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ABSTRACT

INVESTIGATING THE USE OF VACCINATION AS A TOOL FOR PREVENNG
PNEUMONIC PASTEURELLOSIS IN ROCKY MOUNTAIN BIGHORN SHEP

(OVISCANADENSISCANADENS S

Currently one of the greatest threats to bighorn shees ¢anadensis)
populations across western North America is respiratory disease and thatedsoc
population-level impacts accompanying the illness. While lungwBretdstrongylus
spp.) and various bacteria and viruses likely contribute to the respiratory disease
complex, probably the single most harmful group of pathogens is bacteria in the family
Pasteurellaceae. It is well documented that these bacteria can and do cause disease,
likely because of the leukotoxin (Lkt) produced by the bacteria which is toxic iaantn
leukocytes. Few ways exist to mitigate this problem, and to date, attempisllifg w
managers to intervene have been ineffective. In Colorado, while some herds of bighorn
sheep are healthy, other herds have been crippled by the effects ofopsdisgase and
concomitant population-level impacts.

Previous research has focused on vaccines to protect bighorns from
Pasteurellaceae and the associated Lkt produced by those species. Such vaccines have

proven to be effective in domestic livestock and, while less research has beenembnduc



with bighorn sheep, some vaccines have been shown to provide a degree of protection.
Because of this potential, | focused on evaluating 2 difféasteur ellaceae vaccines in
bighorn sheep. One of those vaccines is an autogenous vaccine developed specifically
for the Colorado Division of Wildlife (CDOW) for use in bighorn sheep while the other

is a commercially available cattle vaccine (One $hoBoth vaccines were evaluated
experimentally in captive Rocky Mountain bighorn sh&@y g canadensis canadensis),

while the commercial vaccine was also evaluated in a free-ranging hieighofns

where it was administered along with a suite of other health-relatéchémts.

Chapter 1 of my thesis is devoted to the evaluation of an autogenous vaccine
manufactured by Newport Laboratories (Worthington, MN) and developed sphygifec
protect Rocky Mountain bighorn sheep in Colorado from several presumed pathogenic
strains ofPasteurellaceae. In this chapter, | focused on serum antibody concentration
responses to vaccination in ewes and lambs, the safety of vaccination, and passive
transfer of maternal antibodies from ewes to their lambs.

This vaccine evaluation was carried out using Rocky Mountain bighorn sheep that
were part of the CDOW'’s captive research herd in Fort Collins, Colorado, USA. All
bighorn ewes were vaccinated approximately 1 month prior to expected parturition, and
were boostered 6 months later, while lambs were vaccinated once at apprgx3mate
months of age. After vaccination, all animals were observed daily for signs of
pneumonia or other adverse reactions to the vaccine. Serum samples werelcollecte
periodically from the ewes after vaccination and booster. Serum sampéalse
collected periodically from all lambs after birth and following vaccinatiGolostrum

samples were collected from 6 of the 9 study ewes within approximately 30 hours of



parturition. All serum samples were assayed for both Lkt neutralizinlylandheimia
haemolytica whole cell antibodies using an enzyme-linked immunosorbent assay
(ELISA), while colostrum samples were assayed onlywfannheimia haemolytica
whole cell antibodies using ELISA.

In the bighorn ewes, vaccination significantly increased Lkt neutralizing/land
haemolytica whole cell antibody concentrations for a period of less than 4 weeks. In
addition, Lkt neutralizing antibodies were increased by an insignificant arfalanting
booster 6 months after the initial vaccination

No increase in passive transfer of maternal antibodies between ewembad la
was detected as a result of vaccination. Antibody concentrations at < 30 hayes of a
were not different between lambs born to vaccinated or unvaccinated ewes. Likewise,
antibody concentrations found in colostrum samples were not different betweeretreat
groups

| did not detect a statistically significant increase in antibodies\adteinating
the lambs. However, | did observe an increase in Lkt neutralizing antibodies from a
mean OD value of 0.0011 (SE = 0.00067) to a mean OD value of 0.0044 (SE = 0.0014)
after vaccination, and also an increas®lirhaemolytica whole cell antibodies from a
mean OD value of 0.0076 (SE = 0.0044) to a mean OD value of 0.029 (SE = 0.011) after
vaccination.

In summary of Chapter 1, | did not detect differences between vaccinatedsanimal
and controls for many of the comparisons of interest. Nevertheless, vexginighorn

sheep with this new autogenous vaccine increases Lkt neutralizing antisodiel as



M. haemolytica whole cell antibodies and therefore may confer some protective benefit to
vaccinated animals.

Chapter 2 of my thesis was devoted to an opportunistic field-based evaluation of
the commerciaPasteurellaceae vaccine One Shot. During the winter of 2008, wildlife
managers discovered signs indicating an outbreak of respiratory disedssdnoa
bighorn sheep, accompanied by apparently no recruitment of the previous summer’s
lambs. Three years of capture for herd treatment and/or vaccination followed this
discovery in an effort to break the cycle of respiratory disease and to mtineasurvival
of lambs beyond their first year. One Shot was administered the last 2 08 theses.

In this chapter | focused on the evaluation of serum antibody responsesaodimne as
well as lamb recruitment in subsequent years.

Archived serum samples collected from animals at the time of capture were
provided by the CDOW for this follow-up evaluation. These samples were aledssay
for both Lkt neutralizing antMannheimia haemolytica whole cell antibodies using
ELISA. | compared serum antibody concentrations immediately prior tonadimz with
the antibody concentrations 1 year post-vaccination. In addition, | comparaatithely
concentrations immediately prior to booster with the antibody concentrations found
several weeks after the booster.

Comparing serum antibody concentrations immediately prior to vaccination with
the antibody concentrations 1 year post-vaccination, the hypotheses of no effect of
vaccination were 2.5 and 2.7 times more likely than the hypotheses that Lkt negtraliz
and whole celM. haemolytica antibody levels were higher 1 year later, respectively, due

to vaccination. In contrast, comparing pre-booster samples with paired samigletiedol



several weeks later, the hypothesis of a vaccination effect was 43.4 and 83.htiree
likely than the hypotheses of no vaccination effect for Lkt neutralizing ancevzetM.
haemolytica antibody levels, respectively.

In addition to the above analysis, historic demographic data for this herd of
bighorn sheep were provided by CDOW, and observational data were collected on ewe
numbers and lamb recruitment in this herd during the winters following treatment and
vaccination. Despite detecting a serum antibody response in adult bighorn ghéep, la
recruitment remained low even after 3 years of treatments and 2 yeacsioftian.

The assay results from these first 2 elements of my project suggest@mé¢hat
Shot stimulated a greater increase in circulating antibodies than did dger@ois
vaccine. This was interesting because a vaccine that stimulates a anaébatedy
response might provide more protection than a similar vaccine that stimekses an
antibody response, assuming that they both properly target the same pathogan. Give
this observation, | performed an experiment to directly compare One Shot to the
autogenous vaccine; this study is detailed in Chapter 3 of my thesis. Specifically,
focused on the serum levels of Lkt neutralizing Bhdhaemolytica whole cell antibodies
in response to vaccination.

Once again, | used CDOW'’s captive bighorn sheep for this experiment. Thirty
sheep were divided into 3 groups of 10 animals each. One group received the vaccine
One Shot, another group received the autogeRastsurellaceae vaccine, and the last
group received a sterile saline placebo injection. Serum samples wereedditem
each animal at the time of vaccination, 2, 4, and 6 weeks after vaccination, anti, as wit

previous experiments, serum samples were assayed for Lkt neutralizbapaegias
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well asMannheimia haemolytica whole cell antibodies using ELISA. | discovered that
vaccinating animals with One Shot increased Lkt neutralizing antibodiesafrogan

OD value of 0.049 to an OD value of 0.13 (95% credible interval [CI]: 0.11, 0.15) while
vaccination with the autogenous vaccine increased antibody concentrationsio an O
value of 0.067 (95% CI: 0.049, 0.085). In addition, an age effect was important:
antibody levels were higher by an OD value of 0.0072 for each year of an anineal’'s ag
(95% CI: 0.0032, 0.011) regardless of treatment group.

In this experiment | did not find either vaccine to incredsbaemolytica whole
cell antibody concentrations. | did, however, detect an effect of age on antibody
concentrations. Whole cell antibody concentrations increased by an OD val0é bf
(95% CI: 0.0053, 0.016) for each year of an animal’s age.

In summary, my work shows that both One Shot and the autogenous vaccine
induced immunological responses in Rocky Mountain bighorn sheep in Colorado.
Potential applications for these vaccines include vaccinating high-ris&rbiglerds
preventatively or vaccinating bighorn herds that are already expegestaionic
pasteurellosis. While this strategy is likely not feasible in all sgoatifree-ranging
herds do exist where vaccines can be administered, as illustrated bydlewdielation
of One Shot. Future research should be conducted to determine if the serological
responses that | observed equate to protection Rasteur ellaceae infection and the
associated damage caused by Lkt. Additionally, | suggest that future work should
evaluate the efficacy of simultaneously administering both of these and albyesthier
Pasteurellaceae vaccines to provide broader protection against varied strains of

Pasteurellaceae.
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CHAPTER 1
EVALUATION OF AN AUTOGENOUS, MULTIVALENT, SELF-

BOOSTERING, PASTEURELLACEAE VACCINE IN CAPTIVE BIGHORN
SHEEP (OVIS CANADENSIS CANADENSIS)

INTRODUCTION

Pneumonic pasteurellosis epizootics and poor population performance currently
present serious challenges to maintaining and successfully managimy,haable
populations of bighorn shee@\is canadensis; Singer et al., 2000; Miller, 2001; Cassirer
and Sinclair, 2007; George et al., 2008; Wolfe et al., 2010). In many instances,
epizootics result in high mortality for all age classes (Onderka and Wi$Ba#;

Spraker et al., 1984; Festa-Bianchet, 1988; Cassirer et al., 2001; George et al.,ri2008). |
these cases, disease appears to be acute and animals die despite beingnithyagqza

body condition and without showing early signs of disease (Rush, 1927; Foreyt and
Jessup, 1982; Onderka and Wishart, 1984; Festa-Bianchet, 1988; Miller et al., 1991).
Additionally, these “all-age” mortality events usually precede yeadepfessed lamb
recruitment (Spraker et al., 1984; Monello et al., 2001; George et al., 2008). In other
instances, populations may experience many years of chronic or sporadic pneumonia
with individual animals exhibiting signs of illness such as coughing, weaknssof

weight, shortness of breath, and lack of appetite, yet large-scale tyavaints are not
observed (Marsh, 1938; Cassirer and Sinclair, 2007). Recovery of these populations wit

chronic disease is also often hindered by many years of low lamb recru{®peaker et



al., 1984; Miller et al., 1997; McClintock and White 2007; George et al., 2008). In both
situations, surviving ewes continue to bear lambs (Cassirer et al., 2001); howater, la
tend to succumb to acute pneumonia (Marsh, 1938; Spraker et al., 1984) between 6 and
11 weeks of age (Foreyt, 1990; Cassirer et al., 2001). The timing of lamb mastalit
presumably due to the loss of passive immunity provided by maternal antibodied, (Fore
1990), although the ultimate cause of this depressed lamb recruitment is unknown. One
likely hypothesis suggests that contagious adult bighorns that survive epizobtizae @
chronic infection act as carriers and subsequently transmit the pathogen ¢ovtiheir

other offspring (Spraker et al., 1984; Foreyt, 1990; Miller et al., 1991).

Pasteurellaceae, a group of bacteria which include organisms from the genera
Mannheimia andBibersteinia, are commonly isolated from pneumonic bighorn sheep and
have been implicated as the primary causative agents of many pneumonia epizootics i
bighorns (Onderka and Wishart, 1984; Spraker et al., 1984; Foreyt, 1990; Rudolph et al.,
2007; George et al., 2008). Other pathogens and stressors that may play a role in these
epidemics include animal density, contact with domestic sheep (George et al., 2008)
nutritional stress, habitat damage (Festa-Bianchet, 1988), concurrent lungworm
(Protostrongylus spp.) infection (Spraker and Hibler, 1982), concurkéytoplasma
ovipneumoniae infection (Besser et al., 2008; Dassanayake et al., 2010b), competition,

and interactions with humans (Foreyt, 1990).

Vaccinating for pasteurellosis either preventatively, as in theafadeonic
pneumonia and low lamb recruitment, or early in a pneumonia epizootic, have been
suggested as ways to increase survival of infected bighorn sheep (Mallerl&97;

Ward et al., 1999; George et al., 2008). In addition, passive antibody transfer from ewe



to lamb through colostrum of vaccinated ewes may increase lamb survivatéCeiss

al., 2001). At birth, lambs have essentially no circulating antibodies of their own and,
instead, rely on maternal antibodies that are transferred from the nmtherlamb

through colostrum during the first days of life. These antibodies provide protective
immunity during development of the lamb’s own immune system. This passive
immunity wanes over time and is usually replaced by 6 months of age (Raddatits et
2000). The idea of providing passive immunity to newborn animals by vaccinating the
dam is not novel. In swine and cattle, vaccinating the dams to pEvet infection in
newborn offspring is generally regarded as effective (Moon and Bunn, 1993; Osek et al.,
1995). A study evaluating the effectiveness of a combined rotawiregt inactivated
vaccine in beef cattle concluded that vaccinating dams in the last #rmégregnancy
resulted in decreased calf morbidity (Cornaglia et al., 1992). In goats, passiuaity

from anE. coli vaccine administered to pregnant dams provided kids with protection
against experimental challenge (Vihan, 1993). It follows that vaccinating higheep

for pasteurellosis may benefit not only the vaccinated dams, but also theimgffspri

Vaccinating bighorn and domestic sheepHRasteurellaceae has a history of
mixed success. For example, a multivaMannheimia haemolytica vaccine produced
elevated leukotoxin neutralizing antibody titers as well as agglutinatirgpdy titers in
captive bighorn sheep (Miller et al., 1997), and later was demonstrated to provide
protection and to reduce mortality in bighorns that were challengedPasteurellaceae
(Kraabel et al., 1998). This vaccine also slightly enhanced survival of vaccinateasani
relative to unvaccinated animals during a pneumonia epizootic in wild bighorn tlagep t

resulted from contact with an infected domestic sheep (George et al., 2008). nTénis sa



vaccine, however, failed to increase lamb survival when used in bighorn ewes that had
survived a pneumonia outbreak (Cassirer et al., 2001) and did not protect bighorns
commingled with domestic sheep (Foreyt 1998). The increase in antibodiestgtanul

by this vaccine also did not persist as long as did antibody increases rdsoiting

naturalPasteurellaceae infections (Ward et al., 1999).

Two otherPasteurellaceae vaccines have been unsuccessful at protecting bighorn
sheep from pasteurellosis. First, an experimaévitddaemolytica vaccine failed to
protect bighorn sheep placed in contact with apparently healthy domestic sheeperhowev
this lack of protection may have been due to a lack of cross-protection agaosbomf
from other strains dPasteurellaceae harbored concomitantly by the domestic sheep
(Foreyt, 1992). Second, vaccinating bighorns with a nonlethal cytotoxic stiglin of
haemolytica failed to provide cross-protection from challenge with a known lethal strain

of M. haemolytica (Foreyt and Silflow, 1996).

The history of mixed success applyiRgsteurellaceae vaccines in bighorn sheep
underscores the need for further research. For optimum protection, a vaccine should
stimulate high levels of antibodies for a number of years (Ward et al. 1999%taResi
to pneumonic pasteurellosis and higher survival rates of experimentallgrdied|
animals have been correlated with higher quantities of circulating serumderunk(ikt)
neutralizing antibodies (Gentry et al., 1985; Kraabel et al., 1998). Antibody levels have
been successfully increased by administering a second “booster” dose of a
Pasteurellaceae vaccine 2 weeks after the initial dose (Miller et al., 1997); however, in a
free-range situation it is not always possible or feasible to capture armdirata the

same animals twice in such a short period of time. A vaccine that does not aequire



classic second-dose booster to stimulate a protective immune response would have
greater potential for field use in wild bighorn sheep (Miller et al., 1997). Hereafitty s
as well as serological responses stimulated by aRasteurellaceae vaccine that
achieves self-boostering through the use of a partitioned design are evatuadth

ewes and their lambs.

MATERIALS AND METHODS
Study animals and animal handling

| used 9 captive Rocky Mountain bighorn ewes as well as their 9 newborn lambs
for this study, which | conducted April — November 2009. These animals were part of
the Colorado Division of Wildlife’s (CDOW) captive bighorn sheep research hetd. Al
animals were housed in 8:5.0-ha pastures at the Foothills Wildlife Research Facility
(FWRF) in Fort Collins, Colorado, and were fed and cared for in accordarctauility
animal husbandry protocols (T. Davis, unpublished data). Pregnancy was confirmed in

the ewes via ultrasound 2 months prior to their vaccination.

Many of the bighorn sheep used in this study were hand raised and as a result
were tractable. When possible, we physically restrained and handled animals on an
enclosed scale without sedation. To prevent undue stress, we tranquilized fekketrac
animals with xylazine (0-6L.5 mg/kg; Lloyd Laboratories, Shenandoah, lowaay
reversed with tolazoline (2.0 mg/kg; Lloyd Laboratories, Shenandoah, low&)r
rare situations warranting complete immobilization, we administeredidasl of

butorphanol (0.40.5 mg/kg; Wildlife Pharmaceuticals Inc., Fort Collins, Colorado),



azaperone (0-0.4 mg/kg; Wildlife Pharmaceuticals Inc., Fort Collins, Colorado), and
medetomidine (040.2 mg/kg; Wildlife Pharmaceuticals Inc., Fort Collins, Colorado),
and we administered atipamezole 2® mg/mg of medetomidine administered; Pfizer
Animal Health, New York, NY) and tolazoline (28.0 mg/kg) as reversal agents.
Animal care and use procedures were performed in accordance with CDOW and
Colorado State University Institutional Animal Care and Use Comngtigkelines

(CDOW IACUC Approval #02-2009, CSU IACUC Approval # 09-088A-01).

Vaccination and sampling for serological responses

| evaluated a multivalent, autogenous, bacterin vaccine (Newport Laboratories,
Worthington, MN) incorporating 4 isolates Bésteurellaceae (2 Mannheimia
haemolytica and 2Bibersteinia trehalosi; Table 1.1; Wolfe et al., 2010; Miller and Wolfe
2011) collected by the CDOW from the Avalanche Creek (Pitkin County) and Fossil
Ridge (Gunnison County) bighorn sheep herds of Colorado during the winter/spring of
2007-2008. To accomplish “self-boostering,” this vaccine utilizes the partitioned
SoliDos€ implantable technology (SolidTech Animal Health, Inc., Newcastle, OK),
consisting of 2 implantable pellet types. The pellets of the first type desanbirelease
the initial dose of vaccine within an hour of implantation. The pellets of the second type
booster the first dose by slowly dissolving and releasing the second dose of v&ecine

several weeks.

| stratified the dams by age class and then randomly assigned 5 bighorio ewes t

the treatment (vaccine) group and 4 ewes to the control (unvaccinated) group. Afte



restraint or immobilization, | used a SoliDo%éBolidTech Animal Health, Inc.,
Newcastle, OK) applicator to implant the vaccine subcutaneously in the neathof e
treatment ewe just in front of the left shoulder on 14 April 2009, approximately 1 month
prior to expected parturition. Before injection, | shaved the injection sitai® of
subsequent monitoring, and | examined the injection site for any imméstatzed
vaccine reaction each time the animal was handled for blood sampleigollegtudy
animals were also observed daily throughout the study to assess gendralriteto
document any adverse vaccine reactions. Specifically, animal carediens monitored
animals for signs of lethargy, stiffness or lameness, allergit@aaand respiratory
disease, including but not limited to coughing, nasal discharge, and respirat@gsdist
Blood samples (212 ml) were collected from each animal via jugular venipuncture on
the day of vaccination (pre-vaccination), and at 2, 4, and 6 weeks, and 6 months post-

vaccination.

To evaluate the serological effects of boostering the vaccine, | reatettithe
surviving ewes from the original vaccinate group (n = 4) with the autogenous vancine
13 October 2009, 6 months after they had received the initial vaccination. The second
dose of vaccine was equivalent to the original dose and contained both the immediate-
release and slow-release pellets. The original surviving control(ewe8) again served
as controls. Serum (2@2 ml) was again collected from all vaccinate and control

animals at the time of boostering (pre-booster) and at 2, 4, and 6 weeks post-booster.

Prior to parturition, we separated vaccinate and control ewes into different
pastures to prevent lambs from nursing and consuming colostrum from ewes of the other

group. To assess passive transfer of maternal, vaccine-related antibodliested



colostrum samples from 6 of the bighorn ewes (3 vaccinates, 3 controls) as ezl
samples (1612 ml) from all of the lambs born to study ewes (n = 8), within
approximately 30 hours of parturition. In addition, serum samples21ltl) were

collected every 2 weeks from each bighorn lamb up until the time of vaccin@tibn
bighorn lambs were vaccinated with the vaccine on 18 August 2009 at approximately 3
months of age. The vaccine was administered subcutaneously in the left hindquarter of
each animal. Serum samples were collected at the time of vaccimagevatcination),

2,4, 6, 8 weeks, and at 6 months post-vaccination.

Serological analyses were conducted at Oklahoma State University (OSU;
Stillwater, OK). Samples were assayed for Lkt neutralizinghhrfthemolytica whole
cell antibodies using enzyme-linked immunosorbent assays (ELISA; Corifer2203)
using OSU’s standarndl. haemolytica whole cell strain. Results are reported as optical

density (OD) values.

Colostrum samples were assayedMbihaemolytica whole cell antibodies using
ELISA at Washington State University (Pullman, WA). These antibody coatiens
are reported as the reciprocal of the;lofithe highest dilution yielding a positive reading

(Appendix ).

Analysis

| used Bayesian hierarchical models (Gelman et al. 2004) with Markov Chain
Monte Carlo (MCMC) methods in the WinBUGs statistical software packagaomer

1.4.3 (Lunn et al., 2000) to analyze the serum antibody data collected on the bighorn



ewes. | estimated the unnormalized joint posterior density for each moaeigtar
based on the data likelihood and prior densities for the parameters.

To determine the structure of the data likelihood and to identify required prior
densities, | used a 2-tiered approach to analysis in order to maintain a bbasaeal
candidate model set. | used the first tier of analysis to determine whatooea
structure, if any, was necessary to account for correlation that may feavendaced by
repeatedly sampling individual animals through time. | examined 4 structures to
determine which best accounted for the potential correlation contained in thet Bstas
using each covariance structure in combination with the global model (Moddbl8sTa
1.2-1.3; Figure 1.1). The 4 covariance structures that | examined included: an
independent error model to determine if evidence for a correlation among sample
existed; a random intercept model that modeled only within-individual correlation b
treating each individual's intercept;J as a random variable drawn from a common
distribution (Jensen 2001); a random time effect model to determine if there was
evidence for a correlation between samples collected closer in time; amdioanr
intercept and a random time effect model that allowed for both within-individdal a
temporal correlation. | modeled the temporal correlation through the spéoifi of a
conditionally autoregressive (CAR) prior on the random time effgct,
(i.e.,t;~N[tj_1, 0%me] forj > 1, and;; ~N[0, 0., ]; Bannerjee et al. 2004; Appendix I1).
Due to the limited data available for this study, | did not examine structuteseiea
more complex. | used deviance information criterion (DIC) to conduct modeliselect
and to determine which of these covariance structures was best supported by t

information in the data (Spiegelhalter et al. 2002). | assumed that the mddtieavit



lowest DIC value was the model best supported by the data, and | calculateshdds
in DIC values 4DIC) among models in the candidate set, model likelihoods, and model
probabilities to determine the strength of evidence for each model (Burnham and
Anderson 2002, Farnsworth et al. 2006).
| used this selected covariance structure in the second tier of the graalgsis
incorporated it into a set of covariate models that represented the plansidea
responses to vaccine treatment over time. This allowed me to examine 3teswaria
interest: effects of initial vaccine treatment, effects of an apjditaf a second dose of
the vaccine, and each application’s associated trend effects. Spigcitneainitial
vaccine effects revealed changes in antibody concentration due to vacc¢ithetisecond
vaccination effects examined the changes in antibody concentration reswoltng fr
boostering the initial vaccination with the application of a second vaccine doseritie
effects revealed changes in antibody concentration through time fajj@aich
application of the vaccine. My covariate model set consisted of 18 models thdethcl
acute, constant, or changing antibody levels across time as a function bfreatiment
with the vaccine and subsequent treatment with a second dose of vaccineXRigure
The data likelihood based on this two-tiered analysis described above specified

each observed antibody concentration (OD value) as a normal random variable with

parametergu;;, X):

Yij~N(wi, %),
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wherey;; was the OD value for thié sheepfor=1, ...,non thejth sampling occasion

forj =1, ..., 14,u;; represents the mean effect for thesheep on th#" sampling

occasion, an@ was the selected covariance matrix. Thus, given these 2 parameters |
assumed each sheep’s antibody response was conditionally independent. To model the
underlying biological processes of interest | modeigdas a function of the covariates
described previously and, if included in the selected covariance structure nstttiefi

of analysis, random effects that account for the sampling process:

tij =z + x;B + 7,

wherez;~N (0, a2,) is a random intercept for each individual to account for within
individual correlationy;; is akx1 vector of covariates for thé sheep across tfjé
sampling occasiorg is ak x1 vector of parameter estimates for these covariates, and
7;~N (0, £ is @ random time effect to account for temporal correlation of
observations.

Estimating the unnormalized joint posterior density for each parametere@qui
specifying prior densities for each parameter based on prior knowledge oftdma.sys
Because | lacked prior knowledge on the effect of these covariates, | uskedea lior
distribution of N(0,1000) on the treatment, booster, and trend effect parameters where N
represents a normal distribution. | specified a diffuse U(0,100) prior forgltriad the
random intercept, and the random time effect standard deviations where @mepees
uniform distribution. Additionally, | specified CAR priors in the models containing the

random time effect models as described previously.
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| used 3 chains with overdispersed starting values that were much larger than
would be expected given the specified prior distribution. This aided in assessmg cha
convergence as all 3 chains should converge to the same value (Gelman et al., 2004). |
also used a burn-in of 100,000 iterations before drawing 100,000 samples from the
posterior distribution for inference about each of the model parameters. Resldesed
on the mean of parameter estimates for the top ranked model.

| assessed the convergence and mixing of top models using the boa package of
program R (Smith 2007; R Development Core Team, 2010). Specifically | looked at
sampler lag-autocorrelation plots, density plots, and trace plots for eachpacalekter,
as well as the multivariate potential scale reduction factors and tstiofahe corrected
scale reduction factors (Gelman and Rubin, 1992).

A simpler approach was used to examine passive transfer of maternal antibodies
as well as the effect of vaccination on lamb antibody concentrations due to the small
amount of data available for these comparisons. | evaluated passive atrinster
between the dams and their lambs by examining antibody levels found in lamb ser
samples as well as ewe colostrum samples, both collected within 30 hours of parturiti
In both cases, | used an information-theoretic approach (Anderson 2008) to compare
hypotheses of no effect of dam vaccination status on colostrum or lamb antibodydevels
a hypothesis that dam vaccination status affected antibody leueded | similar
approach to evaluate lamb antibody response to vaccination, comparing a hypothesis of
no effect of vaccination to a hypothesis that vaccination affected serum argheldy

For all 3 comparisons, | calculated evidence ratios as the ratio of the maoloiibiity of

12



the top hypothesis and the model probability of the lower-ranked hypothesis (Anderson,

2008).

RESULTS

Safety

Mild stiffness or soreness was noted in vaccinated animals the day following 3 of
the 13 vaccination or booster treatments. By 2 weeks post-vaccination, all te&xtcina
bighorns experienced injection site swelling <5 cm in diameter. Swelhsgesolved

by 6 weeks post-vaccination for all vaccinated animals.

Two ewes died during the course of this study, including 1 vaccinate and 1
control. The control ewe’s death was the result of a misplaced dart during
immobilization for sample collection. The vaccinate ewe died 11 days post&&aoi
and bronchopneumonia was discovered on necropsy. No signs of pneumonia were

observed in any of the other study animals.

Bighorn dam serological response to vaccination and booster

Lkt neutralizing antibodies

The first tier of analysis was performed to assess the fit of each of the 4
covariance structures in combination with the global model (Model 9: unequaid¢rda
and booster effects, unequal time trends; Table 1.2). The top ranked model included the
random intercept covariance structure and carried 100% of the model weight (Table 1.2).

This structure was used for the entire second tier of analysis. The randonptraecte
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random time effect model did not converge likely due to small sample sizes, while the
remaining two models converged but were not supported by the information in the

dataset (Table 1.2).

For the second tier of analysis, the top 2 highest ranked models for Lkt
neutralizing antibody response to vaccination and booster of bighorn ewes carried
essentially the entire weight of the model set (cumulative0.99; Table 1.4). Both of
these models incorporated acute treatment effects, meaning that a vecinsas
detected only at 2 weeks post-vaccination. The top meglelQ.75; Model 17, Figure
1.1) also included an acute booster effect in addition to the acute treatmerfreffiec
the initial vaccination. This model was 3.0 times more likely than the second ranked
model, and no other model appeared to be supported by the information in the data (Table
1.4). Based on the top model, vaccination increased Lkt neutralizing antibody
concentrations from a mean ELISA OD value of 0.0074 (95% credible interval [CI]:
0.0034, 0.011) by an OD value of 0.028 0.021, 0.035), while booster increased antibody
concentrations by a much smaller OD value of 0.0027 (95% CI: -0.0001, 0.0055; Figure
1.2). In this case, the 95% CI for booster effect slightly overlappedradicaiing a

weak effect of the booster dose of vaccine on Lkt neutralizing antibody levels.

| found no evidence of non-convergence in any parameters of the top ranked
model. Plots of sampler lag-autocorrelations, estimated posterior densitgnaplers
trace all support chain convergence (Appendix Ill). In addition, the cedsctle
reduction factors for the Brooks—Gelman—Rubin diagnostics were all eigein@a

(range: 1.000001, 1.000080), and the multivariate potential scale reduction factor was
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1.000063. This suggests that the samples from each chain were approximatingthe targe

distribution of the unnormalized joint posterior density of the parameters.

Whole cellM. haemolytica antibodies

The first tier of analysis d¥l. haemolytica whole cell antibodies was performed
to assess the fit of each of the 4 correlation structures in combination wilbliaé g
model (Model 9; Table 1.3). The top ranked model included the random intercept
covariance structure and carried 100% of the model weight (Table 1.3). Thisarstruc
was used for the entire second tier of analysis. Like the analysis of Lkalrzod)
antibodies, the random intercept and random time effect model did not converge, while
the remaining two models converged but were not supported by the information in the

dataset (Table 1.3).

The second tier of analysis revealed 2 models that carried nearlytadl of t
cumulative model weight (cumulative> 0.98; Table 1.5) in the model set. Both of
these models included acute treatment effects (i.e., 2 weeks post-vacciinatioti)e
initial vaccination. In addition, the second ranked modge(0.26) demonstrated an
acute effect following the booster dose of vaccine. Based on the top npdd€l.72;
Model 15, Figure 1.1), which included only an acute effect of initial vaccination,
antibody concentrations increased from a mean ELISA OD value of 0.058 (95% CI:
0.0075, 0.11) by an OD value of 0.14 (95% CI: 0.080, 0.20) for the second sampling
occasion before returning to pre-vaccination levels for the remaining samptiag@ts
(Figure 1.3). This model was 2.7 times more likely than the second ranked model and no
other model was supported by the information in the data.
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Convergence testing for the top model did not indicate non-convergence in any of
the model parameters. The corrected scale reduction factors for the Brelthanc
Rubin diagnostic were all essentially 1.0 (range: 0.999998, 1.000024), and the
multivariate potential scale reduction factor was 1.000016. Plots of santpler la
autocorrelations, estimated posterior density, and sampler trace all stpppatgence

(Appendix 111).

Passive transfer of antibodies to bighorn lambs

While the mean Lkt neutralizing amd. haemolytica whole cell antibodies were
both lower in lambs born to vaccinated ewes than lambs born to unvaccinated ewes, | did
not detect a difference between these groups. For serum samples coligored0v
hours of birth, the Lkt neutralizing antibody concentration for lambs born to vaatinate
dams (n = 3) resulted in a mean OD value of 0.0032 (SE = 0.0015) while the mean
antibody level for lambs born to unvaccinated dams (n = 4) was 0.0045 (SE = 0.00052;
Figure 1.4). The hypothesis of no vaccination effect was 18.8 times more lixelthth

hypothesis of a vaccination effect on Lkt neutralizing antibodies.

For lamb serum samples collected within 30 hours of birth, whol&/cell
haemolytica antibody concentrations resulted in a mean OD value of 0.016 (SE = 0.0068)
for lambs born to vaccinated dams (n = 3) versus 0.084 (SE = 0.037) for lambs born to
unvaccinated dams (n = 4; Figure 1.5). The hypothesis of no vaccination efte8t5v
times more likely than the alternative hypothesis of vaccination mifget haemolytica

antibody levels.
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Similarly, | did not detect a difference M. haemolytica whole cell antibody
concentrations in colostrum samples collected from either vaccinated or imavedc
ewes. The meaM. haemolytica whole cell antibody titer was 11.50 (SE = 0.94; n = 3)
in colostrum samples collected from vaccinated ewes while it was 11.16 (SE = 0.92; n =
3) in unvaccinated ewes (Figure 1.6). The hypothesis of no vaccination effect was 141.2

times more likely than the hypothesis of a vaccination effect on colostrilmodntevel.

Bighorn lamb serological response to vaccination

All vaccinated lambs (n = 4) responded to vaccination with an increase in
circulating antibodies (Figures 1.7 and 1.8). Lkt neutralizing antibodies peaked 4 to 8
weeks post-vaccination while tiv haemolytica whole cell antibodies all peaked 2
weeks after vaccination. Despite observing an increase in antibodiesaftgration, a
significant difference due to vaccination was not detected. | comparedgomation
antibody levels from the day of vaccination (day 0) to the observed peak arligleldy
after vaccination. Lkt neutralizing antibodies increased slightly frorea®D value of
0.0011 (SE = 0.00067) to a mean of 0.0044 (SE = 0.0014). The hypothesis of no
vaccination effect was 9.8 times as likely as the hypothesis of ara#ioa effect.
Similarly, while M. haemolytica whole cell antibodies increased from a mean OD value
of 0.0076 (SE = 0.0044) to a mean antibody level of 0.029 (SE = 0.011), the hypothesis
of no effect of vaccination was 34.7 times as likely as the hypothesisaoctmation

effect.

By 6 months post-vaccination, serum antibodies had returned to levels similar to
pre-vaccination antibody levels in vaccinated bighorn lambs (Figures 1.7 and 1.8).
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DISCUSSION

| evaluated the apparent safety as well as serological antilbgmhynses to a self-
boostering vaccine to determine its potential utility as a tool for giaggasteurellosis
in free-ranging bighorns where administering a booster dose of vaccinebmight
impractical. WhilePasteurellaceae vaccines have been used or evaluated in both captive
and free-ranging bighorn sheep on a number of occasions (Foreyt, 1992; Foreyt and
Silflow, 1996; Miller et al., 1997; Kraabel et al., 1998; Ward et al., 1999; Cassirer et al
2001; George et al., 2008; Wolfe et al., 2010), overcoming the need for booster would
greatly increase the potential of such vaccines for use in free-raargmgls (Miller et

al., 1997).

This vaccine appears to be safe for use in bighorns as the only reactions
consistently attributable to the vaccine were mild, short-lived, and fardesseshan the
disease that the vaccine is designed to prevent. Despite this, it was not possthier
implicate or rule out vaccination as a contributing factor in the death of onedrgatm
ewe that died 11 days after vaccination. This was the least tradtabjeasimal and for
handling and sampling purposes it was necessary to move her to a new holding pen for
the duration of the study where she could be handled safely. Although she was provided
with a companion ewe, she showed signs of distress in her new environment up until the
morning she was found dead. Because of the circumstances surrounding her death, |
cannot conclude with certainty whether the vaccine, the stress of a novel emvitpnm

the combination of both, or neither, was responsible for the pneumonia.

The results of this study indicate that a single dose of vaccine was adequate t

increase both Lkt neutralizing ail haemolytica whole cell antibody concentrations
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significantly without the addition of a booster dose of vaccine in bighorn ewes.
Administering a second dose of vaccine 6 months later resulted in a slight though
insignificant increase in Lkt neutralizing antibodies, but no increalsk haemolytica
whole cell antibodies. Though brief (less than 4 weeks), the positive effect of
vaccination, on Lkt neutralizing antibodies in particular, is highly encouragihgtas
considered by many to be the key virulence factor resulting from lung infeation w
Pasteurellaceae (Shewen and Wilkie, 1983, 1985; Lo et al., 1987; Petras et al., 1995;
Lainson et al., 1996; Kraabel and Miller, 1997; Tatum et al., 1998; Narayanan et al.,

2002; Kelley et al., 2007; Dassanayake et al., 2007, 2009, 2010).

The apparent positive effect of vaccination on both Lkt neutralizindgvand
haemolytica whole cell antibodies in all of the bighorn lambs is also encouraging even
though the effect was not statistically meaningful. The pattern pbmes in lambs was
similar to that observed in bighorn ewes (i.e., an initial peak and return to near pre-
vaccination levels by 6 to 8 weeks post-vaccination). A larger sample size (h=4
vaccinated lambs in this study) would have allowed a better estimated#gireee and
sources of variability in antibody levels among lambs, and a better estifithe effect

that vaccination had on antibody levels, similar to that observed in the ewes.

The weaker response to the second treatment with the vaccine in the bigh®rn ewe
despite an initial response to the vaccine 6 months earlier is somewhat perpBased
on the boostering results obtained by others Ris$teurellaceae vaccines, | expected to
see an antibody response similar too, or greater in magnitude than, theasiemnse to
vaccination as Confer et al. (1997) observed in cattle, and Miller et al. (199R)ezbse

with bighorn sheep. One difference between those studies and this one, however, is the
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length of time between vaccination and booster. Confer et al. (2003) boostered animals
at 3 weeks post-vaccination and Miller et al. (1997) boostered at 2 weeks post-

vaccination while here the booster was administered at 6 months post-vaccination.

Cassirer and Sinclair (2007) speculated about the possibility of season@bwaria
in immunocompetence of bighorn sheep based on the observation that pneumonia
outbreaks tend to occur most often during fall and winter (Spraker et al., 1984eCassir
and Sinclair 2007; George et al., 2008; Wolfe et al., 2010), and that bighorn sheep may
be less capable of mounting an immune response during these seasons due to factors suc
as limited energy availability or additional stressors. This idea @glain the weak
antibody response observed after administering the second dose of vaccine ddaihg the
relative to the response observed after administering the first dose ofevacthe
spring. Additional evidence for this idea is that antibody concentrations in tharig
ewes were already lower prior to booster in the fall than they weretprvaccination
the previous spring, hinting at the possibility of underlying seasonal variation in
immunocompetence before the booster was even administered. Repeating this
experiment but swapping the seasons of initial vaccination and subsequent vatoomati
by applying the second dose at a shorter time interval, may reveal t$@taezariation
is a more important predictor of immune response to this vaccine than wihetlosing

administered for the first or second time.

In conclusion, the autogenoBasteurellaceae vaccine that | evaluated appeared
to be safe for use in captive bighorn sheep. A single dose of this self-boosteaimg va
was adequate to stimulate an increase in antibody levels in the stuslyaeadighorn

lamb antibody levels also increased slightly following vaccination. Even thbagh t
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increases in antibody concentration were short-lived, the potential tecpng bighorns
in the wild with this vaccine motivates additional investigation. Furthearelseavith
this vaccine as well as a commerd?abteur ellaceae vaccine will supplement these

findings (see Chapter 3).
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Table 1.1: Origin and bighorn sheep herd history oPdmteurellaceae isolates used in the production of an autogenous
Pasteurellaceae vaccine administered to captive bighorn sheep in 2009. See Wolfe et al. (2010)landrdiWolfe (2011) for
further information on isolates.

Herd of origin Location Herd History Species and biogroup  Serotypelatés#

Avalanche Creek 39° 13" 53" N Poor lamb recruitment B. trehalosi 4° T3 08-0381-011
107° 13" 32" W

Fossil Ridge 38°33"52"N Pneumonia Die-off, Dec 2007 B. trehalosi 4°°* unknown  07-1920-003
106’ 38’ 03" W

Fossil Ridge 38° 33" 52" N Pneumonia Die-off, Dec 2007 M. haemolytica 1° A2 07-1920-001
106’ 38’ 03" W

Fossil Ridge 38° 33" 52" N Pneumonia Die-off, Dec 2007 M. haemolytica 1° A2 08-0200-195

106’ 38’ 03" W
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Table 1.2: Model selection results from the first tier of analysis of leukotwedatralizing antibody concentration responses stimulated
by administering an autogenolBasteurellaceae vaccine to captive bighorn sheep in 2009, intended to determine the best fitting
covariance structure in combination with the global covariate model (Mogdt@tment and booster effectstime trends). DIC is
Deviance Information Criterioy DIC is the difference in DIC between the model of interest and the top ranked niadiblodid
indicates the model likelihood, and the model weight is the probability that the modebesthmodel in the model set given the data.

Model Covariance structure DIC A DIC Likelihood Probability
9 Random Intercept -541.01 0.00 1.00 1.00
9 Random Time -465.87 75.14 0.00 0.00
9 Independent Error -460.52 80.50 0.00 0.00
9 Random Time & Random Intercept did not converge
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Table 1.3: Model selection results from the first tier of analysMarinheimia haemolytica whole cell antibody concentration
responses stimulated by administering an autogePasieurellaceae vaccine to captive bighorn sheep in 2009, intended to determine
the best fitting covariance structure in combination with the global cosanatiel (Model 9¢# treatment and booster effectstime
trends). DIC is Deviance Information CriterianDIC is the difference in DIC between the model of interest and the top ranked
model, likelihood indicates the model likelihood, and the model weight is the probabilithehabtlel is the best model in the model
set given the data.

Model Covariance structure DIC A DIC Likelihood Probability
9 Random Intercept -276.29 0.00 1.00 1.00
9 Independent Error -172.08 104.20 0.00 0.00
9 Random Time -152.13 124.16 0.00 0.00
9 Random Time & Random Intercept did not converge




Table 1.4: Covariate model selection results for serum Lkt neutralizifmpdptdata
collected from captive Rocky Mountain bighorn ewes administered an autogenous
Pasteurellaceae vaccine in 2009. DIC is Deviance Information CriteriarDIC is the
difference in DIC between the model of interest and the top ranked model, likelihood
indicates the model likelihood, and the model weight is the probability that the model is
the best model in the model set given the data.

Model # Model DIC  ADIC Likelihood Probability
model 17 Vacutet VB acut -578.13  0.00 1.00 0.75
model 15  Vacute -575.95 2.18 0.34 0.25
model 6 =g+ Ti=8 -545.37  32.75 0.00 0.00
model 14  V-g+ Ti=g+Tc -543.25 34.88 0.00 0.00
model 7 VV+Vg+T=p -543.23  34.90 0.00 0.00
model 8 =g+ T +Tg -543.17  34.95 0.00 0.00
model 16  Vacute =B acu -542.85 35.28 0.00 0.00
model 9 V+T +Vg+Tg -541.01 37.11 0.00 0.00
model 2 \ -540.09 38.04 0.00 0.00
model 5 \ + Vg -539.59 38.54 0.00 0.00
model 13  VV+ T=¢ -537.99 40.14 0.00 0.00
model 12  \V+ T¢ -537.93  40.19 0.00 0.00
model 3 \ -534.11  44.02 0.00 0.00
model 1 null -532.32 45.80 0.00 0.00
model 18  \5 acut -532.31  45.82 0.00 0.00
model 4 \b+ Tg -531.99 46.14 0.00 0.00
model 10  T-¢ -530.56  47.57 0.00 0.00
model 11  E -530.25 47.88 0.00 0.00

Tg: linear time trend on booster vaccination effect
Tc: linear time trend on control antibody level

T,=g: linear time trend on initial vaccination effect equal to linear time trend ondyoost
vaccination effect
T,=c: linear time trend on initial vaccination effect equal to linear trend on control
antibody levels
T,: linear time trend on initial vaccination effect

Vg: effect of booster vaccination

V, = g: effect of initial vaccination equal to effect of booster vaccination
V). effect of initial vaccination

Vg acute acute effect of booster vaccination

V) acute = B acute@cute effect of initial vaccination equal to acute effect of booster

vaccination

V, acute @cute effect of initial vaccination
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Table 1.5: Covariate model selection results for sdvuinaemolytica whole cell

antibody data collected from captive Rocky Mountain bighorn ewes administered a
autogenou®asteurellaceae vaccine in 2009. DIC is Deviance Information Criterian,

DIC is the difference in DIC between the model of interest and the top ranked model
likelihood indicates the model likelihood, and the model weight is the probability that the
model is the best model in the model set given the data.

Model # Model DIC  ADIC Likelihood Probability
model 15  Vacut -302.01 0.00 1.00 0.72
model 17 Vacute + VB acut -300.02 2.00 0.37 0.26
model 11 & -292.66 9.35 0.01 0.01
model 14  V-g+ Ti=g+ Tc -292.23 9.78 0.01 0.01
model 12 VV+ T¢ -291.01 11.01 0.00 0.00
model 13 \V+ T|=¢ -288.51  13.50 0.00 0.00
model 10  T-=¢ -287.59 14.42 0.00 0.00
model 16  Vacute =B acu -283.34  18.67 0.00 0.00
model 1 null -281.73  20.29 0.00 0.00
model 6 V=gt T=8 -280.70 21.31 0.00 0.00
model 2 \ -280.09 21.92 0.00 0.00
model 18  \4 acut -279.67  22.35 0.00 0.00
model 3 \b -279.52  22.49 0.00 0.00
model 8 =g+ T/ +Tp -278.48  23.53 0.00 0.00
model 7 V+Veg+T =g -278.47 23.54 0.00 0.00
model 5 \ + Vg -277.85  24.17 0.00 0.00
model 4 \G + T -277.61  24.40 0.00 0.00
model 9 V+ T +Veg+Tg -276.29 25.73 0.00 0.00

Tg: linear time trend on booster vaccination effect

Tc: linear time trend on control antibody level

T,=g: linear time trend on initial vaccination effect equal to linear time trend ondyoost
vaccination effect

T, =c: linear time trend on initial vaccination effect equal to linear trend on control
antibody levels

T,: linear time trend on initial vaccination effect

Vg: effect of booster vaccination

V, = g: effect of initial vaccination equal to effect of booster vaccination

V. effect of initial vaccination

Vs acute acute effect of booster vaccination

V| acute = B acute@Cute effect of initial vaccination equal to acute effect of booster
vaccination

V| acute acute effect of initial vaccination
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Figure 1.1: Graphical representation of the 18 models used in the analysiswa capt
bighorn ewe antibody concentration across time as a function of vaccination and booster
with an autogenouBasteurellaceae vaccine. Solid lines represent unvaccinated animal
antibody concentrations; dashed lines represent vaccinated bighorn antibody
concentrations. The model parameters are defined as follgiandar time trend on
booster vaccination effectcTlinear time trend on control antibody leve|-E: linear

time trend on initial vaccination effect equal to linear time trend on booster viaacina
effect, T = c: linear time trend on initial vaccination effect equal to linear trend on control
antibody levels, [ linear time trend on initial vaccination effectz:\éffect of booster
vaccination, V- g: effect of initial vaccination equal to effect of booster vaccinatign, V
effect of initial vaccination, ¥ acuie acute effect of booster vaccination adte = B acute

acute effect of initial vaccination equal to acute effect of booster va@rin®iacuie

acute effect of initial vaccination.
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Figure 1.2: Estimated serum leukotoxin neutralizing antibody concentratioagtinec

Rocky Mountain bighorn sheep in the weeks following vaccination with an autogenous
Pasteurellaceae vaccine based on the parameters of the top-ranked model. The solid line
represents antibody concentrations of control animals (n = 4) and the dashed line
represents antibody concentrations of animals vaccinated with the autogercs grac

=5). Week 0 represents pre-vaccination antibody concentrations. Error basemepre

95% credible intervals.
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Figure 1.3: Estimated serulh. haemolytica whole cell antibody concentrations in
captive Rocky Mountain bighorn sheep in the weeks following vaccination with an
autogenou®asteurellaceae vaccine based on the parameters of the top-ranked model.
The solid line represents antibody concentrations of control animals (n = 4) and the
dashed line represents antibody concentrations of animals vaccinated \aitivagpenous
vaccine (n =5). Week 0 represents pre-vaccination antibody concentrationsbagsror
represent 95% credible intervals.
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Figure 1.4: Leukotoxin neutralizing antibody concentrations from birth to 14 weeks old

of captive bighorn sheep lambs born to either vaccinated or unvaccinated dams in 2009.
Solid line represent antibody concentrations of lambs born to unvaccinated dams (n = 4).
Dashed line represent antibody concentrations of lambs born to vaccinated dafs (n =
Antibody concentrations measured by ELISA. Error bars represent 95% coafidenc
intervals.
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Figure 1.5M. haemolytica whole cell antibody concentrations from birth to 14 weeks old
of captive bighorn sheep lambs born to either vaccinated or unvaccinated dams in 2009.
Solid line represent antibody concentrations of lambs born to unvaccinated dams (n = 4)
Dashed line represent antibody concentrations of lambs born to vaccinated dafs (n =
Antibody concentrations measured by ELISA. Error bars represent 95% coafidenc
intervals.
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Figure 1.6: Meam. haemolytica whole cell antibody titers for colostrum samples
collected within 30 hours of parturition from vaccinated (n = 3) and unvaccinated (n = 3)
bighorn sheep ewes administered an autogeRasisurellaceae vaccine in 2009. Error

bars represent 95% confidence intervals. Antibody concentrations areedep® the
reciprocal of the logof the highest dilution yielding a positive reading.

38



0.0080
0.0070

0.0060

Antibody ~ 0.0050

Concentration 0.0040
(ELISAOD 0.0030

value) 0.0020 |

0.0010 /

0.0000 &

-0.0010 |

>
Cb\
N N
q\ \Q\

S

o o
N\ O
OO
o o
\\\ ’\>\'
N N

Figure 1.7 Mean serum Lkt neutralizing antibody concentrations of captive bidlesp s
lambs (n = 4) following vaccination with an autogenous vaccine on 8/18/2009. Antibody
concentrations measured by ELISA. Error bars represent 95% confidencdsnterva
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Figure 1.8: Mean seruiM. haemolytica whole cell antibody concentrations of captive
bighorn sheep lambs (n = 4) following vaccination with an autogenous vaccine on
8/18/2009. Antibody concentrations measured by ELISA. Error bars represent 95%

confidence intervals.
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CHAPTER 2
OPPORTUNISTIC EVALUATION OF A PASTEURELLACEAE VACCINE IN A

FREE-RANGING ROCKY MOUNTAIN BIGHORN SHEEP HERD
EXPERIENCEING CHRONIC PASTEURELLOSIS

INTRODUCTION

Respiratory disease represents one of the most significant threats to #gss&uicc
long-term persistence of bighorn she€pié canadensis) populations throughout western
North America (Singer et al., 2000; Miller et al., 2001; Cassirer and Sinclair, 2007;
George et al., 2008; Wolfe et al., 2010). Pneumonia epidemics sometimes occur in
bighorn herds, with a large number of otherwise apparently healthy animals butgum
to infection in a relatively short period of time (Onderka and Wishart, 1984; Spraker et
al., 1984; Cassirer et al., 2001; George et al., 2008; Wolfe et al., 2010). Years of
depressed lamb recruitment often follow the initial epidemic, further hindering
population recovery (Spraker et al., 1984; Monello et al., 2001; George et al., 2008;
Wolfe et al., 2010). In contrast to an acute outbreak, some bighorn herds experience
extended periods of low lamb recruitment associated with more sporadic or chronic
respiratory disease (Marsh, 1938; Cassirer and Sinclair, 2007). Bacteres spé¢iae
family Pasteurellaceae, includingMannheimia haemolytica, are often isolated from
pneumonic bighorn sheep and have been implicated in the pathology associated with
bighorn pneumonia (Spraker et al., 1984; Festa-Bianchet, 1988; George et al., 2008;

Wolfe et al., 2010). Few tools are available for wildlife managers to use in prgtect
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recovering bighorn sheep populations from these infections (George et al., 2009). Her

we describe a suite of treatments, includifRpsteurellaceae vaccine managers used in

an attempt to increase lamb recruitment in a bighorn sheep herd. In addition, we focus on
an opportunistic analysis of serological responses resulting from the vascwvedl as
subsequent lamb recruitment to the managed herd. The capture and handling procedures
were exempted by the Colorado Division of Wildlife (CDOW) Animal Care ared Us
Committee because this work was part of ongoing herd health management (R. B.
Davies, Chairman CDOW Animal Care and Use Committee, written commuomicafl

16 2010).

Study Area

The Badger Creek bighorn sheep herd of the Brown’s Canyon herd complex
winters in the area of Gribbles Park (38° 38' 34" N 105° 47' 34" W), approximately 13
miles northeast of the town of Salida, Colorado, USA. This herd was started with a
translocation of 19 sheep in 1990 (George et al., 2009) and reached a peak size of about
62 animals in 2005 (K. J. Woodruff, unpublished data). Following the transplant, annual
lamb recruitment was generally maintainea¢ 8 lambs prior to 2000; however, since at
least 2004, lamb recruitment has been depressed, with 2 or fewer lambs surviving

annually since 2006 (Table 2.1).
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MATERIALS AND METHODS

From the late 1990’s through 2007, the Colorado Division of Wildlife fed
bighorns each winter at Gribbles Park for the purpose of treating the afomals
lungworm @rotostrongylus spp.). Oral fenbendazole was administered to the sheep in
the alfalfa hay and apple pomace feed (K. Woodruff, unpublished data). In March 2008,
wildlife managers noted an absence of 2007 cohort lambs in the Badger Creek herd.
Some adults exhibited signs of respiratory disease, including coughing and nasal
discharge. Later that month, CDOW captured most of this herd under a drop net (22
females, 2 males), collected blood for serology and oropharyngeal swabstéorabac
culture (see Wolfe et al., 2010 for methods), and administered tulathromycin (200 mg
subcutaneously; Draxxin Pfizer Animal Health, New York, New York, USA) and
doramectin (10 mg subcutaneously; Dectofd¢izer Animal Health) in an attempt to
treat respiratory disease and improve lamb recruitment. Five additionalathata
escaped capture (3 ewes and 2 rams) were later darted with tulathromyoplesSiaom
captured animals revealed evidencgdfemolyticPasteurellaceae strains .
haemolytica biogroup £, Bibersteinia trehalosi 4°P%), Mycoplasma spp., and exposure to
parainfluenza 3 virus. Based on bacterial culture results and similasipast¢rns seen
in other affected bighorn herds (Cassirer et al., 2001; George et al., 2008, 2009; Wolfe et
al., 2010; L. L. Wolfe, unpublished data), we attributed the apparent herd health and
recruitment problems to pasteurellosis. Despite treatment, recruitori@atémber of

2008 cohort lambs remained low (Table 2.1).

In February 2009, CDOW recaptured 18 of the approximately 34 total animals in

the herd by drop net for treatment. In addition to repeating treatments \attiromhycin
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and doramectin as described above, managers administdrdsemolytica serotype 1
bacterin-toxoid (2 ml subcutaneously; One $héfizer Animal Health) a multivalent,

killed respiratory virus vaccine (2 ml intramuscularly; Triaffgle+ type 1l BVD, Fort

Dodge Animal Health, Fort Dodge, lowa), and doses of 2 hyperimmune serum products
(approximately 2 ml each, sprayed intranasally; RP-Bridge and M-&ndgx, inc.,
Newburg, WI). Once again, blood and oropharyngeal swabs were collected. Samples
revealeds-hemolyticPasteurellaceae strains 1. haemolytica biogroup 1B. trehalosi

4CDS

and 2P), Mycoplasma spp., and antibodies to parainfluenza 3 virus. Lamb

recruitment to December remained poor in 2009 (Table 2.1).

During January and February 2010 wildlife managers captured 10 animals via
darting and treatments of bacterin-toxoid (10 of 10 animals), multivalentatspirirus
vaccine (10 of 10 animals), tulathromycin (10 of 10 animals), and doramectin (6 of 10
animals) were administered as above. Between 2 weeks and 2 months later, 8 of those 10
individuals were captured again and the same 4 treatments were repeatechtoreakch
An additional 9 individuals were darted with doses of bacterin-toxoid that wintead Bl
and oropharyngeal swabs were collected at each capture opporjhigynolytic
Pasteurellaceae strains 1. haemolytica biogroup £ and 1, B. trehalosi 2%%) were
recovered from a portion of the samples. No lambs survived to the following winter

(Table 2.1).

Overall, field conditions precluded our determining whether the treatments
applied were ineffective or were simply insufficient or inappropriate to dgriiee cause
of poor lamb recruitment observed in the Badger Creek herd. To help assess whether

vaccination with the bacterin-toxoid stimulated antibody responses, all senuptes
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from 2009 and 2010 were assayed for both wholeMdiiaemolytica antibodies and
leukotoxin (Lkt) neutralizing antibodies using enzyme-linked immunosorbent assays
(ELISA; Confer et al., 2003) at Oklahoma State University (Stillwater, lidkiea, USA).

We compared antigen-specific antibody concentrations between 2009 and 2010, as well
as between treatments in 2010. For each analysis, we used a paired design and an
information-theoretic approach to compare a set of 2 hypotheses (Burnham argbAnde
2002): a hypothesis of no effect of vaccination and a hypothesis incorporating@roeff

the vaccination. We computed the residual sum of squares for each hypothesis and used
these values to calculate Akaike’s Information Criterion correctedrial sample sizes
(AICc). We assumed that the hypothesis with the lowest AlCc value wassthe be
supported of the 2 hypotheses based on the strength of evidence provided by the
information in the data. Lastly, we report evidence ratios, which we calcutathd a

model weight of the first ranked hypothesis with that of the second-ranked hsipothe

(Burnham and Anderson 2002).

RESULTS

One year after vaccination with the bacterin-toxoid, neither the mean
concentration of Lkt neutralizing nor whole celannheimia haemolytica antibodies was
different than prior to vaccination the year before (Figures 2.1 and 2.2). In 2009 the
mean Lkt neutralizing antibody level before vaccination resulted in an Eqpfiéal
density (OD) value of 0.029 (SE = 0.0049; C.l. = 0.019, 0.038) while it was 0.034 (SE =
0.0072; C.I. =0.019, 0.048) in 2010 (n = 10). Our hypothesis of no effect (AlICc = —

83.73) was 2.5 times more likely than our hypothesis of an effect of vaccination£AICc
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—81.88). The whole ceM. haemolytica antibody level yielded an OD value of 0.045
(SE =0.015; C.I. =0.014, 0.075) in 2009 and 0.038 (SE = 0.013; C.l. =0.014, 0.063) in
2010, and, in this case, the hypothesis of no effect carried an AlCc of —76.57 and was 2.7

times more likely than our hypothesis incorporating an effect (AICc = —74.54,0).

We did demonstrate a difference between the antibody levels before arttafte
vaccine booster in 2010 (n = 8). The Lkt antibody level resulted in a mean ELISA OD
value of 0.028 (SE = 0.0041; C.l. = 0.020, 0.036) before booster and 0.10 (SE = 0.018;
C.l. =0.066, 0.14) after booster (Figure 2.1), and the hypothesis of a vaccination effect
(AICc =—-44.22) was 43.4 times more likely than the hypothesis of no effect (ACc
36.68). Likewise, whole ceM. haemolytica antibody concentrations resulted in a mean
OD value of 0.025 (SE = 0.0036; C.I. =0.018, 0.032) before booster and 0.13 (SE =
0.020; C.I. = 0.087, 0.17) after booster (Figure 2.2), with the hypothesis of a vaccination
effect (AICc =—-41.01) being 87.1 times more likely than the hypothesis of no effect

(AICc = —32.08).

DISCUSSION

| did not detect a difference in antibody levels 1 year post-vaccination. Based on
data from paired samples collected in 2010, however, antibodi¢shaemolytica
surface antigens and leukotoxin presumably increased initially aftena#ioci in 2009
as well. This response then likely waned through time preventing detection of an
antibody response 1 year later, similar to bighorn responses to a multivalent
Pasteurellaceae vaccine (Miller et al., 1997; Kraabel et al., 1998). Despite seeing
evidence of an immune responsévtchaemolytica antigens in ewes as a result of
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vaccination, the vaccine and accompanying treatments apparently did nbkaafilec
recruitment, as recruitment remained low across all 3 years of inteestvéréatment

(Table 2.1).

Because this was an observational study and not a designed experiment, | am
limited in the conclusions | can draw. One potential explanation for my okises/&
that passive transfer of maternal antibodies from vaccinated dams to thesrrfzay
have hindered the development of the lambs’ own acquired immune response (Kiorpes et
al., 1991; Vitour et al., 2011). It is this acquired immune response that would have been
necessary to protect the lambs after the maternal antibodies had waned. TDhe idea
maternal antibody interference, where maternally derived antibodietsweh and
eliminate vaccine antigens before the lamb’s own immune system has an opptotunit
recognize and respond to those antigens, is supported by one study conducted with
domestic sheep. In that case, lambs born to vaccinated ewes had higher Lkzimgutral
antibodies shortly after birth, however 60 days later those same lambs h&dasitini
lower concentrations of Lkt neutralizing antibodies than lambs born to unvaccinated ewes

(Kiorpes et al., 1991).

My observation that vaccinating ewes did not increase lamb recruitmentlag sim
to what Cassirer et al. (2001) discovered after attempting to increassuamial by
vaccinating dams with 2 differePasteurellaceae vaccines following a die off. In that
case, survival of lambs born to vaccinated ewes was lower than lambs born to

unvaccinated ewes and pneumonic pasteurellosis remained the principal caude of deat

Cassirer et al. (2001) concluded that vaccinating ewes prior to parturitson wa

unlikely to increase recruitment of lambs following pneumonia epidemics, and my
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observations do not provide any evidence to the contrary. As a result, wildlifeer&nag
should be aware that this may not be an effective strategy for increasibg |

recruitment.
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Table 2.1: Winter treatments and counts of Rocky Mountain bighorn sheep lambs and
ewes in the Badger Creek herd, Gribbles Park, Colorado, present on winteroamge f
2004-2010. Effect of treatment on lamb recruitment, if any, is expected to occur in the
year following treatment. See text for details of herd treatments.

Winter Herd treatments Lambs Ewes Lambs:100 ewes
2004-2005 F.B 7 46 15.2 (SE =5.3)
2005-2006 F.B 5 35 14.3 (SE =5.9)
2006-2007 F.B 2 34 5.9 (SE=4.0)
2007-2008 F.T.D 0 25 0.0
2008-2009 F.T,0d,R,H 2 23 8.7 (SE =5.9)
2009-2010 F.T,0M,R 2 22 9.1(SE=6.1)
2010-2011 N 0 16 0.0

8F = fed hay and apple pulp; B = oral fenbendazole ; T = tulathromycin; D = doramectin;
M = Mannheimia haemolytica serotype 1 vaccine; R = multivalent respiratory virus
vaccine; H = intranasal hyperimmune sera; N = no treatments.
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Figure 2.1: ELISA optical density values for LKT neutralizing serunibady levels in
Rocky Mountain bighorn sheep before vaccination with One®3ha&009 (n = 10), and
before (n = 10) and after (n = 8) the vaccine booster in 2010. Error bars représent +
Standard Error.
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Figure 2.2: ELISA optical density values for whole &@#nnheimia haemolytica serum
antibody levels in Rocky Mountain bighorn sheep before vaccination with On&ighot
2009 (n = 10), and before (n = 10) and after (n = 8) the vaccine booster in 2010. Error
bars represent * Standard Error.
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CHAPTER 3
COMPARISON OF ANTIBODY RESPONSES STIMULATED BY TWO

DIFFERENT PASTEURELLACEAE VACCINES ADMINISTERED TO CAPTIVE
ROCKY MOUNTAIN BIGHORN SHEEP (OVIS CANADENSIS CANADENSI S)

INTRODUCTION

Pneumonic pasteurellosis epizootics and poor population performance currently
present serious challenges to maintaining and successfully managimy,hgable
populations of bighorn shee@\is canadensis; Singer et al., 2000; Miller, 2001; Cassirer
and Sinclair, 2007; CAST 2008; George et al., 2008; Wolfe et al., 2010). The population
impacts of pneumonic pasteurellosis on bighorn sheep are often quite severe. Epizootics
can result in the mortality of greater than 70% of an entire herd in a matbents,
with mortality present within all age classes (Rush, 1927; Onderka and Witx;

Spraker et al., 1984; Festa-Bianchet, 1988; Cassirer et al., 1996; Cassirer et al.nR001; E
et al., 2001; George et al., 2008; Wolfe et al., 2010). Reduced survival following a die-
off (e.g., George et al., 2008), likely a result of either continued low levels akdiser
compromised health and body condition, can further reduce population size as animals
continue to die at higher than normal rates. In the absence of an acute die-off,
populations may experience years of chronic recurring or sporadic pneumorsa,(Ma
1938; Cassirer and Sinclair, 2007) as a result of the infection being maintained at low
levels. Another impact to some herds is the loss of seasonal migration movédteeiats a

die-off, likely as a result of losing key dominant individuals. This can subseqesaudly
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to nutritional stress as a result of animals remaining on winter rangeoyeal which

impacts the amount of forage available to sheep during winter (Enk et al., 2001).

Whether chronic or acute, pasteurellosis invariably leads to years ofskpres
lamb recruitment (Woodard et al., 1974; Spraker et al., 1984; Monello et al., 2001,
George et al., 2008), and is one of the primary factors limiting recovery of populations
that have experienced a die-off (Enk et al., 2001). Although surviving ewes continue to
bear lambs as usual each spring (Cassirer et al., 2001), those lambs tend to suacumb t
acute pneumonia (Marsh, 1938; Spraker et al., 1984). The timing of mortality is often
between 6 and 11 weeks of age (Foreyt, 1990; Cassirer et al., 2001), which coincides
with, and may be the result of, waning passive immunity provided by maternal argibodie
(Foreyt, 1990; Miller et al., 1997). The source of the agents causing infection in the
lambs is likely adult bighorn sheep that have survived an infection themselves stilt are
carriers of the agent. These animals subsequently transmit the pathogemawriti
other offspring (Spraker et al., 1984; Foreyt, 1990; Miller et al., 1991), which in turn

spreads the pathogen still further through nursery group interactions.

The signs of pneumonic pasteurellosis in bighorn sheep include depression,
shallow or labored respiration, anorexia, weakness, and lack of mobility (Cassite
1996; Kraabel et al., 1998). In many cases, disease appears to be acute and animals di
despite being in apparently good body condition and without showing preliminary signs
of disease (Rush, 1927; Foreyt and Jessup, 1982; Onderka and Wishart, 1984; Miller et
al., 1991). Bighorns that die of pneumonic pasteurellosis have been described as having
histologic lesions of severe hemorrhagic, necrotizing, suppurative bronchopneumonia or

acute fibrinous pneumonia (Onderka and Wishart, 1984; Onderka et al., 1988; George et
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al., 2008; Wolfe et al., 2010); which is similar to necropsy findings in domesticdokest

affected by pasteurellosis (Woolums et al., 2009).

Many biotypes oPasteurellaceae are common inhabitants of the ruminant upper
respiratory tract (Lainson et al., 1996; Woolums et al., 2009). The development of
pneumonic pasteurellosis is often associated with various stressors thatdrasadwen
to shift this state of commensalism to one of virulent disease where regpalaarance
is impaired (Woolums et al., 2009), aRdsteurellaceae replicate rapidly, invade the
lungs, and become pathogenic (Fowler 2003). Specific stressors linked taoegpira
disease in bighorn sheep include animal density (Monello et al., 2001), contact with
domestic sheep (George et al., 2008), nutritional deficiencies (Enk et al., 2001), habitat
damage (Festa-Bianchet, 1988), environmental conditions, concurrent lungworm
(Protostrongylus spp.) infection (Spraker and Hibler, 1982), concurkdytoplasma
ovipneumoniae infection (Besser et al., 2008; Dassanayake et al., 2010b), and interactions
with humans (Spraker et al., 1984; Foreyt, 1990). In captive bighorn sheep, Kraabel and
Miller (1997) also showed that simulating stress by administering a ldimgrac
adrenocorticotrophic hormone elevated plasma cortisol concentrations andeidcreas
neutrophil susceptibility to the leukotoxins produced by the key pathogenic bacteria

linked to pneumonic pasteurellosis.

Alternatively, pneumonic pasteurellosis can be caused by the introduction of
novel pathogenic strains Bhsteurellaceae to bighorn sheep, often through interactions
with domestic livestock, primarily domestic sheep (Onderka er al., 1988;tfeomey
Jessup 1982; George et al., 2008; Lawrence et al., 2010; Wolfe et al., 2010). Contact

between domestic sheep and bighorns often results in fatal pneumonia of the bighorns,
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presumably through the transferRdsteurellaceae strains that are not harmful to the
domestic sheep but are extremely pathogenic to bighorn sheep (Foreyt et al.,1994)
While interactions with domestics are important, interactions among bighap she

within and among herds function to perpetuate infections (George et al., 2008).

Mannheimia haemolytica, a species of bacteria in the famitgsteurellaceae, is
commonly isolated from pneumonic bighorn sheep and has been implicated as one of the
primary pathogens of pneumonia epizootics (Onderka and Wishart, 1984; FestaiBianche
1988; Foreyt, 1990; Wolfe et al., 201MW1. haemolytica may also be responsible for
cases of pneumonia despite not being isolated from pneumonic animals asasssmchr
indicates thaM. haemolytica is readily overgrown and inhibited Bybersteinia
trehalosi, a common inhabitant of bighorn upper respiratory tracts. This situation is
likely exacerbated by extended time between sample collection and laba@naddysis
(Dassanayake et al., 2010), a common occurrence when sampling fregrtaghgorn
sheep, and could conceivably leadtdrehalosi being blamed for disease actually

caused by. haemolytica.

Regardless of the speciesRasteurellaceae, leukotoxin (Lkt) is considered by
many to be the key virulence factor in lung infection (Shewen and Wilkie, 1983, 1985;
Lo et al., 1987; Petras et al., 1995; Lainson et al., 1996; Kraabel and Miller, 1997; Tatum
et al., 1998; Narayanan et al., 2002; Kelley et al., 2007; Rice et al., 2008; Dassatayake
al., 2010). This idea is further supported by a recent experiment using Lkt deledion i
highly pathogenic strain &fl. haemolytica that resulted in a mutant strain\df
haemolytica that did not produce Lkt and did not kill bighorn sheep (Dassanayake et al.,

2009).
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Leukotoxin is a member of the repeats in toxin (RTX) family of exotoxinsshat i
specifically lethal to ruminant leukocytes (Woolums et al., 2009). It is sdatateng
the logarithmic phase of bacterial growth (Shewen and Wilkie, 1985), and is dose-
dependent (Narayanan et al., 2002; Davies and Baillie, 2003). At very low
concentrations, Lkt triggers “respiratory burst” and degranulation of teetjst
Moderate concentrations cause apoptosis of leukocytes, and high concentrations cause
cell lysis (Narayanan et al., 2002; Woolums et al., 2009) as a result of pore formation
(Narayanan et al., 2002). Lkt also inhibits proliferation of lymphocytes, which
effectively prevents induction of a secondary immune response to the infection
(Narayanan et al., 2002). All serotypesvbfhaemolytica are capable of producing Lkt,
and strains are only hemolytic when Lkt is produced (Shewen and Wilkie, 1983; Burrows
et al., 1993; Narayanan et al., 2002). Extensive genetic variation in the struktural L
gene [ktA) has been identified and likely results from mutations and horizontal gene
transfer between bacterial strains (Davies and Balillie, 2003;\Ketlal., 2007). Despite
the genetic variation, however, structure and function of Lkt is highly conserved among
various serotypes ®fl. haemolytica (Davies and Baillie, 2003). This similarity in
structure between serotypes is likely the reason that antibodies to Lkt ofotypse
have been observed to cross-neutralize Lkt of other serotypes (Shewen aedl @8k

Gentry et al., 1988).

Stimulating production of antibodies that are capable of neutralizing Lkt is
probably the key presumed benefit of using vaccines to manage pasteurellosis.
Vaccination has been shown to provide some level of protection against the organisms

and Lkt that cause pneumonic pasteurellosis of captive and wild bighorn sheep it the pas
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(Kraabel et al., 1998; George et al., 2008), and vaccinating for pasteurellosis either
preventatively, as in the case of chronic pneumonia and low lamb recruitmentyan earl
a pneumonia epizootic, has been suggested as a way to increase survival of infected
bighorn sheep (Miller et al., 1997; Ward et al., 1999; George et al., 2008). In addition,
passive antibody transfer from ewe to lamb through colostrum of vaccinated awes m

increase lamb survival (Cassirer et al., 2001).

My previous work with 2 differenPasteurellaceae vaccines, an autogenous
vaccine in captive bighorn sheep, and One %indree-ranging bighorn sheep (see
Chapters 1 and 2) has demonstrated that both are capable of stimulating serum antibod
responses. Although these data suggest that One Shot may have stimulate a grea
antibody response to Lkt than did the autogenous vaccine, no direct comparison has been
conducted. Even though the antibody responses to several diffastairellaceae
vaccines have previously been compared in livestock (Srinand et al., 1996b; Confer et al.,
1998) few if any comparisons have occurred with bighorn sheep. Here | tetlydire
whether or not there is a difference in antibody response stimulated by thesanes
when administered to a herd of captive bighorn sheep. Resistance to developing
pneumonic pasteurellosis has been correlated with the quantity of cirgudatumm Lkt
neutralizing antibodies (Gentry et al., 1985; Kraabel et al., 1998), and a vaccine that
stimulates a greater antibody response might, in theory, provide more protestion f
pneumonic pasteurellosis than a similar vaccine that stimulates less oftaagnti

response.
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MATERIALS AND METHODS

| used 30 captive Rocky Mountain bighorn she@y ¢ canadensis canadensis) to
compare the serum antibody responses elicited by 2 diffieasteur ellaceae vaccines.
All bighorns were part of the Colorado Division of Wildlife’s (CDOW) captive bighor
sheep research herd, and were housed in 0.5-3.0 ha pastures at the Foothills Wildlife
Research Facility (FWRF) in Fort Collins, Colorado. Animals were fedcared for in
accordance with FWRF animal husbandry protocols (T. Davis, unpublished data). Study
procedures were approved by both Colorado State University (CSU) and CDOW
Institutional Animal Care and Use Committees (CSU IACUC Prot®dd)-2062A, and

CDOW IACUC # 11-2010).

| compared antibody responses stimulated by 2 diffétasteur ellaceae vaccines
for this experiment. The first vaccine is a multivalent, autogenous, bacterinezacc
(Newport Laboratories, Worthington, MN) incorporatin@asteur ellaceae isolates, (2
Mannheimia haemolytica and 2Bibersteinia trehalosi; Table 3.1; Wolfe et al., 2010;
Miller and Wolfe 2011) collected by CDOW from the Avalanche Creek and Fossi Ridg
Rocky Mountain bighorn sheep herds in Colorado during the winter/spring of 2007—
2008. The Avalanche Creek herd had been experiencing many years of poor lamb
recruitment and was carrying a strairPakteurellaceae known to be pathogenic in
bighorn sheep (Miller and Wolfe 2011). The Fossil Ridge herd experienced ag all-ag
pneumonia-related die-off beginning in late 2007 that resulted in the mortality of
approximately 2/3 of the herd (Wolfe et al., 2010). These strains were cbosiea f

vaccine because of these links to current and ongoing disease.
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To accomplish “self-boostering,” the autogenous vaccine incorporates the
SoliDosé& (SolidTech Animal Health, Inc., Newcastle, OK) implantable technology,
consisting of an implantable bolus with multiple pellets. Half of the pellktase the
initial dose of vaccine within an hour of implantation. The remaining pellets are
designed to booster the first dose by slowly releasing the second dose of vaccihe over t
2-3 weeks following implantation. | previously evaluated this vaccine undgarsim
circumstances (see Chapter 1) and did not find the SoliDose technology to cause any

apparent injury or harm to bighorn sheep.

The second vaccine is One S{ffizer Animal Health, New York, NY), a
commercially available bacterin-toxoid vaccine developed to proteat tatih
Mannheimia haemolytica type Al as well as the leukotoxin that is produced by the

bacteria.

| stratified by age and sex prior to randomly assigning the study animals & 1 of
treatment groups of 10 animals each. The first treatment group receivedlt2iseous
injections of the autogenous vaccine using a SoliJo&ulidTech Animal Health, Inc.,
Newcastle, OK) applicator, the second treatment group received 2 ml of Onerfghot, a

the third group (control) received 2 ml of sterile saline.

Prior to vaccination and sample collection, most study animals (n = 24) were
chemically immobilized via hardhjection with the tranquilizer xylazine (0-6.5
mg/kg; Lloyd Laboratories, Shenandoah, lowa). The remaining 6 anveests
considerably less tractable, and were anesthetized by remotely delizerocktail of

butorphanol (0.40.5 mg/kg; Wildlife Pharmaceuticals Inc., Fort Collins, Colorado),
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azaperone (0-0.4 mg/kg; Wildlife Pharmaceuticals Inc.), and medetomidine-(D2L

mg/kg; Wildlife Pharmaceuticals Inc.) via 2ml darts (Pneu-dart intdjaiisport, PA).

All bighorns were either vaccinated or injected with sterile salioet(ol
group) the week of 9 August 2010 (week 0). The injection site was located on the left
hind quarter of each animal, and was shaved prior to subcutaneously administering the
injections. We also collected a 12 ml blood sample from each animal via jugular

venipuncture.

After study procedures were performed, animals tranquilized with xylazne w
reversed with tolazoline (2-3.0 mg/kg; Lloyd Laboratories, Shenandoah, lowa) while
the remaining 6 study animals were reversed with atipamezol€(2.thg/mg of

medetomidine; Pfizer Animal Health, New York, NY) and tolazoline{2.0 mg/kg).

| centrifuged blood samples for 10 minutes at 4000 RPM within several hours of
sample collection. Subsequently the serum was stored in microcentrifugeRishes (

Scientific, Pittsburgh, PA, USA) at -20°F.

The immobilization and blood collection procedures were repeated for each
bighorn at 2, 4, and 6 weeks post-vaccination as outlined above. In addition, injection

sites were inspected for adverse reactions each time animals wetedsam

Serum samples were sent to Oklahoma State University (OSU; Still\dgfor
analysis. Samples were assayed for leukotoxin neutralizing antibodved asM.
haemolytica serotype 1 whole cell antibodies using enzyme-linked immunosorbent assay
(ELISA; Confer et al., 2003) and antibody concentrations were reported as optisigy de

(OD) values.Pasteurellaceae isolate 09-185-003 collected from the Badger Creek

62



bighorn sheep herd (Chapter 2), was provided by the CDOW for OSU to use in the

ELISA (Miller and Wolfe 2011).

| used Bayesian hierarchical models (Gelman et al. 2004) with Markov Chain
Monte Carlo (MCMC) methods in the WinBUGSs statistical software packagaomer
1.4.3 (Lunn et al., 2000) to analyze the serum antibody data collected on the bighorn
sheep. | used prior densities and data likelihoods to estimate the unnormatitzed joi
posterior density for each model parameter. Due to chain convergence issues, |
standardized the response variables as well as all continuous covariatesabalygsis.
Standardization was performed by subtracting the mean from each observation or
covariate value and then dividing by the standard deviation. This resulted in the value
having a variance of 1.0. Values were back-transformed to ELISA OD valoes$opri

reporting results.

| used a 2-tiered approach to analysis in order to maintain a reasonatly size
model set. The first tier of analysis was used to identify an appropriatéation
structure and was necessary to account for covariance in the data induepddtgdly
sampling individual animals. | examined 6 covariance structures to determutelvest
accounted for the potential correlation contained in the dataset by using eatiiresin
combination with the global covariate model (Model 8 _age_sex). The top ranked
structure was subsequently used in the second tier of analysis. The 6 covariance
structures that | examined included: an independent error model to determine viéser
evidence for correlation among samples; a random intercept model that modgled onl
within-individual correlation by treating each individual’s intercep} &s a random

variable drawn from a common distribution (Jensen 2001); a random intercept and a
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random time effect model that included both within-individual and temporal coorelati

with the temporal correlation modeled through the specification of a conditionally
autoregressive (CAR) prior on the random time effgo(d.e.,t]wN[t]-_l, atzime] forj>1,
andt,~N[0,dZ,,.]; Bannerjee et al. 2004)) ; a first-order autoregressive structure for the
covariance matrix¥), which creates a decreasing temporal correlation as a function of
the time between observations (Diggle et al. 1994); and a heterogeneous variarice mode
for £ with and without a random intercept term. Settingup the heterogeneous

variance model in this way creates a unique variance for observations coleeteth i
sampling period with the exception that the variance for the last sampliagi@tevas
constrained to be equal to the variance from the first sampling occasionntdaallo

parameter estimation. This last model induces further temporal correlatiarOAR

prior specified for the inverse of the variances or the precision{—:@.el“,[aj, Bj],
j

2
X B; andB; = B—lz forj>1, andiz~l“[0.1,0.1]; Bannerjee et al. 2004). |
1 a105_4 of

0(]-=g

9j
provide a more detailed description of these 6 models in Appendix II.

In the second tier of analysis | used the best-fitting correlation steuictentified
in the first tier of analysis and applied that to a set of models that represented the
plausible antibody responses to treatment over time that might occur aft afres
vaccination. This allowed me to examine 2 main covariates of interest: vatieioes
and a trend effect. Specifically, the vaccine effects revealed changebods
concentration due to vaccination with each of the vaccines, while the trend effec
revealed changes in antibody concentration through time following vaccination. My

model set consisted of 12 primary models that included acute, constant, or changing
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antibody levels across time as a function of treatment (Figure 3.1; Tabld adtjed
effects of age, sex, and both age and sex to each of these primary models for a total of 48
models. These 48 models included 1 strictly age-specific model, 1 strictbpseific
model, and 1 strictly age + sex-specific model to determine whetherexger aige +

sex explained antibody levels better than the specific vaccine treaffesis did.

The data likelihood in this analysis specified each standardized antibody

concentration (OD value) as a normal random variable with paran@ggarg):

vij~N(uij, 2),

wherey;; was the standardized value for tResheep foi = 1, ...,n on thej™ sampling

occasion fof = 1, ..., 4,u;; represents the mean effect for thesheep on thf" sampling
occasion, an@ was the covariance matrix. Thus, given these 2 parameters | assumed
each sheep’s antibody response was conditionally independent. To model the underlying
biological process of interest | modeleg; as a function of covariates and, if included in

the selected covariance structure in the first-tier of analysidpra effects that account

for the sampling process:

Hij =z + x;B + 7,
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wherez;~N (0, g?,) is a random intercept for each individual to account for within

individual correlationy;; is akx1 vector of covariates for thé sheep across tfjé

sampling occasiorg is ak x1 vector of parameter estimates for these covariates, and
2 . . .

7;~N (0, 0{ime) is @ random time effect to account for temporal correlation of

observations. Due to the standardization of the response variables, no intercepsterm wa

included in theB vector.

Estimating the unnormalized joint posterior density for each parametere@qui
specifying prior densities for each parameter based on prior knowledge oftdma.sys
Because | lacked prior knowledge on the effect of these covariates, | uskedea lior
distribution of N(0,1000) on the treatment, trend, age, and sex effect parameters. For the
leukotoxin analysis, | specified a diffuse U(0,100) prior for the residuadatdn
deviations and the random intercept standard deviation, and a U(0,10) for the random
time effect standard deviation. Additionally, | specified CAR priors in the rsodel
containing the random time effect as well as the heterogeneous variedeks ias
described previously. Lastly, for models containing first-order autageessvariance
matrices, the correlation parameter\as given a U(0,1) prior because only positive
correlations are reasonable for this study. FoMheaemolytica whole cell analysis, all
prior densities were the same as for the leukotoxin analysis with the following
exceptions: | specified a U(0,10) prior for the residual standard deviations and the
random intercept standard deviation, and a U(0,1) for the random time effect standard
deviation. | specified less diffuse priors in this analysis because df aflaariation in

the observed data.

66



| used deviance information criterion (DIC) to conduct model selection and to
determine which covariate and correlation model was best supported by the eindence
the data (Spiegelhalter et al. 2002). | assumed that the model with the lo@est|d
was the model best supported by the data, and | estimated differences inUekC va
(ADIC) among models in the candidate set, model likelihoods, and model probabilities to
determine the strength of evidence for each model (Burnham and Anderson 2002,

Farnsworth et al. 2006).

| used 3 chains with overdispersed starting values, and a burn-in of 100,000
iterations before drawing 100,000 samples from the posterior distribution for irderenc
about each of the model parameters. FoMhleaemolytica whole cell analysis, |
thinned the chains by 5 prior to making inference about the model parameters. Results

are based on the mean of parameter estimates for the top ranked model.

| assessed the convergence and mixing of top models using the boa package of
program R (Smith 2007; R Development Core Team, 2010). Specifically | looked at
sampler lag-autocorrelation plots, density plots, and trace plots for eachpamteeter,
as well as the multivariate potential scale reduction factors and tstiofahe corrected

scale reduction factors (Gelman and Rubin, 1992).

RESULTS
Leukotoxin neutralizing antibodies
The first step of the Lkt neutralizing antibody analysis involved assesgrig

of the 6 different correlation structures using the global covariate modektoniee
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which structure was the best fit. Results of model selection indicate tHeanidem
intercept and random time effect” structure yielded the most approporaieiance

structure (Table 3.3). This structure carried 0.80 of the model weight and was 4.0 time
more likely than the second ranked covariance model (Table 3.3). This struasure w

used for the remainder of the Lkt neutralizing antibody analysis.

For the second tier of analysis, the top 8 models carried essentially the entire
cumulative weight of the model set (cumulative 0.99) while the remaining 40 models
did not contribute appreciably to the cumulative model weight (cumublativ€.01;
Table 3.4). These top 8 models were composed of all 4 variations of 2 different primary
models, model 6 and model 8 (Model 6: unequal treatment effects, autogenous time trend
=0, One Shot time trerngl0; Model 8: unequal treatment effects, different time trends;

see Figure 3.1).

My top model, model 6_age carried a model weight of 0.20. This model
incorporates unequal vaccine treatment effects, a time trend on the effactiofation
with One Shot over the 6 week sampling period, and a constant effect of vaccindtion w
the autogenous vaccine over the same sampling period (Figure 3.1: Model 6). Animals
vaccinated with either vaccine had higher Lkt neutralizing antibodies/estatcontrols
in this experiment. Vaccination with One Shot increased antibody levelsafroean
OD value of 0.049 to an OD value of 0.13 (95% credible interval [CI]: 0.11, 0.15) while
vaccination with the autogenous vaccine increased antibody concentra@n®D
value of 0.067 (95% CI: 0.049, 0.085; Figure 3.2). After the initial response to
vaccination with One Shot observed at 2 weeks post vacciniioneutralizing

antibodies declined to an OD value of .10 (95% CI: 0.084, 0.12) by week 4 and 0.074
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(95% CI: 0.053, 0.096) by week 6. At the same time, the antibody level of animals
vaccinated with the autogenous vaccine remained constant over the 6 weekgampli
period after the initial response to vaccination. Antibody levels were hayren OD

value of 0.0072 for each year of an animal’s age (95% CI: 0.0032, 0.011) regardless of

treatment group.

Throughout the model set, the 4 variations of each primary model were ranked in
order: age effects, age + sex effects, neither age or sex effectexasftests. This
indicates that age was an important predictor of antibody level (cuvauator models
with age = 0.69; cumulatiwe for models without age =0.31). In addition, 95% credible
intervals for the sex effects of the 2 highest ranking models that containetfessx
(Model 6_age_sex and Model 8 age sex) both solidly included 0, indicating that any

effect of sex on antibody level was weak at best.

Convergence diagnostics for the top ranked model did not provide any evidence
of non-convergence for any of the model parameters. The corrected dcaksore
factors for the Brooks, Gelman, and Rubin Convergence Diagnostics weresatladlys
1.0 (range: 0.9999993, 1.0005986), while the multivariate potential scale factor was
1.000159. In addition, plots of sampler lag—autocorrelations, estimated posterity, dens

and sampler trace all supported convergence (Appendix V).

Mannheimia haemolytica whole cell antibodies

The first stage oM. haemolytica whole cell antibody concentration analysis

resulted in the “heterogeneous variance with a random intercept'us&rieing ranked
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highest out of the 6 correlation structures (Table 3.5). This structure wagseitbe

used for the remainder of tiv haemolytica whole cell analysis.

Model selection results for the second stagél diaemolytica whole cell
antibody analysis revealed a large degree of model selection uncesaintyo model
carrying more than 10% of the model weight (maximwrs 0.10; Table 3.6). The top 4
models in the model set were the 4 variations of primary model 5 (Model 5: unequal
treatment effects, no time trend; Table 3.6), and combined, those models yielded a

cumulative weight of 34% (cumulative= 0.34).

Making inference from the top model (Model 5_age), One Shot had a slightly
negative effect on antibody levels, lowering whole cell antibody concamtsatiom a
mean OD value of 0.126 to an OD value of 0.115 (95% CI: 0.105, 0.125), while the
autogenous vaccine stimulated a negligible increase in antibody concenti@&on®D
value of 0.127 (95% CI: 0.117, 0.137; Figure 3.3). The 95% CI's for the vaccine
treatment effects overlapped indicating that there was no differencewnthe cell
antibody response stimulated by these 2 vaccines. Likewise, the 95% CI fdetheff
the autogenous vaccine on antibody levels was nearly centered on zero, indicating tha
the autogenous vaccine did not affect whole cell antibody levels. Antibody concentration
did vary by age however, with concentrations being increased by an OD value of 0.011
(95% CI: 0.0053, 0.016) for each year of an animal’s age. Nearly identical parame
estimates were obtained with the second ranked model (Model 5_age_sex), and the
addition of the sex effect in that model revealed sex to be insignificant as thel95% C

included 0.
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Convergence diagnostics performed on the top model did not indicate non-
convergence in any of the model parameters. Plots of estimated postenity;, dens
sampler lag—autocorrelations, and sampler trace all supported convergppeadiX
IV). The corrected scale reduction factors for the Brooks, Gelman, and Rubin
Convergence Diagnostics were all essentially 1.0 (range: 0.9999985, 1.0001684) and the

multivariate potential scale factor was 1.000152.

DISCUSSION

This study revealed that both One Shot and the autogenous vaccine were capable
of stimulating Lkt neutralizing immune responses in captive bighorn sheep.migtiss
that either vaccine might provide some level of protection from the damagints effec
Lkt during infections with Lkt producing strains Bésteurellaceae if administered at an
appropriate time. Results of this study indicate that One Shot induced gig¢ater
neutralizing antibody production than did the autogenous vaccine. Whether this equates
to increased protection from the effects of Lkt was outside the scope of this stud
however, past vaccine research with bighorn sheep indicates that Lkt neggraliz
antibody concentrations are correlated with the degree of protection fpmrragntal
challenge withPasteurellaceae (Kraabel et al., 1998), and the same has been found in

domestic animals (Gentry et al., 1985; Srinand et al., 1996a).

| did not find any positivéM. haemolytica whole cell antibody response to either
vaccine. This failure contrasts my previous findings that the autogenous vaccine did
stimulate an increase M. haemolytica whole cell antibodies in captive bighorn sheep
(Chapter 1), and that One Shot stimulated an increase in whole cell antibodies in fre
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ranging bighorn sheep (Chapter 2). Several factors might partiatiyricior these
differences including small sample size (Chapter 1), lack of controlp{€t®), or strain
differences in the isolates used for the antibody assay. Regardless, thfedadhole
cell antibody response that | observed may not necessarily be overly cogcdrast
research has fourd. haemolytica whole cell antibodies alone to be inadequate at
providing protection fronPasteurellaceae (Kraabel et al., 1998) and Lkt neutralizing
antibodies likely play a more important role in mitigating damage cayspddumonic

pasteurellosis.

| found age to be positively associated with serum concentrations of both Lkt
neutralizing andvl. haemolytica whole cell antibodies: older animals had consistently
higher levels of both antibody types regardless of vaccination status. Thesatasss
have been observed previously in vaccinated bighorn sheep (Miller et al., 1997), and
likewise, Delgado et al. (1996) found age to be positively correlated with the post
vaccination antibody levels of domestic sheep after receivBrgae la melitensis
vaccine. The extreme vulnerability of bighorn lambs to the effects of pneumonic
pasteurellosis may be partially explained by their age-related kntidody levels. Not
only do lambs tend to have fewer protective circulating antibodies to provide a defense
againstPasteurellaceae infections, but they also probably do not produce as many
antibodies in response to infection wiRhsteurellaceae as an older animal wouldThis
may result in a diminished chance of successfully fighting off these redior young-
aged animals and could explain how the lingering effect of pasteurellosis inrbighor

sheep might manifest itself in low lamb recruitment for many yeass aft outbreak.
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In this study, even vaccination failed to successfully increase lamb antibody
concentrations to the same level as adult animals. One potential explanatios for thi
trend is that the higher antibody concentrations seen in older animals asuthefr
relatively longer term exposure Rasteurellaceae over their lifetimes, and that their
immune system responds to vaccination with a secondary immune response whereas
lambs were exhibiting more of a primary immune response. Perhaps equivdileoatly
concentrations could be obtained if lambs were administered 1 or more vaccine boosters

over several weeks or months’ time.

Another potential explanation for the poor antibody responses of bighorn lambs is
that high antibody levels in adult bighorn ewes at the time of parturition mayires
maternal antibody interference, where maternally derived antibodietsweh and
eliminate vaccine antigens before the lamb’s own immune system has an opptotunit
recognize and respond to those antigens. Vitour et al. (2011) document such a scenario
with cattle where passively derived maternal antibodies from vaccinatesildacked
immune responses to an inactivated bluetongue vaccine in calves that \aéze then
16 weeks old. This explanation also agrees with the findings of Cassirer2€04]) {hat
bighorn ewes with lower antibody concentrations were more likely to téanoips than
ewes with higher antibody concentrations, and the findings of Kiorpes et al. (1991) tha
domestic lambs born to unvaccinated ewes responded better to vaccination than lambs

born to vaccinated ewes.

Based on the findings of this study, | suggest to wildlife managers that, when
vaccinating ewes, timing relative to parturition and the potential for nmadtantibody

blocking should at least be considered. My earlier work with both vaccines (CHapters
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and 2) demonstrated that antibody levels can wane to pre-vaccination levelsrithBawe

4 weeks (autogenous vaccine) or 12 months (One Shot). Based on the trend parameter of
the top Lkt neutralizing antibody model (Model 6_age) of this study, One Shot-induced
antibody levels should return to pre-vaccination levels in less than 8 weeks following
vaccination. If maternal antibody blocking is of concern, vaccinating as &viance of
parturition as possible may still prime the ewe’s immune system in priepaiat a later
secondary immune response, while not exposing the lamb to higher than necessary
antibody concentrations that may hinder its own immune response via interfelrence.

the end, it may be necessary to weigh the potential trade-off between atteimpting

increase lamb survival during the early days of life while materndédaahés provide the

most protection, and attempting to increase lamb survival during the period ofteme a

the maternal antibodies have waned and the lamb’s own immune response is beginning to

provide protection.

Despite the difference in immune responses stimulated by the 2 vaccines, the
still may be reasons to consider using the autogenous vaccine, or using the autogenous
vaccine in combination with One Shot. For one, the autogenous vaccine may provide a
more specific immune response targeted toward the particular strainsesfabteit are
currently causing pasteurellosis in bighorn sheep in Colorado. Secondly, the ptdential
using these 2 vaccines in combination may actually provide greater codsstpn from
a wider array oPasteurellaceae strains. Lastly, there was a declining trend on
antibodies induced by One Shot over the 6 weeks of this study, and while the autogenous

vaccine stimulated much less of a response, no trend was detected over the subsequent
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sampling occasions, indicating that the antibody response to the autogenousmagcine

be of longer duration.

In conclusion, both One Shot and the autogenous vaccine stimulated immune
responses that may confer some level of protection from the effects of pneumonic
pasteurellosis in Rocky Mountain bighorn sheep. While this would certainly be useful
some circumstances, boosting antibody concentrations in bighorn ewes may be
counterproductive in situations where lamb immune responses could be hindered,
especially during the early weeks post-parturition, when lambs are mostallne
These findings should be supplemented with further work to unequivocally determine
what, if any, effect of vaccinating bighorn ewes with these vaccines hambrirhmune

responses.
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Table 3.1: Origin and bighorn sheep herd history oPdmteurellaceae isolates used in the production of an autogenous
Pasteurellaceae vaccine used in an experimental comparison with the commercial vaccineh@fiSaptive bighorn sheep in
2010. See Wolfe et al. (2010) and Miller and Wolfe (2011) for further information on golate

Herd of origin Location Herd History Species and biogroup  Serotypelatést

Avalanche Creek 39° 13" 53" N Poor lamb recruitment B. trehalosi 4° T3 08-0381-011
107° 13" 32" W

Fossil Ridge 38°33"52"N Pneumonia Die-off, Dec 2007 B. trehalosi 4°°* unknown  07-1920-003
106’ 38’ 03" W

Fossil Ridge 38° 33" 52" N Pneumonia Die-off, Dec 2007 M. haemolytica 1° A2 07-1920-001
106’ 38’ 03" W

Fossil Ridge 38° 33" 52" N Pneumonia Die-off, Dec 2007 M. haemolytica 1° A2 08-0200-195

106’ 38’ 03" W
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Table 3.2: The 12 primary models used for the second tier of analysis of serum amvedslynl captive bighorn sheep vaccinated
with the commercially availableasteurellaceae vaccine One ShBtan autogenouBasteurellaceae vaccine, or a sterile saline
placebo in 2010.

Model # Description Model
1 No treatment effects Y=0
2 Equal treatment effects, no time trend Y =&
3 Equal treatment effects, equal time trends Ya=oW Ta=0
4 Equal treatment effects, unequal time trends YasoM Ta+ To
5 Unequal treatment effects, no time trend Y =tWo
6 Unequal treatment effects, autogenous time trend = 0, OS timettend = Va + Vo + Ta
7 Unequal treatment effects, equal time trends Ya=+Wo + Ta=0
8 Unequal treatment effects, unequal time trends Yo% Vo+ Ta+ To
9 Equal acute treatment effects Y = Aa-0
10 Unequal acute treatment effects Y =Aa+ Ao
11 Acute treatment effect autogenous vaccine only Y“=A
12 Acute treatment effect One SRainly Y = Ao

Y = change in antibody concentration

Aa = acute effect of vaccination with autogenous vaccine

Ao = acute effect of vaccination with One Shot

Aa=o = equal acute vaccination effects with either the autogenous vaccine and Ghe Shot
Ta = time trend on antibody concentration after vaccination with the autogenoursevacc

To = time trend on antibody concentration after vaccination with Oné Shot

Ta=0 = equal time trends after vaccination with either the autogenous vaceme@hdt

Va = effect of vaccination with autogenous vaccine

Vo = effect of vaccination with One SHot

Va=o0 = equal vaccination effects with either the autogenous vaccine and Offe Shot
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Table 3.3: Model selection results from the first tier of an analysis camgghe leukotoxin neutralizing antibody concentration
responses stimulated by an autogerfasseurellaceae vaccine and the commerciésteurellaceae vaccine One Sh8t intended to
determine the best fitting covariance structure in combination with the globatiate model (Model 8 _age sex). DIC is Deviance
Information CriterionA DIC is the difference in DIC between the model of interest and the top ranket] liketleood indicates the
model likelihood, and the model weight is the probability that the model is the best mdaemndel set given the data.

Model Covariance Structure DIC ADIC Likelihood Weight
Model 8_age_sex random intercept and random time effect 210.22 0.00 1.00 0.80
Model 8_age_sex heterogeneous variance with a random inte2d@95 2.73 0.26 0.20
Model 8 age_sex random intercept 22555 15.33 0.00 0.00
Model 8 age_sex first order autoregressive structure 254.12 43.90 0.00 0.00
Model 8 _age_sex heterogeneous variance 256.66 46.45 0.00 0.00
Model 8 age sex independent error 276.07 65.85 0.00 0.00




Table 3.4: Model selection results for the top 20 ranked covariate models of serum
leukotoxin neutralizing antibody concentrations in captive bighorn sheep vaccindied wit
the commercially availablBasteurellaceae vaccine One Shtan autogenous
Pasteurellaceae vaccine, or a sterile saline placebo in 2010, utilizing a random intercept
and random time effect correlation structure. DIC is Deviance InformatiteriGn, A

DIC is the difference in DIC between the model of interest and the top ranked model
likelihood indicates the model likelihood, and the model weight is the probability that the
model is the best model in the model set given the data.

Model DIC ADIC Likelihood Weight
Model 6_age 209.35 0.00 1.00 0.20
Model 6_age_sex 209.58 0.23 0.89 0.18
Model 8_age 209.69 0.34 0.85 0.17
Model 8_age_sex 209.95 0.60 0.74 0.15
Model 6 210.98 1.63 0.44 0.09
Model 6_sex 211.15 1.80 0.41 0.08
Model 8 211.38  2.03 0.36 0.07
Model 8_sex 21151  2.16 0.34 0.07
Model 7_age 222.20 12.85 0.00 0.00
Model 7_age_sex 222.46 13.11 0.00 0.00
Model 7 223.99 14.65 0.00 0.00
Model 7_sex 224.18 14.83 0.00 0.00
Model 10_age 227.03 17.69 0.00 0.00
Model 10_age_sex 227.27 17.93 0.00 0.00
Model 10 228.55 19.20 0.00 0.00
Model 10_sex 228,59 19.24 0.00 0.00
Model 12_age 228.76  19.41 0.00 0.00
Model 12_age_sex 229.08 19.73 0.00 0.00
Model 12 230.18 20.83 0.00 0.00
Model 12_sex 230.29 20.94 0.00 0.00

age: model includes age effect

sex: model includes sex effect

Model 6: unequal treatment effects, autogenous time trend = 0, Orfeti®trend 0
Model 7: unequal treatment effects, equal time trends

Model 8: unequal treatment effects, unequal time trends

Model 10: unequal acute treatment effects

Model 12: One Shé&tacute treatment effect, no effect of autogenous vaccine
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Table 3.5: Model selection results from the first tier of an analysis aomgg@dannheimia haemolytica whole cell antibody
concentration responses stimulated by an autogdPastsrellaceae vaccine and the commerciRasteurellaceae vaccine One

Shof, intended to determine the best fitting covariance structure in combinatiomaigtobal covariate model (Model 8_age_sex).
DIC is Deviance Information Criteriom DIC is the difference in DIC between the model of interest and the top ranked model,
likelihood indicates the model likelihood, and the model weight is the probability thaotte e the best model in the model set
given the data.

Model Covariance Structure DIC ADIC Likelihood Weight
Model 8 _age_sex heterogeneous variance with a random inte@&pH{7 0.00 1.00 0.93
Model 8 _age_sex random intercept and random time effect 99.71 6.14 0.05 0.04
Model 8 age_sex random intercept 100.48 6.91 0.03 0.03
Model 8 _age_sex first order autoregressive structure 168.64  75.08 0.00 0.00
Model 8 _age_sex heterogeneous variance 291.18 197.61 0.00 0.00

Model 8 age sex independent error 291.89 198.32 0.00 0.00




Table 3.6: Model selection results for the top 24 ranked covariate models of serum whole
cell M. haemolytica antibody concentrations in captive bighorn sheep vaccinated with the

commercially availabl®asteurellaceae vaccine One Sh8fan autogenous

Pasteurellaceae vaccine, or a sterile saline placebo in 2010, utilizing a heterogeneous
variance with a random intercept correlation structure. DIC is Deviafaeniation
Criterion, A DIC is the difference in DIC between the model of interest and the top
ranked model, likelihood indicates the model likelihood, and the model weight is the
probability that the model is the best model in the model set given the data.

Model DIC ADIC Likelihood Weight

Model 5_age 89.40 0.00 1.00 0.10
Model 5_age_sex 89.57 0.17 0.92 0.09
Model 5 89.87 0.47 0.79 0.08

Model 5_sex 89.97 0.56 0.76 0.07
Model 6_age 91.11 1.70 0.43 0.04
Model 6_age_sex 91.40 2.00 0.37 0.04
Model 6 91.63 2.23 0.33 0.03

Model 7_age 91.80 2.40 0.30 0.03
Model 2_age 91.81 2.41 0.30 0.03
Model 4_age_sex 91.81 2.41 0.30 0.03
Model 4_age 91.81 241 0.30 0.03
Model 6_sex 91.89 2.49 0.29 0.03
Model 7_age_sex 91.90 2.50 0.29 0.03
Model 2_age_sex 92.04 2.64 0.27 0.03
Model 4 92.13 2.73 0.26 0.03

Model 7 92.19 2.79 0.25 0.02

Model 2 92.20 2.79 0.25 0.02

Model 4_sex 92.30 2.89 0.24 0.02
Model 2_sex 92.48 3.07 0.22 0.02
Model 7_sex 92.51 3.11 0.21 0.02
Model 1_age 92.79 3.39 0.18 0.02
Model 1_age_sex 92.98 3.58 0.17 0.02
Model 1 93.15 3.75 0.15 0.02

Model 1_sex 93.36 3.96 0.14 0.01
Model 8_age 93.36 3.96 0.14 0.01
Model 8_age_sex 93.56 4.15 0.13 0.01
Model 8 93.86 4.46 0.11 0.01

Model 8_sex 94.03 4.63 0.10 0.01
Model 3_age 94.21 4.81 0.09 0.01

Table continued...
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Table continued...

Model 3_age_sex 94.30
Model 3 94.57
Model 12_age 94.576
Model 3_sex 94.76
Model 12_age_sex 94.909
Model 12 94.942
Model 11_age 95.139
Model 9_age 95.156
Model 12_sex 95.265

4.90
5.17
5.17
5.35
5.51
5.54
5.74
5.75
5.86

0.09
0.08
0.08
0.07
0.06
0.06
0.06
0.06
0.05

0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01

age: model includes age effect
sex: model includes sex effect
Model 1: no effect

Model 2: equal treatment effects, no time trend
Model 3: equal treatment effects, equal time trends

Model 4: equal treatment effects, unequal time trends

Model 5: unequal treatment effects, no time trend
Model 6: unequal treatment effects, autogenous time trend = 0, Orfetigt®trend® 0

Model 7: unequal treatment effects, equal time trends;
Model 8: unequal treatment effects, unequal time trends

Model 9: equal acute treatment effects

Model 11: autogenous vaccine acute treatment effect, no effect from Offe Shot
Model 12: One Shé&tacute treatment effect, no effect of autogenous vaccine
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Figure 3.1: Graphical representation of the 12 primmodels for the mean effect &
time trend over the four weeks following vaccinatibat were used in the analysis
serum antibody concentrations in captive bighoeephvaccinated with tt
commercially availabl®asteurellaceae vaccine One Sh8f an autogenot
Pasteurellaceae vaccine, or a sterile saline placebo in 2 The model parameters ¢
defined as followsY = change in antibody concentratiora = acute effect o
vaccination with autogenous vaccineo = acute effect of vaccination with One <;
Aa=0 = equal acute vaccination effects with either thigenous vaccine and O
Shof; Ta = time trend on antibody concentration after vaation with the autogenot
vaccine; B = time trend on antibody concentration after vaatiom with One Shi®;
Ta=0 = equal time trends after vaccination with the gatwus vaccine or One S®; Va
= effect of vaccination with autogenous vaccino = effect of \accination with On
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Figure 3.2: Estimated serum leukotoxin neutralizing antibody concentraticaptive

Rocky Mountain bighorn sheep in the weeks following vaccination with two different
Pasteurellaceae vaccines based on the parameters of the top-ranked model. The dashed
line represents antibody concentrations of animals vaccinated with an autogenous
Pasteurellaceae vaccine, the dotted line represents antibody concentrations of animals
vaccinated with the commerciBasteurellaceae vaccine One Sh8tand the solid line
represents antibody concentrations of control animals treated with a sainkeplacebo.
Week 0 represents pre-vaccination antibody concentrations.
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Figure 3.3: Estimated serulh. haemolytica whole cell antibody concentrations in

captive Rocky Mountain bighorn sheep in the weeks following vaccination with two
different Pasteurellaceae vaccines based on the parameters of the top-ranked model. The
dashed line represents antibody concentrations of animals vaccinated witbganaus
Pasteurellaceae vaccine, the dotted line represents antibody concentrations of animals
vaccinated with the commerciBhsteurellaceae vaccine One Sh8tand the solid line
represents antibody concentrations of control animals treated with a sainkeplacebo.
Week 0 represents pre-vaccination antibody concentrations.
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Indirect ELISA to measure antibodies to whole cell bacteria

1. Add 50 pl of poly-L-lysine (PLL) solution (1 mg/100 ml PBS, pH 7.2) to wells of
96 well polyvinylchloride microtiter plate and incubate for 2 hrs at RT.

2. Remove PLL and add bacterial suspension — 2.¢ xdl/50 pl ( = 4.0 x 10
cells/ml)PBS to each well.

3. Centrifuge plates at 1000 x g for 10 min and remove supernatant.

4. Add 50 pl of 0.5% glutaraldehyde (v/v in cold PBS) to each well and incubate at
RT for 30 min. Remove glutaraldehyde and wash plates twice with PBS.

5. Block unbound sites on plates with 200 mM glycine-1% BSA (pH 7.6) and
incubate at RT for 1 hr.

6. Remove blocking solution and wash twice with PBS. Air dry plates at RT and
store at 4° C until needed.

7. Dilute culture fluid, ascites fluid, or plasma appropriately. Add 50 ul of the
preparation to each Ag coated well and incubate for 45 min at RT in a humified
chamber.

8. Wash plates 3 times with PBS-T20. Add peroxidase labeled rabbit antibodies to
sheep Ig. Incubate plates again for 45 min in humified chamber. Wash plates 3
times with PBS-T20.

9. Add substrate and incubate until sufficient color development. Read plates at 405
nm. Titer of Abs to WC Mh = reciprocal log of highest dilution yielding a

positive reading.
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APPENDIX II: Covariance Structures for the First Tier of Anasyse
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First-order autoregressive structure (AR[1]): this corresponda toodel that
attempts to model serial correlation in the residuals as r@aig function of
distance between observations. Matrix depicted below displays tienocea
matrix for the data of the samples for the first individual.

Heterogeneous Variance Model: this model assumes a different variance
parameter for each sampling occasion and temporal autocorrelation is induced via
the prior density on the precision parameter (inverse of the variance). The prior
for each precision parameter was specified using a conditional autoregjressi
(CAR) structure with the exception of the precision for the first sampling
occasion, which had was given a diffuse Gamma(0.1, 0.1) prior. Also the
precision parameter for the fourth occasion was constrained to be equal to the
precision parameter for the first sampling occasion to allow paranstit@agon.
Thus, the precision parameters with the CAR prior were specified to have the
following distribution:tau;~Gamma(a;, B;) , wherea; = tau;_; X B; and

__tau;_q

Bi = 0 This prior structure sets the mean ofitherior equal to thé-1

precision parameter and maintains the same variance as the Gamma(0.1,0.1) prior
for the first precision parameter (i.e., a CAR structure on the prior).

Random Intercept Model: this corresponds to the assumption that each individual
has its own intercept/mean that is drawn from a common distribution, and is
analogous to specifying a random individual effect. The model essentialhgs mea
that observations made on an individual are correlated, but doesn’t attempt to
model any temporal correlation.

Yij = Bo+ Pixs + -z + ey

wheree;;~N (0, 02) andz; = N(0, a?,) for thei" individual during thg"
sampling occasion.
Random Time Effect Model: this includes a random effect parameter that has

CAR prior (i.e.,tj~N(tj_1, 0%me) andt;~N(0,4,,.)) to induce temporal
correlation.

Yij = Bo+ Bixy + -+ tj + ey
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wheree;;~N(0,02), andt;~N(0,s?) for thei™ individual during thg"

sampling occasion.

Random Intercept and Random Time Effect Model: this model is a combination
of the random intercept model and the random time effect model.

Independent Errors Model: this corresponds to a normal regression model that
assumes each observation is independent.

Yij = Bo+ Bixs + - + ey

wheree;;~N (0, g?) for thei™ individual during thg™ sampling occasion.
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APPENDIX Ill: Convergence Testing Plots for Chapter 1
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Figure IIl.1: Plots of sampler lag-autocorrelations for each model p&eamf the top-

ranked model used to estimate leukotoxin neutralizing antibody concentratiopsive ca
bighorn sheep in response to vaccination with an autogenous vaccine in 2009, where B[1]
is the vaccine effect, B[2] is the booster effect, B[3] is the mean of tkdemaintercept,

sig is the residual standard deviation, and sig2 is the standard deviation of the random
intercept.
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Figure II1.2: Plots of estimated posterior density for each model paeamf the top-

ranked model used to estimate leukotoxin neutralizing antibody concentratiopsive ca
bighorn sheep in response to vaccination with an autogenous vaccine in 2009, where B[1]
is the vaccine effect, B[2] is the booster effect, B[3] is the mean of themamdercept,

sig is the residual standard deviation, and sig2 is the standard deviation of the random
intercept.
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Figure I11.3: Trace plots for each model parameter of the top-camiaelel used to

estimate leukotoxin neutralizing antibody concentrations in captive bighorp shee
response to vaccination with an autogenous vaccine in 2009, where B[1] is the vaccine
effect, B[2] is the booster effect, B[3] is the mean of the random intercepd, thig i

residual standard deviation, and sig2 is the standard deviation of the random intercept.
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Figure IIl.4: Plots of sampler lag-autocorrelations for each modetnedea of the top-
ranked model used to estimétannheimia haemolytica whole cell antibody

concentrations in captive bighorn sheep in response to vaccination with an autogenous
vaccine in 2009, where B[1] is the vaccine effect, B[2] is the mean of the random
intercept, sig is the residual standard deviation, and sig2 is the standarddefitie

random intercept.
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Figure 111.5: Plots of estimated posterior density for each model phearf the top-

ranked model used to estimai@nnheimia haemolytica whole cell antibody

concentrations in captive bighorn sheep in response to vaccination with an autogenous
vaccine in 2009, where B[1] is the vaccine effect, B[2] is the mean of the random
intercept, sig is the residual standard deviation, and sig2 is the standatobdefithe
random intercept.
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Figure II.6: Trace plots for each model parameter of the top-ranked oEmteto
estimateMannheimia haemolytica whole cell antibody concentrations in captive bighorn
sheep in response to vaccination with an autogenous vaccine in 2009, where B[1] is the
vaccine effect, B[2] is the mean of the random intercept, sig is the statelaation, and

sig2 is the residual standard deviation of the random intercept.
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APPENDIX IV: Convergence Testing Plots for Chapter 3
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Figure IV.1: Plots of sampler lag-autocorrelations for each model péeawt the top-
ranked model used to estimate leukotoxin neutralizing antibody concentrati@pudive c
bighorn sheep in response to vaccination with Rasteurellaceae vaccines, where Bl is
the age effect, sd is the standard deviations for the residualstggtandard deviation
for the random intercept, sd2 is the standard deviation of the random time efifiecf3jre
is the time trend on the effect of vaccination with the commercial vaccine@fe S
trt[2] is the effect of vaccination with an autogenous vaccine, trt[3] is thetedf
vaccination with One Shot, and trtdiff is the difference in treatment effetigeen the
two vaccines.
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Figure IV.2: Plots of estimated posterior density for each model paraofi¢her top-
ranked model used to estimate leukotoxin neutralizing antibody concentrati@pudive c
bighorn sheep in response to vaccination with Rasteurellaceae vaccines, where Bl is
the age effect, sd is the standard deviations for the residualstggtandard deviation
for the random intercept, sd2 is the standard deviation of the random time efifiecf3jre
is the time trend on the effect of vaccination with the commercial vaccinel@fe S
trt[2] is the effect of vaccination with an autogenous vaccine, trt[3] is thetedf
vaccination with One Shot, and trtdiff is the difference in treatment effetigeen the
two vaccines.
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Figure IV.3: Trace plots for each model parameter of the top-ranked osmteto

estimate leukotoxin neutralizing antibody concentrations in captive bighorp shee
response to vaccination with tviRasteurellaceae vaccines, where Bl is the age effect, sd
is the standard deviations for the residuals,isthkstandard deviation for the random
intercept, sd2 is the standard deviation of the random time effect, trendH&8]tise

trend on the effect of vaccination with the commercial vaccine Oné& Shf2] is the

effect of vaccination with an autogenous vaccine, trt[3] is the effect oinadmmn with

One Shot, and trtdiff is the difference in treatment effects between the teioes
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Figure IV.3: (continued)
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Figure IV.4 Plots of estimated posterior density for each model paraofi¢ier top-
ranked model used to estimétannheimia haemolytica whole cell antibody
concentrations in captive bighorn sheep in response to vaccination with two

Pasteurellaceae vaccines, where B1 is the age effectj]sd[the standard deviations for

the residuals during’ sample occasion €1, ...,4), sdis thestandard deviation for the

random intercept, trt[2] is the effect of vaccination with an autogenous vacci8gistrt[

the effect of vaccination with the commercial vaccine One®Slaoid trtdiff is the
difference in treatment effects between the two vaccines.
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Figure IV.4: (continued)
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Figure IV.5: Plots of sampler-lag autocorrelation for each model p&eaofehe top-
ranked model used to estimatannheimia haemolytica whole cell antibody
concentrations in captive bighorn sheep in response to vaccination with two
Pasteurellaceae vaccines, where B1 is the age effectj]sd[the standard deviations for
the residuals during’ sample occasion €1,...,4), sdis thestandard deviation for the
random intercept, trt[2] is the effect of vaccination with an autogenous vacdBigstrt
the effect of vaccination with the commercial vaccine One®Sland trtdiff is the
difference in treatment effects between the two vaccines.
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Figure IV.5: (continued)
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Figure IV.6: Trace plots for each model parameter of the top-ranked osmteto
estimateMannheimia haemolytica whole cell antibody concentrations in captive bighorn
sheep in response to vaccination with ®asteurellaceae vaccines, where Bl is the age
effect, sdf] is the standard deviations for the residuals dujffreample occasion (
=1,...,4), sdls thestandard deviation for the random intercept, trt[2] is the effect of
vaccination with an autogenous vaccine, trt[3] is the effect of vaccinattortivei
commercial vaccine One Sfipand trtdiff is the difference in treatment effects between
the two vaccines.
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Figure IV.6: (continued)
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