D.V. & Levin, S.A. (2005) Hidden effects of chronic tuberculosis in
African Buffalo. Ecology, 86, 2258-2264.

Jolly, C.A. & Fernandes, G. (2000) Protein-Energy malnutrition and infectious disease:
Synergistic Interactions. Nutrition and Immunology. (eds M.E. Gershwin, J.B.
German, and C.L. Keen ), pp.195- 202. Humana Press, Totowa, New Jersey.

155



Joly, D.O. & Messier, F. (2005) The effect of bovine tuberculosis and brucellosis on
reproduction and survival of wood bison in Wood Buffalo National Park. Journal
of Animal Ecology, 74, 543-551.

Jones, J.D., Treanor, J.T. & Wallen, R.L. (2009) Parturition in Yellowstone bison. Report
YCR-2009-01. Yellowstone Center for Resources, National Park Service,
Mammoth Hot Springs, Wyoming.

Jones, J.D., Treanor, J.T., Wallen, R.L., & White, P.J. (2010) Timing of parturition
events in Yellowstone bison—implications for bison conservation and brucellosis
transmission risk to cattle. Wildlife Biology, 16, 333-339.

Jonsson, K.1. (1997) Breeding as alternative tactics as resource use in reproduction.
Oikos, 78, 57-66.

Karasov, W.H. & Martinez del Rio, C. (2007) Physiological Ecology. Princeton
University Press, Princeton, New Jersey.

Kerr, K., Entrican, G. McKeever, D. & Longbottom, D. (2005) Immunopathology of
Chlamydophila abortus infection in sheep and mice. Research in Veterinary
Science 78, 1-7.

Kilpatrick, A.M., Gillin, C.M. & Daszak, P. (2009) Wildlife-livestock conflict: the risk
of pathogen transmission from bison to cattle outside Yellowstone National Park.
Journal of Applied Ecology, 46,476-485.

Kistner, T.P., Trainer, C.E. & Hartmann, N.A. (1980) A field technique for evaluating
physical condition of deer. Wildlife Society Bulletin, 8, 11-17.

Klein, S.L. (2000) Hormones and mating system affect sex and species differences in
immune functions among vertebrates. Behavioural Processes, 51, 149-166.

Koski, K.G., Su, Z. & Scott, M.E.(1999) Energy deficits suppress both systemic and gut
immunity during infection. Biochemical and Biophysical Research
Communications, 264, 796-801.

156



Lambert, G., Amerault, T.E., Manthei, C.A. & Goode Jr., E.R. (1960) Further studies on
the persistence of Brucella abortus in cattle. Proceedings of the United States
Livestock Sanitary Association. 64,109-117.

Lang, G.H. (1990) Coxiellosis (Q fever) in animals. Q Fever: The Disease, vol. 1. (ed
T.J. Marrie), pp. 24—42. CRC Press, Boca Raton, FL.

Lapraik, R.D., Brown, D.D., Mann, H. & Brand, T. (1975) Brucellosis: a study of five
calves from reactor dams. Veterinary Record, 97, 52-54.

Larter, N.C. & Nagy, JA. (2001) Seasonal and annual variability in the quality of
important forage plants on Banks Island, Canadian High Arctic. Applied
Vegetation Science, 4, 115-128.

Li., H., Tolleson, D., Stuth, J., Bai, K., Mo, F. & Kronberg, S. (2007) Faecal near
infrared reflectance spectroscopy to predict diet quality for sheep. Small
Ruminant Research, 68, 263-268.

Lochmiller, R.L. & C. Deerenberg (2000) Trade-offs in evolutionary immunology: just
what is the cost of immunity? Oikos, 88, 87-98.

Lochmiller, R.L., Hellgren, E.C. Varner, L W. & Grant, W.E. (1988) Indices for
physiological assessment of nutritional condition in pregnant collared peccaries
(Tayassu tajacu). Journal of Wildlife Diseases, 24, 496-506.

Longbottom, D. & Coulter, L.J. (2003) Animal chlamydioses and zoonotic implications.
Journal of Comparative Pathology, 12217-244.

Lépez-Gatius, F., Almeria, S., Donofrio, G., Nogareda, C., Garcia-Ispierto, I., Bech-
Sabat, G., Santolaria, P., Yéniz, J.L., Pabdn, M., de Sousa, N.M. & Beckers, J.F.
(2007) Protection against abortion linked to gamma interferon production in
pregnant dairy cows naturally infected with Neospora caninum. Theriogenology,
1067-1073.

Lord, G. (2002) Role of leptin in immunology. Nutrition Reviews, 60, S35-S38.

157



Lord, G.M., Matarese, G., Howard, J.K., Baker, R.J., Bloom, S.R. & Lechler, R.I. (1998)
Leptin modulates the T-cell immune response and reverses starvation-induced
immunosuppression. Nature, 394, 897-901.

Lott, D. & Minta, S. (1983) Random individual association and social group instability in
American bison (Bison bison). Z. Tierpsychol., 61, 153-172.

Lott, D. (1991) American bison socioecology. Applied Animal Behavioral Science, 29,
135-145.

Mackinnon, M.J., Gandon, S., Read, A.F. (2008) Virulence evolution in response to
vaccination: The case of malaria. Vaccine, 26S, C42-C52.

Manthei, C. A., DeTray, D.E. & Goode, E.R. (1950) Brucella infection in bulls and the
spread of brucellosis in cattle by artificial insemination. I. Intrauterine injection.
Proceedings of the Annual Meeting of the American Veterinary Medical
Association, 87, 177-184.

Marreros, N., Hissy, D., Albini, S., Frey, C.F., Abril,C., Vogt,H-R., Holzwarth,N., Wirz-
Dittus, S., Friess, M., Engels, M., Borel, N., Willisch, C.S., Signer, C., Hoelzle,
L.E. & Ryser-Degiorgis, M-P. (2011) Epizootiloogic investigations of selected
abortive agents in free-ranging alpine ibex (Capra ibex ibex) in Switzerland.
Journal of Wildlife Diseases, 47, 530-543.

Martin, L.B., Weil, Z.M. & Nelson, R.J. (2008) Seasonal changes in vertebrate immune
activity: mediation by physiological trade-offs. Philosophical Transactions of the
Royal Society B: Biological Sciences, 363, 321-339.

Maurin, M., & D. Raoult. (1999) Q Fever. Clinical Microbiology Review, 12, 518-553.

McHugh, T. (1958) Social behavior of the American buffalo (Bison bison bison).
Zoologica 43, 1-40.

Meglia, G.E. (2004) Nutrition and immune response in periparturient dairy cows with

emphasis on micronutrients. PhD thesis, Swedish University of Agricultural
Sciences, Uppsala, Sweden.

158



Michel, A.L., Bengis, R.G., Keet, D.F., Hofmeyer, M., de Klerk, L.M., Cross, P.C.,
Jolles, A.E., Cooper, D., Whyte, 1.J., Buss, P. & Godfroid, J. (2006) Wildlife
tuberculosis in South African conservation areas: implications and challenges.
Veterinary Microbiology, 112, 91-100.

Marston, R.A. and J.E. Anderson. 1991. Watersheds and Vegetation of the Greater
Yellowstone Ecosystem. Conservation Biology, 5, 338-346.

Martins, H., Garin-Bastuji, B. Lima, F., Flor, L., Pina Fonseca, A. & Boinas, F. (2009)
Eradication of bovine brucellosis in the Azores, Portugal-Outcome of a 5-year
programme (2002—-2007) based on test-and-slaughter and RB51 vaccination.
Preventive Veterinary Medicine, 90, 80—89.

Meagher, M. (1989a) Evaluation of boundary control for bison of Yellowstone National
Park. Wildlife Society Bulletin, 17, 15-109.

Meagher, M. (1989b) Range expansion by bison of Yellowstone National Park. Journal
of Mammalogy, 70, 670-675.

Meagher, M. & Meyer, M.E. (1994) On the origin of brucellosis in bison of Yellowstone
National Park: areview. Conservation Biology, 8, 645-653.

Miller, L., Alley, EW., Murphy, W.J. , Russell, S.\W. & Hunt, J.S. (1996) Progesterone
inhibits inducible nitric oxide synthase gene expression and nitric oxide
production in murine macrophages. Journal of Leukocyte Biology, 59, 442—-450.

Miller, L. & Hunt, J.S. (1998) Regulation of TNF-alpha production in activated mouse
macrophages by progesterone. The Journal of Immunology, 160, 5098-5104.

Miller, C.M., Boutler, N.R., Ikin, R.J. & Smith, N.C. (2009) The immunobiology of the
innate response to Toxoplasma gondii. International Journal for Parasitology,
39, 23-39.

Mohler, J.R. (1917) Report of the Chief of the Bureau of Animal Industry, Pathologic
Division. Annual Reports of the Department of Agriculture, Washington, D.C.

Monack, D. M., Mueller, A. & Falkow, S. (2004) Persistent bacterial infections: the
interface of the pathogen and the host immune system. Nature, 2, 747-765.

159



Montana Department of Livestock (2008) Preliminary epidemiology report. Helena,
Montana.

Montana Fish, Wildlife, and Parks and U.S. Department of Agriculture, Animal and Plant
Health Inspection Service. 2006. Decision Notice and Finding of No Significant
Impact — Bison Quarantine feasibility study phase 11/11l. Bozeman, Montana and
Fort Collins, Colorado.

Mosmann, T.R. & Fowell, D.J. (2002) The Th1/Th2 paradigm in infections. Immunology
of Infectious Diseases (eds S.H.E. Kaufmann, A. Sher & D.J. Fowell) pp. 163-
174. ASM Press, Washington, D.C.

Muma, J.B., Samui, K.L., Siamudaala, V.M., Oloya, J., Matope, G., Omer, M.K.,
Munyeme, M., Mubita, C. & Skjerve, E. (2006) Prevalence of antibodies to
Brucella spp. and individual risk factors of infection in traditional cattle, goats
and sheep reared in livestock-wildlife interface areas of Zambia. Tropical Animal
Health and Production, 38, 195-206.

Mufioz, P.M., Boadella, M., Arnal, M., de Miguel, M.J., Revilla, M. et al. (2010) Spatial
distribution and risk factors of brucellosis in Iberian wild ungulates. BMC
Infectious Diseases, 10,46.

Murphy, E.A., Sathiyaseelan, J., Parent, M.A., Zou, B. & Baldwin, C.L. (2001)
Interferon-y is crucial for surviving a Brucella abortus infection in both resistant
C57BL/6 and susceptible BALB/c mice. Immunology, 103, 511-518.

Mysterud, A., Langvatn, R., Yoccoz, N.G. & Stenseth, N.C. (2001) Plant phenology,
migration and geographical variation in body weight of a large herbivore: the
effect of a variable topography. Journal of Animal Ecology, 70, 915-923.

Nelson, R.J., Demas, G.E., Klein, S.L. & Kriegsfeld, L.J. (2002) Seasonal Patterns of
Stress, Immune Function, & Disease. Cambridge University Press, New York.

Nelson, R.J. (2004) Seasonal immune function and sickness responses. TRENDS in
Immunology, 25, 187-192.

160



Newmark, W.D. (2008) Isolation of African protected area. Frontiers in Ecology and the
Environment, 6, 321-328.

Nicoletti, P. (1980) The epidemiology of bovine brucellosis. Advances in Veterinary
Science and Comparative Medicine, 24, 69-98.

Nicoletti, P. (2002) A short history of brucellosis. Veterinary Microbiology, 90, 5-9.

Nicoletti, P. & Gilsdorf, M.J. (1997) Brucellosis — the disease in cattle. Brucellosis,
Bison, Elk, and Cattle in the Greater Yellowstone Area: Defining the Problem,
Exploring Solutions (eds. Thorne, E.T., Boyce, M.S., Nicoletti, P. & Kreeger,
T.J.), pp.3-6. Wyoming Game and Fish Department, Cheyenne, Wyoming.

Nielsen, K. & Gall, D. (2001) Fluorescence polarization assay for the diagnosis of
brucellosis: a review. Journal of Immunoassay Immunochemistry, 22, 183-201.

Nishi, J.S., Shury, T. & Elkin, B.T. (2006) Wildlife reservoirs for bovine tuberculosis
(Mycobacterium bovis) in Canada: strategies for management and research.
Veterinary Microbiology, 112, 325-338.

Nyman, A.-K., Emanuelson, U., Holtenius, K., Ingvartsen, K.L., Larsen, T. & Persson, K.
(2008) Metabolites and immune variables associated with somatic cell counts of
primiparous dairy cows. Journal of Dairy Science, 91, 2996-3009.

Odadi, W.0O., Jain, M., Van Wieren, S.E., Prins, H.H.T & Rubenstein, D.I. (2011)
Facilitation between bovids and equids on an African savanna. Evolutionary
Ecology Research, 13, 237-252.

Oliveira, S.C., Soeurt, N., & Splitter, G.A. (2002) Molecular and cellular interactions
between Brucella abortus antigens and host immune responses. Veterinary
Microbiology, 90, 417-424.

Olsen, S.C., Boyle, S.M., Schurig, G.G. & Sriranganathan, N.N. (2009) Immune
responses and protection against experimental challenge after vaccination of bison
with Brucella abortus strain RB51 or RB51 overexpressing superoxide dismutase
and glycosyltransferase genes. Clinical and Vaccine Immunology, 16, 535-540.

161



Olsen, S.C., Jensen, A.E., Palmer, M.V. & Stevens, M.G. (1998) Evaluation of serologic
responses, lymphocyte proliferative responses, and clearance from lymphatic

organs after vaccination of bison with Brucella abortus strain RB51. American
Journal of Veterinary Research, 59, 410-415.

Olsen, S.C. & Holland, S.D. (2003) Safety of revaccination of pregnant bison with
Brucella abortus strain RB51. Journal of Wildlife Diseases, 39, 824-829.

Olsen, S.C. & Johnson, C. (2011) Comparison of abortion and infection after

experimental challenge of pregnant bison and cattle with Brucella abortus strain
2308. Clinical and Vaccine Immunology, 18, 2075-2078.

Olsen S.C., & Stoffregen, W.S. (2005) Essential role of vaccines in brucellosis control
and eradication programs for livestock. Expert Review of Vaccines, 4, 915-928.

Olsen, S. & Tatum, F. (2010) Bovine Brucellosis. Veterinary Clinics of North America:
Food Animal Practice, 26, 15-27.

Olsen, S.C., Jensen, A.E., Stoffregen, W.C. & Palmer, M.V. (2003) Efficacy of calfhood
vaccination with Brucella abortus strain RB51 in protecting bison against
brucellosis. Research in Veterinary Science, 74, 17-22.

Olsen, S.C., Christie, R.J., Grainger, D.W. & Stoffregen, W.S. (2006) Immunologic
responses of bison to vaccination with Brucella abortus strain RB51: comparison

of parenteral to ballistic delivery via compressed pellets or photopolymerized
hydrogels. Vaccine, 24, 1346-1353.

Pac, H.l. & Frey, K. (1991) Some population characteristics of the northern

Yellowstone bison herd during the winter of 1988-1989. Montana Department of
Fish, Wildlife, and Parks, Bozeman, Montana.

Palmer, M.V., Olsen, S.C., Gilsdorf, M.J., Philo, L.M., Clarke, P.R. & Cheville, N.F.
(1996) Abortion and placentitis in pregnant bison (Bison bison) induced by

vaccine candidate, Brucella abortus strain RB51. American Journal of Veterinary
Research, 54, 1604-1607.

162



Parker, K.L., Barboza, P.S. & Stephenson, T.R. (2005) Protein conservation in female
caribou (Rangifer tarandus): effects of decreasing diet quality during winter.
Journal of Mammalogy, 86, 610-622.

Parker, K.L., Barboza, P.S. & Gillingham, M.P. (2009) Nutrition integrates
environmental responses of ungulates. Functional Ecology, 23, 57-609.

Perlman, R.L. (2009) Life histories of pathogen populations. International Journal of
Infectious Diseases, 13, 121-124.

Piccinni, M.P., Maggi, E. & Romagnani S. (2000) Role of hormone controlled T-cell
cytokines in the maintenance of pregnancy. Biochemical Society Transactions, 28,
212-215.

Pioz, M., Loison, A., Gibert, P., Jullien, J-M, Artois, M. & Gilot-Fromont, E. (2008)
Canadian Journal of Zoology, 86, 1111-1120.

Plumb, G. & Aune, K. (2002) The long-term interagency bison management plan for
Yellowstone National Park and the state of Montana. Brucellosis in Elk and Bison
in the Greater Yellowstone Area (ed. Kreeger, T.J.), pp. 136-145. Wyoming
Game and Fish Department and the Greater Yellowstone Interagency Brucellosis
Committee, Jackson, Wyoming.

Plumb, G., Babiuk, L., Mazet, J., Olsen, S., Pastoret, P.-P., Rupprecht, C. & Slate, D.
(2007) Vaccination in conservation medicine. Revue scientifique et technique
(International Office of Epizootics), 26, 229-241.

Plumb, G. E., White, P. J., Coughenour, M. B. & Wallen, R. L. (2009) Carrying capacity,
migration, and dispersal in Yellowstone bison. Biological Conservation 142,
2377-2387.

Plummer, M. (2009) rjags: Bayesian graphical models using MCMC. URL
http://CRAN.R-project.org/package = rjags. R package version 1.0.3-9.

Poester, F.P., Goncalves, V.S.P., Paixao, T.A., Santos, R.L., Olsen, S.C., Schurig, G.G.
& Lage, A.P. (2006) Efficacy of strain RB51 vaccine in heifers against
experimental brucellosis. Vaccine, 24, 5327-5334.

163



Polley, L. (2005) Navigating parasite webs and parasite flow: emerging and re-emerging
parasitic zoonoses of wildlife origin. International Journal for Parasitology, 35,
1279-1294.

Polydourou, K. (1981) Q Fever in Cyprus: a short review. British Veterinary Journal
137, 470-477.

Proffitt, K. M., White, P. J. & Garrott, R. A. (2010). Spatio-temporal overlap between
Yellowstone bison and elk — implications for wolf restoration and other factors for
brucellosis transmission risk. Journal of Applied Ecology 47, 281-289.

Quinn, H.E., Ellis, J.T. & Smith, N.C. (2002) Neospora caninum: a cause of immune-
mediated failure of pregnancy? TRENDS in Parasitology, 18, 391-394.

R Development Core Team (2010) R: a language and environment for statistical
computing. Vienna Austria: R Foundation for Statistical Computing.

Raghupathy, R. (1997) Thl-type immunity is incompatible with successful pregnancy.
Immunology Today, 18, 478-482.

Ray, W.C., Brown, R.R., Stringfellow, D.A., Schnurrenberger, P.R., Scanlan, C.M. &
Swann, A.l. (1988) Bovine brucellosis: an investigation of latency in progeny of
culture-positive cows. Journal of the American Veterinary Medical Association,
192, 182-186.

Renter, D.G., Gnad, D.P., Sargeant, J.M. & Hygnstrom S.E. (2006) Prevalence and
serovars of Salmonella in the feces of free-ranging white-tailed deer (Odocoileus
virginianus) in Nebraska. Journal of Wildlife Diseases, 42, 699-703.

Rhen, M., Eriksson, S., Clements, M., Bergstrom, S. & Normark, S.J. (2003) The basis of
persistent bacterial Infections. TRENDS in Microbiology, 11, 80-86.

Rhyan, J.C., Gidlewski, T., Roffe, T. J., Aune, K., Philo, L.M. & Ewalt, D.R. (2001)
Pathology of brucellosis in bison from Yellowstone National Park. Journal of
Wildlife Diseases, 37, 101-109.

164



Rhyan, J.C., Aune, K., Roffe, T., Ewalt, D., Hennager, S., Gidlewski, T., Olsen, S. &
Clarke, R. (2009) Pathogenesis and epidemiology of brucellosis in Yellowstone
bison: serologic and culture results from adult females and their progeny. Journal
of Wildlife Diseases, 45, 729-739.

Roberto, F. F. & Newby, D.T. (2007) Application of a real-time PCR assay for Brucella
abortus in wildlife and cattle. U.S. Animal Health Association, 110,196-199.

Robison, C.D., Davis, D.S., Templeton, J.W., Westhusin, M., Foxworth, W.B., Gilsdorf,
M.J. & Adams, L.G. (1998) Conservation of germ plasm from bison infected with
Brucella abortus. Journal of Wildlife Diseases, 34, 582-589.

Roffe, T.J., Rhyan, J.C., Aune, K., Philo, L.M., Ewalt, D.R., Gidlewski, T. & Hennager,
S.G. (1999) Brucellosis in Yellowstone National Park bison: quantitative serology
and infection. Journal of Wildlife Management, 63, 1132-1137.

Rothman, J.M., Chapman, C.A., Hansen, J.L., Cherney, D.J.R., & Pell, A.N. (2009)
Rapid assessment of the nutritional value of foods eaten by mountain gorillas:
applying near-infrared reflectance spectroscopy to primatology. International
Journal of Primatology, 30, 729-742.

Rutberg, A. (1984a) Competition and reproduction in American bison cows.
Dissertation. University of Washington, Seattle, Washington.

Rutberg, A. (1984b) Birth synchrony in American bison (Bison bison): response to
predation or season? Journal of Mammology, 65, 418-423.

Rutberg, A. (1987) Adaptive hypotheses of birth synchrony in ruminants: an interspecific
test. American Naturalist, 130, 692-710.

Ruiz-Fons, F., Rodriguez, O, Torina, A., Naranjo, V., Gortazar, C. & de la Fuente, J.
(2008) Prevalence of Coxiella burnetti infection in wild and farmed ungulates.
Veterinary Microbiology, 126, 282—-286.

Rupprecht, C. E., Hanlon, C. A. & Slate, D. (2004) Oral vaccination of wildlife against
rabies: opportunities and challenges in prevention and control. Developmental
Biology, 119, 173-184.

165



Samartino, L.E. & Enright, F.M. (1993) Pathogenesis of abortion of bovine brucellosis.
Comparitive Immunology, Microbiology & Infectious Diseases, 16, 95-101.

Schmid-Hempel, P. (2009) Immune defence, parasite evasion strategies and their
relevance for ‘macroscopic phenomena’ such as virulence. Philosophical
Transactions of the Royal Society B: Biological Sciences, 364, 85-98.

Schmitt, S.M., Fitzgerald, S.D. Cooley, T.M., Bruning-Fann, C.S., Sullivan, L., Berry,
D., Carlson, T., Minnis, R.B., Payeur, J.B. & Sikarskie, J. (1997) Bovine
tuberculosis in free-ranging whitetailed deer from Michigan. Journal of Wildlife
Diseases, 33, 749-758.

Schumaker, B.A., Corso, B.A., Rhyan, J.C., Philo, L.M., Salman, M.D. & Gardner, L.A.
(2010) Evaluation of the fluorescence polarization assay for the detection of
Brucella abortus antibodies in bison in a natural setting. Comparative
Immunology, Microbiology and Infectious Diseases, 33, €119-e125.

Schumaker, B.A., Peck, D.E. & Kauffman, M.E. (2012) Brucellosis in the Greater
Yellowstone area: disease management at the wildlife-livestock interface.
Human-Wildlife Interactions, 6, 48-63.

Seder, R.A, & Hill, A.V.S. (2000) Vaccines against intracellular infections requiring
cellular immunity. Nature, 406, 793-798.

Sheldon, B.C. & Verhulst, S. (1996) Ecological Immunology: costly parasite defenses
and tradeoffs in evolutionary ecology. TRENDS in Ecology and Evolution, 11,
317-321.

Showers, S.E., Tolleson, D.R., Stuth, J.W., Kroll, J.C. & Koerths, B.H. (2006) Predicting
diet quality of white-tailed deer via NIRS fecal profiling. Rangeland Ecology &
Management, 59, 300-307.

Sinclair A.R.E., Mduma, S.A.R. & Arcese, P. (2000) What determines phenology and
synchrony of ungulate breeding in Serengeti? Ecology, 81, 2100-2111.

166



Skjerve E, Waldeland, H., Nesbakken, T. & Kapperud, G. (1998) Risk factors for the
presence of antibodies to Toxoplasma gondii in Norwegian slaughter lambs.
Preventive Veterinary Medicine, 35, 219-227.

Soppela, P., Seppo, S., Heiskari, U. & Nieminen, M. (2008) The effects of wintertime
undernutrition on plasma leptin and insulin levels in an arctic ruminant, the
reindeer. Comparative Biochemistry and Physiology, Part B, 149, 613-621.

Sorci, G., Boulinier, T., Gauthier-Clerc, M., & Faivre, B. (2009) The evolutionary
ecology of the immune response. Ecology & Evolution of Parasitism, (eds
Thomas, F., Guégan, J.F. & Renaud, F.), pp. 5-17. Oxford University Press,
Oxford.

Spady, T.J., Harlow, H.J., Burrerstein, G. & Durrant, B. (2009) Leptin as a surrogate
indicator of body fat in the American black bear. Ursus, 20,120-130.

Spera, J.M., Ugalde, J.E., Mucci, J., Comerci, D.J. & Ugalde, R.A. (2006) A B
lymphocyte mitogen is a Brucella abortus virulence factor required for persistent
infection. Proceedings of the National Academy of Sciences,103,16514-165109.

Stearns, S.C. (1992) The Evolution of Life Histories. Oxford University Press, Oxford.

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

Thorne, E.T. (2001) Brucellosis. Infectious Diseases in Wild Mammals (eds E.S.
Williams& 1.K. Barker), pp.372-395. Blackwell Publishing, Ames, lowa.

Tompkins, D.M., Ramsey, D.S.L., Cross, M.L., Aldwell, F.E., de Lisle, G.W. & buddle,
B.M. (2009) Oral vaccination reduces the incidence of tuberculosis in free-living
brushtail possums. Philosophical Transactions of the Royal Society B: Biological
Sciences, 276, 2987-2995.

Treanor, J.J., Johnson, J.S., Wallen, R.L., Cilles, S., Crowley, P.H., Cox, J.J., Maehr,
D.S., White, P.J., Plumb, G.E. (2010) Vaccination strategies for managing
brucellosis in Yellowstone bison. Vaccine, 28S, F64-F72.

167



Treanor, J.J., Geremia, C., Crowley, P.H., Cox, J.J., White, P.J., Wallen, R.L. & Blanton,
D.W. (2011) Estimating probabilities of active brucellosis infection in
Yellowstone bison through quantitative serology and tissue culture. Journal of
Applied Ecology, 48, 1324-1332.

U.S. Department of Agriculture, National Veterinary Services Laboratories (a)
Procedures for the isolation of Brucella spp. Document number: SOP-MB-
1002.04.

U.S. Department of Agriculture, National Veterinary Services Laboratories (b)
Biochemical tests for the identification of Brucella spp. Document number: SOP-
MB-1003.03.

U.S. Department of the Interior, National Park Service and U.S. Department of
Agriculture, Forest Service, Animal and Plant Health Inspection Service, (2000a)
Final Environmental Impact Statement for the Interagency Bison Management
Plan for the State of Montana and Yellowstone National Park, Washington, DC,
USA.

U.S. Department of the Interior, National Park Service and U.S. Department of
Agriculture, Forest Service, Animal and Plant Health Inspection Service, (2000b)
Record of Decision for Final Environmental Impact Statement and Bison
Management Plan for the State of Montana and Yellowstone National Park,
Washington, DC, USA.

U.S. Department of the Interior, National Park Service and U.S. Department of
Agriculture, Forest Service, Animal and Plant Health Inspection Service, and the
State of Montana, Department of Fish, Wildlife, and Parks, & Department of
Livestock. (2008) Adaptive adjustments to the interagency bison management
plan. National Park Service, Yellowstone National Park, Wyoming.

Valderrabano, J., Gomez-Rincén, C. & Uriarte, J. (2006) Effect of nutritional status and
fat reserves on the periparturient immune response to Haemonchus contortus
infection in sheep. Veterinary Parasitology, 141,122-131.

Van Soest, P.J. (1994) Nutritional Ecology of the Ruminant. Cornell University Press,
New York, New York.

168



Vassalos, C.M., Economou, V., Vassalou, E. & Papadopoulou, C. (2009) Brucellosis in
humans: why is it so elusive? Reviews in Medical Microbiology, 20, 63-73.

Waters, W.R., Sacco, R.E., Fach, S.J., Palmer, M.V., Olsen, S.C. & Kreeger, T.J. (2002)
Analysis of mitogen-stimulated lymphocyte subset proliferation and nitric oxide
production by peripheral blood mononuclear cells of captive elk (Cervus
elaphus). Journal of Wildlife Diseases, 38, 344-351.

Weinberg, E.D. (1987) Pregnancy-associated immune suppression: risks and
mechanisms. Microbial Pathogenesis, 3, 393-397.

White, P.J., Wallen, R.L., Geremia, C., Treanor, J.J. & Blanton, D.W. (2011)
Management of Yellowstone bison and brucellosis transmission risk —
expectations and realizations. Biological Conservation, 144, 1322—-1334.

Wilesmith, J.W. (1978) The persistence of Brucella abortus infection in calves: a
retrospective study of heavily infected herds. Veterinary Record, 103, 149-153.

Wilsmore, AJ., K.A. Izzard, B.C. Wilsmore, G.J. Dagnall. 1990. Breeding performance
of sheep infected with Chlamydia psittaci (ovis) during their preceding
pregnancy. Veterinary Record, 126, 40-41.

Woldhiwet, Z., (2004) Q Fever (coxiellosis): epidemiology and pathogenesis. Research
in Veterinary Science, 77, 93-100.

Woodroffe, R., Donnelly, C.A., Cox, D.R., Gilks, P., Jenkins, H.E., et al. Bovine
tuberculosis in cattle and badgers in localized culling areas. Journal of Wildlife
Diseases, 45, 128-143.

Wyckoff 111, J.H. (2002) Bovine T lymphocyte responses to Brucella abortus. Veterinary
Microbiology, 90, 395-415.

Xu, D-L, & Wang, D-H. (2010) Fasting suppresses T cell-mediated immunity in female
Mongolian gerbils (Meriones unguiculatus). Comparative Biochemistry and
Physiology, Part A, 155, 25-3.

169



Yambayamba, E. S. K., Price, M.A. & G. R. Foxcroft, G.R. (1996) Hormonal status,
metabolic changes, and resting metabolic rate in beef heifers undergoing
compensatory growth. Journal of Animal Sciences,74, 57-69.

Young, E. & Corbel, M. (1989) Brucellosis: Clinical and Laboratory Aspects. C.R.C.
Press, Boca Raton, Florida.

Yu, W.L. & Nielsen, K. (2010) Review of detection of Brucella spp by polymerase chain
reaction. Croatian Medical Journal, 51, 306-313.

Zera, A.J. & Harshmman, L.G. (2001) The physiology of life history trade-offs in
animals. Annual Review of Ecology, Evolution, and Systematics, 32, 95-126.

170



Vita
JOHN J. TREANOR

EDUCATION
B.S., Wildlife, Humboldt State University, California 1998

PROFESSIONAL EXPERIENCE
Wildlife Biologist, Yellowstone National Park, Wildlife Health Program Coordinatoru
2008 — present

PEER REVIEWED PUBLICATIONS

Treanor, J.J., Geremia, G., Crowley, P.H., Cox, J.J., White, P.J., Wallen, R.L., Blanton,
D.W. (2011) Estimating probabilities of active brucellosis infection in
Yellowstone bison through quantitative serology and tissue culture. Journal of
applied Ecology 48, 1324-1332.

Ebinger, M., Cross, P. Wallen, R., White, P.J. & Treanor, J. (2011) Simulating
sterilization, vaccination, and test-and-remove as brucellosis control measures in
bison. Ecological Applications, 21, 2944-2959.

White, P.J., Wallen, R.L., Geremia, C., Treanor, J.J. & Blanton, D.W. (2011)
Management of Yellowstone bison and brucellosis transmission risk —
expectations and realizations. Biological Conservation 144, 1322-1334.

Geremia, C., White, P.J., Wallen, R.W., Watson, F.G.R., Treanor, J.J., Borkowski, J.,
Potter, C.S. & Crabtree, R.L. (2011) Predicting bison migration out of
Yellowstone National Park using Bayesian models. PLoS ONE 6, e16848.

Treanor, J.J., Johnson, J.S., Wallen, R.L., Cilles, S. Crowley, P.H., Cox, J.J., Maehr,
D.S., White, P.J., & Plumb, G.E. (2010) Vaccination strategies for managing
brucellosis in Yellowstone bison. Vaccine 28S: F64-F72.

Jones, J.D., Treanor, J.J., Wallen R.L., & White, P.J. (2010) Timing of parturition
events in Yellowstone bison Bison bison: implications for bison conservation
and brucellosis transmission risk to cattle. Wildlife Biology 16: 333-339.

Jones, J.D. & Treanor, J.J. (2008) Allonursing and cooperative birthing behavior in
Yellowstone bison, Bison bison. The Canadian Field Naturalist 122: 171-172.

John Joseph Treanor

171



	THE BIOLOGY AND MANAGEMENT OF BRUCELLOSIS IN YELLOWSTONE BISON
	Recommended Citation

	Title Page
	Abstract
	Dedication
	Acknowledgement
	Table of Contents
	List of Tables
	List of Figures
	Chapter 1 – Introduction
	Chapter 2 - Persistent pathogens of wild ungulates: the association of intracellular parasites and immunocompromised hosts in a seasonal environment
	Introduction
	Biology of persistence
	Persistent abortive diseases in humans and domestic animals
	Seasonal food restriction and immune function in wild ungulates
	Combating persistent pathogens

	Chapter 3 - Vaccination strategies for managing brucellosis in Yellowstone bison
	Introduction
	Model context
	The individual-based model
	Results
	Discussion

	Chapter 4 -Estimating probabilities of active brucellosis infection in Yellowstone bison through quantitative serology and tissue culture
	Introduction
	Methods
	Results
	Discussion

	Chapter 5 - Maintenance of brucellosis in Yellowstone bison: Linking seasonal food resources, host-pathogen interaction, and life-history trade-offs
	Introduction
	Methods
	Results
	Discussion

	Chapter 6 - Comparison of immune responses following vaccination with Brucella abortus strain RB51 in captive and free-ranging bison
	Introduction
	Methods
	Results
	Discussion

	Chapter 7 – Conclusions and Future Directions
	References
	Vita

