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ABSTRACT

Respiratory disease (pneumonia) is a persistent challenge for bedtesp Qvis
canadensisconservation as sporadic epizootiesise up to 90% mortality in affected
populations and are often followed by numerous years ofueenile recruitment
attributedto lamb pneumonidbomestic sheepgQvis aries and domestic goaf€apra
aegagrus hircugare the origin of the disease aas/mptomatically carry respiratory
pathogens that cause respiratory disease when introduced to bighorrPstiieegens
that have been linked to respiratorgehse in bighorn sheep include sevepacies of
bacteria in thé*asteurellaceaéamily and another bacterial specibgjcoplasma
ovipneumoniaeDespite substantial efforts by management agencies to prevent contact
between bighorn sheep and domestic sheep and goats, respiratory diseasespizoot
continue to affect bighorn sheep populations across much of their distrititiion
uncertain etiologyThis study sought to investigate efficacy of diagnostic protocols in
detectingPasteurellaceaandMycoplasma ovipneumoniaad generate sampling
recommendations for different protocassesshe distributiorof thesedisease agents
amongl7 bighorn sheep populations in Montana and Wyomingemaduatenvhat
associations existed betwegetectionof these agents and demographic performance of
bighornsheep populationg&nalysis of replicatsampledrom individual bighorn sheep
revealed that detection probability for regulanlsed diagnostic protocols was generally
low (<50%) forPasteurellaceaand was high (>70%) fdvlycoplasma ovipneumoniae
suggesng that routine pathogen samplilikely mischaracterizerespiratory pathogen
communities Power analyses found that most pathogen species could be detected with
80% confidencat the populatioftevel by conducting regulardysed protocols multiple
times per animalEach pathogen species was detected in over half of the study
populations, and consideration of detection probability discerned that there was low
confidence in negative test results for populations wherBdlsteurellaceaspecies
were not étected. 76% of study populations hosted Mycoplaswaneumoniaand
Pasteurellaceapathogens, yet a number of these populations were estimated to have
positive population growthates and recruitment rates greater than 30%. Overall, the
results of thisvork suggest that bighorn sheep respiratory disease may be mitigated by
manipulating population characteristics and respiratory disease epizootics could be
caused by pathogens already resident in bighorn sheep populations.
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ASSESSING RESPIRATORY PATHOGEN GOMUNITIES

IN BIGHORN SHEEP POPULATIONS: SAMPLING REALITIES,
CHALLENGES, AND RECOMMENDATIONS

Introduction

Respiratory disease has been a persistent problem for bighorn sheep restoration,
with mortality during epizootics ranging from 10% to 90% of the affected populdfion
Epizootics affecting all age classes are often followed by multiple years of depressed
lamb recruitmenf2] as well as additional alige epizootics of varying duration and
severity[8,9]. The episodic nature of these disease outbreaks has led to hypotheses
regarding the e of resident pathogens in a population versus the periodic introduction
of novel pathogengl,5]. Rigorous testing of these hypotheses has been limited by
difficulties in accurately characterizing pathogen communitested by populations
bothbefore andafterdisease epizootidsegin[5]. In addition, the polmicrobial nature
of respiratory disease has made the identification of causative agents a challenging task.
Recent researctuggest Mycoplasna ovipneumonia@andPasteurellaceagamily
pathogens (leukotoxigenic strainsMénnheimiaor Bibersteiniagenus organisms and
potentiallyPasteurella multocidacan play aolein the development of respiratory
disease in bighorn sheéi 10].

Wildlife managers regularly invest resources towards sampling bighorn sheep
populations to assess what respiratory pathogens theyPhesénce of respiratory
pathogens in live animals is typically assessed by swabbing their nasal cavity and

tonsillar crypts or oropharynx and testing those swabs for pathogens using culture or
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polymerase chain reaction (PCR) metholdse results of thedests are used by wildlife
managers to determimerdhealth, diseasask, andtranslocation decisior{41,12]
However, the detection probabilitiG@nalogous to test sensitivitgj diagnostic protocols
(i.e., the complete process by whicimgdes are collected, handled, stored, and subjected
to diagnostic testdpr live-sampled bighorn sheep maylbev, particularly for
Pasteurellaceabacterig13i 15]; detection probabilities fdvl. ovipneumoniae
diagnostic praicols havenot beerreported Low detection probabilithas strong
potential to lead to inaccurate conclusions of which pathogens are responsible for
respiratory disease epizootics, and whetheroutbreak was caused injroductionof
novel pathogener increased expression pathogens already resident in the population
(e.g., increased virulence or abundance within the petfiogen complex, increased
transmission rates, or increased proportion of susceptible individuals in the population)
[4,16]. Additionally, low detection probability can lead to inappropriate or ineffective
management decisions (e.g., translocations) when sampling does not detect important
respiratory pathogens pres@ém& bighorn sheep population.

The primary objetives of this study were to: 1) estimate detection probabilities
for five bighorn sheep respiratory pathogens using various diagnostic proRjcatsess
the precision with which respiratory pathogen prevalence can be estimjated)@are
bias in prevance estimates when detection error was, or was not, consideced
evaluate the power to detect each pathogen in a populationdifégrgnt protocols with
varying levels of pathogen prevalence, sampling intensity, and population sizes. Our goal

is to provide guidance for bighorn sheep respiratory pathogen sampling and insights
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regarding the potential for mischaracterization of pathogen communities in bighorn sheep

populations.

Materials and Methods

Sample Collection and Diagnostic Protocols

Oneto four tonsil and nasal swabs were collected by trained personnel from
bighorn sheep sampled in nine fir@aging populations in Montana, ten fieaging
populations in Wyoming, and one captive population in Wyoming between March 2013
and March 2016. Amals were captured between October 1 and Marte&dh year
using chemical immobilization, baited dropts, or helicopter negunning. Bighorn
sheep were handled in accordance with IACUC permits held by Montana State
University (#s 201417 and 201482), Montana Department of Fish Wildlife & Parks
permitnumber2016:005or WyomingGame & FistDepartment (WGFD) permit number
854.

Swab samples were ltected using sterile polyestépped applicators (Puritan
#25806 1PD, Guilford, Maine, USA). Collecticof tonsil swabs was aided by the use of
a lighted swab extender and tongue depressors to better target the tonsils and tonsillar
crypts. Tonsil swab samples were assessed for the presdPastedrellaceapathogens
and nasal swabs were assessed fagoee oM. ovipneumoniaewith the exception of
one capture and sampling event where nasal swabs were also assessed for presence of
PasteurellaceapathogensReplicate sampling of individual animals was generally

conducted using tferent diagnostic proicols but was conductelly repeatinghe same
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protocoltwice for a subset of individualSamples were labeled so theplicates from

the same individual animabuld not be identified by laboratory personiidle same set

of diagnostic protocols was nased for all sampling events due to logistical constraints
including: availability of trained personnel, specialized equipment, and transport media;
agency responsible for the sampling event; and availability of laboratory pergamnel
protocolsrequiring diagnostic tests not offerdxy a feefor-service laboratory (nGRFS)

All Pasteurellaceapathogens were detected using one set of five diagnostic
protocols andV. ovipneumoniagvas detected using a different set of three diagnostic
protocols (Table 1). Diagnostic tests offered by aféeeservice (FFS) laboratory
(Washington Animal Disease Diagnostic LaboratdfADDL) were used to detect and
identify respiratory pathogens foruoprotocols (FFS protocols). Diagnostic tests
conducted at a neRFS diagnostic laboratory (Wyoming Game and Department Wildlife
Health LaboratoyWGFD) were used to detect and identify respiratory pathogens for
three protocols (n6RFS protocols)A nonFFS diagnostic testisowas conducted at
WADDL as part of protocol development. Aeasteurellaceaell FFSprotocols
detected pathogens by culture. HESM. ovipneumonia@rotocol detected this
pathogen by PCR. NeRFSprotocols used PCR (sometimesonjunction with culture)
to detect each pathogen, with the exceptioR.ahultocidawhich was only detected by

culture.
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Table1.1. Summary of diagnostic protocols usedhis studyto detectespiratory
pathogens in bighorn sheep. One set of protocols was used toRbttirellaceae
pathogens and a different set was used to detgobplasna ovipneumoniae

Pg:gggen Protocol Medid D|aLg;bc3>st|c D|a_1rgensc%st|c
Pasteurellaceae
TSB TSB WADDL Culture
PortA-Cul PortA-Cu | E WADDL Culture
Plated Culture CBA +TSB WADDL Culture
Plated PCR' CBA* WGFD PCR
Wyoming CBA & PortA-Cu | E WGFD Culture + PCR
Mycoplagna ovipneumoniae
TSB TSB WADDL PCR
gPCR None WADDL PCR
Wyoming  PortA-C u | #£TSB-1 WGFD PCR
! The Plated PCR protocol did not assess preserieastéurella multocida
Where two media or test types are listed,
simultaneously and indepenstquentel /6Bannd a 0 +0

abbreviation for tryptic soy broth with 15% glycerol, CB/Aaisabbreviation for
Col umbi a Bl ood -lAsgreabbre®ation fonnbdifiedtigptone soy broth.

Pasteurellacea®rotocols Pasteurellaceapathogens assessed in this study

included betehemolytic or leukotoxigenic strains Bibersteinia trehalos{B. trehalos),
Mannheimia haemolyticlM. haemolytick andMannheimiaspp, as well afasteurella
multocida(P. multocidd. Presence dPasteurlaceaepathogens was assessed using five
diagnostic protocolsxplainedoelowand described in detail in Appendix A

Wyoming protocolTwo tonsil swabs were collected from each animal, one was
immediately inoculated onto a Columbia Blood Agar (CBA) celtplates with 5% sheep
blood (Hardy Diagnostics, Santa Maria, California, USA), and one was stored at
approximately4°C in a10 mLPortA-C u | téansport mediaube for approximately 6
hours before inoculatingsecondCBA plate which was incubated at°87in 5% CQ.

Pasteurellaaceapathogens on CBA plates were identifedVGFD using a
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combination of culture and PCR tests. Presen¢e afultocidawas assessexblely by
culture.
TSB protocal Swabs wereachplaced intoa vial of tryptic soy both with 15% glycerol
(TSB; Hardy Diagnostics, Santa Maria, California, US#mediately after collection.
The TSB vials were immediately frozen (approximat@ly’C), and later shipped
overnight on dry ice to WADDMhere they werassessetbr presence oany
Pasteurellaceapathogens usingFSculture tests.
Port-A-Cul protocol Swabs were immediately placed into 10 ml P€ u | E transpo
media tubes (BD, Sparks, Maryland, USA), and kept cool until being shippeg
overnight toWADDL within 48 hrs. Smples weressesseinmediately upon arrival at
WADDL for presence oanyPasteurellaceapathogens usingFSculture tests
Plated Culture protocolTonsil swabs were used to immediately inoculate a CBA plate
which was then incubated at°87in 5% CQ. After 24 hours, a swab tfe primary
streak zone and phenotypically distinct (though unidentified) colonies was collected from
each CBA plate, placed into TSB, and immediately frozen at approximag. Vials
were shipped overnight on dry ice to WADDIhere they werassessetbr presence of
anyPasteurellaceapathoges using FFSulture tests.
Plated PCR protocolFollowing completion of th&lated Culturerotocol, the
inoculated CBA plates were incubated for approximately 24 additional hoursGain37
10% CQ. Thenbacterial growth was removed froimetsurface of the CBA plate,
suspended in 4ml of PBS and frozer2’C until PCR tests were conducted at WGFD

Presence dP. multocidawas not assessed by this protocol
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Mycoplasmavipneumonia@rotocols Presence dfl. ovipneumoniagas

assessed using the three diagnostic protagiainedoelow and described in detail in
Appendix A:

Wyoming ProtocolSwabs were immediately placedo a 10 mLPortA-C u | téansport
media tibe or Amies media withu charcoal in 10 mL culture tubes and kept at
approximately £C until being placed in modified tryptone soy broth (F8Bwithin 72
hoursof collection The TSB1 broth was incubateat 37°C in 5% CQ for 48 hoursand
tested for presence bf. ovipneumoniaat WGFD using PCR

TSB protocal Swabs were immediately placed into T@BIs after sample collection.
The TSB vials were immediately frozen (approximat@ly’C), and later shipped
overnight on dry ice to WADDL where they waassessetbr M. ovipneumoniae
presenceising aFFSPCR test

gPCR protocal Swabs were immediately sealed in a sterile vial after sample collection
and kept at approximatel20°C. Vials were later shipped overnight on dry ice to
WADDL where they were tested ftd. ovipneumoniagisingquantitative PCR (gPCR)

as part ohewprotocol development (i.e., this a nonFFSdiagnostic test).

Pathogen Classification

Pasteurellaceaerganisms were classified based on hemolysis on CBA or the
presence of the leukotoxin gene (IktA) as indicated by PCRheamlytic/non
leukotoxigenic strains in thidannheimiaor Bibersteiniagenera were not considered in
this analysis. To make resultstained from culture and PCR tests comparable; beta

hemolysis and presence of |ktA were considered synonymdhe @ategorization of
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organisms, as betaemolysis in culture is well correlated with presence of the IktA in
Pasteurellaceaerganismg17]. Diagnostidestsdo not consistently distinguish among
some species in thdannheimiagenug18]. For this analysidannheimia glucosidaas
includedwithin theM. haemolyticaclassification, as the available P@Rmers amplify
the target genes of both spediés OtherMannheimiagenus pathogens, including
Mannheimia ruminalind unidentifiedMannheimia specigesvere combineé into a
single group for analysidMannheimiaspp), as isolates currently identified ks
ruminalisby WADDL were likely classified as unidentifiddannheimia specidsy
WGFD (Wyoming Game & Fish Departmantpublished dajaB. trehalosj P.
multocidaandM. ovipneumoniagvere classified as reported by the diagnostic laboratory.

Estimating Detection
Probability and Prevalence

Single-species, singlseason occupancy modelifi®] usingpackage
A u n ma [2R] & grogram R21] was usedo independentlestimate detection
probabilt y (}J ) and peacbresgirbt@ypathegenyithip eachfpopulation,
where individual bighorn sheep constituted sampling sites and the protocols that were
conducted constituted the encountestdriy for each animal. For each pathogen, two
model structures were considered for detection probability: detection probability was
either held constant across all protocols or allowed to vary freely across protocols. To
assess prevalence, individuals wassigned to populations based on the management
unit (defined by the overseeing wildlife agency) in which they were sampled. Three

competing model structures were evaluated to describe prevalence of each pathogen: 1)
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constant across all populations; 2jighle among populations but not years; and 3)
variable among populations and years (i.e., populateams). All combinations of
detection and prevalence structures resulted in a total of six analogous candidate models
for each pathogen.

To reduce the nuber of model parameters and avoid mectaivergence issues
related to estimating loggcaled parameters at a boundary, data from populgtiars
where a respiratory pathogen wasletecteénd/or fewer than five animals were
sampled were omitted from dpsis. Adequate model convergence was confirmed by
verifying that each mode llB[22]. Anattechptwas on n u mb
made to estimate owdispersion @Hby applyingthe MacKenzie and Bailegoodnesf-
fit test[23] to thefull model § ~ P rPoevaternce PqgpulationY ear)for each
pathogenhowever, the expectada | u e s t h a fstagséca ferrthis test wareh e G
often less than one, indicating that the data were too sparse to accurately efdiate
The stability of detection probability estimates for each pathogen was assessed by fitting
the full model to two subsets of data collected by different personnel in different states
(Montana or Wyoming) and comparing the resulésgimates ofletection probability to
those obtained from analysis of the complete dataset (Appendix B).

Assessing Power to Detect
Pathogens at the Populatibpvel

Estimates of pathogen detection prohgbfor different protocols can be used to
estimatehe minimumsamplingeffort required tadetermine presence of respiratory

pathogensn a populationin this context, the powef a protocoko detect a pathogen in
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an infectecpopulation of bighorn shedpe., the probability of detecting a pathogen in at
least one animal) can be derived from the estimate of detection probabititgtfor
protocol Bayes theorewas usedo derive the power to detect each pathogen in a
bighornsheep population given the protocol used, number of animals sampled and
number of times the protocol was conducted per animal, pathogen prevalence, and
population size. A full description of the derivation is provided in Appendix C.

Thepower to detectach of the pathogens in at least one animal during a
sampling evenivas calculatedigiven the detection probability distribution for a specified
pathogen and protocol) while varying the number of animals sampled (from 1 to 100), the
number of times the ptocol was conducted per animal (1, 2 or 3), pathogen prevalence
(0.10, 0.30, or 0.50), and population size (25, 50, 100, or Z8@%e findingsvere used
to identify sampling methodologies (i.e., combinations of diagnostic protocols, animals
sampled, andumber of times the protocols are conducted per animal) predicted to result
in adequate detection power for ewath patho
2014[25]). To illustrate the effects of specific variablestba power to detect pathogens,
variableswere constrainetb subjectivei d e f a u | thabwedefihedUnless
ot herwise specified, the Adefaulto number
size was set at 100, number times a diagnostic protocol was conducted per animal was
one, and the default protocol was the TSB protd2efault prevalence was set at 0.10,
which was considered a realistic value to represent low prevalence based on estimates

obtained in this studyProtocols whose detection probability was estimated to be zero or
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one Mannheimiaspp-PortA-Cul protocol,B. trehalosi PortA-Cul protocol,

Pasteurella multociddlated Culture protocol) were not considered in this assessment.

Results

Sampling Efort

A total of 2093Pasteurellaceaéiagnostic tests were conducted for 476 bighorn
sheep and a total of 788. ovipneumoniadiagnostic tests were conducted for 469
bighorn sheeprhe TSB andPlated CulturéPasteurellaceaeyrotocolswere conducted
twicefor 165 and 61 animals, respectivedy, otherPasteurellaceagrotocols were
conducted once per animal. Various combinations ofRagteurellacea@rotocols were
conducted on 178 animals; thieasteurellaceaprotocok wee conducted on 108
animalsfour Pasteurellaceaprotocds were conducted on 23 animdise
Pasteurellaceaprotocds were conducted on 26 animadsd sixPasteurellaceae
protocols were conducted on 45 animals. Ambhgvipneumonia@rotocols, only tk
TSB protocol was conducted more than once per animal, and was conducted twice for
117 animals. Various combinations of tivb ovipneumonia@rotocols were conducted

on 278 animals and thré&. ovipneumoniagrotocols were conducted on 11 animals.

Patho@n Detection Summaries

The total number of detections for individual pathogen species varied frém 44
multocidadetections to 15®1. ovipneumoniaéetections (Tabl&.2). Considering
animals where multiples diagnostic protocols were condwastddhe respective

pathogens were detectdd, haemolyticavas detected by more than one diagnostic test
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30% of the timg14 of 46 animals)Mannheimiaspp 7% (9 of 128)B. trehalosi37%
(22 of 60),P. multocida2% (1 of 42), and/. ovipneumoniaé0% of the timg35 of 59).
When the targeted pathogens were detected in a popw@gonthe minimunestimates
of naive prevalence (i.e., the proportion of animals from a populatiene the pathogen
was detectedh a given year) varied from 0.03 to 0.17 amdmg pathogens and the

estimates omaximum naive prevalencernied from 0.44 to 1.00 (Table2).

Model Selection

The topranked model foMannheimiaspp, B. trehalosjandP. multocida
detection probability (}) ciomThétopchreked di agnos
model forM. ovipneumoniaandM. haemolyticaestimated a constant detection
probability across all protocols (Talled). However, the ¥-ranked model foboth these
pathogensncluded diagnostic protocol as a predictor and, giveir tielatively modest
A I sores (2.11 and 3.25, respectiveprpvided some evidence that detection
probability is not identical for all protocols. The tognked model for all pathogen
datasets allowed the estimate of prevalence to vary across jpamitannheimiaspp
andB. trehalos) or across populations and yedvs pvipneumoniaeM. haemolytica
andP. multocidd. For all pathogen datasets, the full mogel ~ P rPoevaterce-| ,
PopulationrY ear)was either the topanked model or the seconanked model. Provided
this level of support as well dise objective to describe estimates of detection probability
for the different combinations of pathogens and protocols, parameter estimates obtained
from the full model for each pathogerere interpretedeven thouglthe full model was

not alwayshe most parsimonious.



13

Tablel1.2. Sampling results summaries and naive prevalence estimates for five bighorn
sheep respiratory pathogens.

Mycoplasna Mannheimia Mannheimia  Bibersteinia Pasteurella
ovipneumorde  haemolytica? species’ trehalosf multocida
Diagnostic tests 768 1268 1268 1268 1057
(# Positive) (152 (82) (141) (94) (44)
Animals ampled 469 476 476 476 476
(# Positive) (118 (66) (132) (67) (43)
Range of naive 0.05% 0.062 0.167% 0.029 0.059
prevalencé 0.828 0.44 0.615 1.00 0.875

This classification includes isolates identifieddannheimia glucosidén=8).

Only betahemolytic or leukotoxigenic strains are summarized.

Thetotal number of individuaPasteurellaceadiagnostic tests is 2093, not the

apparent sum, because an individual culture test assesses presence of all four targeted
Pasteurellaceapathogens

Naive prevalence is estimated as the proportion of animals frompeshpopulation

in a given capture seasonwhich the pathogen was detectBopulationyears

where less than 5 animals were sampled and where a pathogen was not detected are
not included.

3.

Detection Probability Estimates

Detection probability foM. ovipneumonia&vas greater than 0.60 for all diagnostic
protocols that were evaluated and detection probabilities BF&tliagnostigorotocols

(i.e., protocols that entailed shipping samples to WADDL for diagnostic testing) for
Pasteurellaceapathogensvere less than 0.5Figurel.1). No single diagnostic protocol
used to detect theasteurellaceapathogens resulted astimated detection probabilities
greater than 0.50 for all four targetedsteurellaceapathogens. ThEFS
Pasteurellaceaprotocolsgenerally detected the targeted pathogens less effectively than

the nonFFS diagnostiprotocols:

OATMCA g8t ™ thOAT el P w TP



Tablel1.3. AIC.rankings of occupancy modeisth different explanatory variables for pathogen detection probability and

prevalence.

or 2) allowed to vary by diagnostic protocol. Pakance estimates of the respiratory pathogens were either 1) held constant; 2)
allowed to vary among populations, or 3) allowed to vary among years within a population (i.e., poye®tsnTogranked

Among

t hese

model s,

models for each pathogen dataset are bolded aretlunsdl.

esti

mat es

of

det ec ttanto n

Mycoplasma Mannheimia Mannheimia Bibersteinia Pasteurella
ovipneumoniae haemolytica species trehalosi multocida
Model Structure K @A I C K A It K A I C K A Il C K @A I !
}] ~ Protoc¢
Prevalence- 21 211 21 3.25 24 7.99 13 250 10 0.00
PopulatiorYear
}] ~ Protoc¢
Prevalence- 16 59.55 17  10.37 19 0.00 11 0 9 9.83
Population
} ~ consta
Prevalence- 19 0.00 17  0.00 20 204.93 9 85.55 7  47.28
PopulationrYear
}] ~ consta
Prevalence- 14 57.49 13 7.07 15 194.96 7 82.72 6 61.30
Population
b= PTOLOoC 0 5704 6 462 6 2030 6  39.89 5 2139
Prevalence- constant
bo—oconsta ,  g591 2 7.4 2 17722 2 184.07 2 8299

Prevalence- constant

' Full model from which reported estimates of detection probability and prevalence were obtained.

Vi

proba
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MycoplasmavipneumoniaeThe estimated detection probabilityMf

ovipneumonia@sing he Wyoming protocol was highesib 0.85, 95% CI: 0.6®.94),
however, the TSB protocol was compardlojes 0.72, 95% CI: 0.62.81). Detection
probability using the gPCR protocol was also comparable and estimated at 0.64 (95% CI:

0.320.87).

Mannheimia hemolytica All protocols were relatively poor at detectivg

haemolyticawith estimated detection probabilities rangfmgm 0.10 (95% CI: 0.01

0.48) to 0.45 (95% CI: 0.240.68). Among thé&FSprotocols usetb detect\.
haemolyticathe Plated Cultwrand TSB protocols were comparable and performed best,
with estimated detection probabilities@BO0 (95% CI: 0.19.51) and

0.27 (95% CI: 0.14).40) respectively. Among neRFSprotocols, The Wyoming
protocolhad the highest estimated detection prdiiglior M. haemolyticgb= 0.45,

95% CI: 0.240.68)

Mannheimia specie§he Plated PCR protocol had the highest estimated
detection probability foMannheimia spp(B= 0.95 95% CI: 074-0.99). All other
protocols were poor at detectiMannheimiaspp.(B< 0.19), with the TSB protocol
having the highest estimated detection probability among the commercially available

protocols(fks 0.12, 95% ClI: 0.08.16).
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Mycopl. ovipneumoni; Mannheimia haemolytica Mannheimia spp
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Figurel.1l. Estimated detection probabilities and 95% confidence intervals for five
bighorn sheep respiratory pathogens. One set of protocols was used to detect the four
Pasteurellaceae organisms (shaded) and a separate set of protocols was used to detect
Mycoplasmavipneumoniagnot shaded). Detection probabilities fdannheimia

haemolyti@, Mannheimiaspp, andBibersteinia trehalosare for beta hemolytic or
leukotoxigenic strains. Protocols that used diagneéssitsthrough a fedor-service
laboratoryare indicated with an asterisk (*) in the legend and above the upper confidence
limit. The total number of samples assessed using each protocol is indicated in the
legend.

Bibersteinia trehalosiThe Wyoming protocol was good at detectiigrehalosj

with an estimated probability @96 (95% CI: 0.79.99). The detection probability for

the Plated PCR protocol was estimated to be 1; however, this estimate is unreliable
becausa. trehalosiwas only detected in two animals (out of 211) where the Plated PCR
protocol was conducted. The highest estimated deteptobability among protocols

that used~-FSdiagnostic protocols fdB. trehalosiwas 0.36 (95% CI: 0.28.48) and was

achieved using the TSB Protocol.
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Pasteurella multocidarhe highest detection probability fBr multocidawas

realized using the Wyoimg protocol(B= 083, 95% CI: 059-0.94). AmongFFS

protocols, the estimated detection probability was highest for theARPGttl protocol,

0.43, however precision of this estimate was poor (95% CIl:Q@5. Estimated
detection probabilities fdP. multocidausing the TSB and Plated Culture protocols were

0.13 (95% CI: 0.08.20) and 0 (inestimable 95% CI), respectively.

Stability of Detection Probability $fimatesIndependent analysis of subsets of

data collected by different personnel in different states indicated estimates of detection
probability were consistent between the subsets for all combinations of pathogens and
protocols, with the exception of the TSB fmool forMannheimiaspp (Appendix B)

For this pathogeprotocol combination, analysis of the subset of data from animals
sampled in Montana resulted in an estimated detection probability of 0.01 (95% €I: 0.00
0.06), whereas analysis of the subset o @l@m animals sampled in Wyoming resulted

in an estimated detection probability of 0.31 (95% CI: @21). The differences

between these estimates and the corresponding estimate obtained from the complete
dataset were 0.11 (Montana subset) and 0.19 (i@ subsét For all other pathogen
protocol combinations, the difference between the detection probability estimates
obtained from the subsets of data and the estimate obtained from the complete dataset
was small  §irerence= 0.04 and 95% confidencatervals overlapped substantially

(Appendix B,FigureB1l).
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Pathogen Prevalence

Prevalence estimates and associated 95% confidence interggdsesenteffom
four different sampling events that best represent a range of reasonable sampling
intensities; these sampling events include the Hilgard population in 2013/2014, the
PermaParadise population in 2014/2015, the Highlands population in 2015/2016eand th
Stillwater population in 2014/2015. The number of animals from each population that
were sampled using each diagnostic protocol is shown in Appendix B Bablable
B2). Among these populations, pathogen prevalence estimates ranged from 0 (not
detecte in the sampling event) to 1. Excluding these extremes, estimates of pathogen
prevalence ranged from 0.14 to 0.%lglrel.2).

When onlyFFSdiagnostic protocols were used (i.e., no PCR tests were
conducted) to dete€tasteurellaceapathogens (also casponding to conducting a
maximum of two diagnostic protocols per animal), precision of prevalence estimates was
poor, with 95% confidence intervals including over 50% of all possible prevalence values
(i.e., parameter space). Precision of prevalencmatts was better when two or more
diagnostic protocols were conducted per animal and at least one of the protocols included
a PCR test; however 95% confidence intervals still always included at least 37% of all
possible prevalence valudadurel.2). Naie prevalence estimates were generally
similar to prevalence estimates that accounted for detection probability when multiple
protocols (either replicating a single protocol or conducting different protocols) were

conducted per animaFigurel.2).
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Mycoplasma ovipneumoniaeAmong the sampling events wheve

ovipneumoniaevas detected, the differences between the naive estimates of prevalence
for M. ovipneumoniaand the estimates that accounted for detection probability were
smallrelative to those flierences for other pathogen®.17 when a single diagnostic
protocol was conducted from each of 29 animals using the TSB protocol (Hilgard), 0.09
when an average of 1.4 diagnostic protocols were conducted per each of 16 animals using
the TSB and qPCR protoso(Stillwater), and 0.01 when two diagnostic protocols were
conducted per each of 16 animals by replicating the TSB protocol (Highkigdse

1.2). The corresponding 95% confidence interval for the prevalence estimate that
accounted for detection probhtyl was inestimable for the Hilgard population because

the prevalence estimate was at a parameter boundary (estimated to be 1), and included
53% (0.170.70) and 41% (0.00.48) of all possible prevalence values for the Stillwater

and Highlands populationsespectively.

Mannheimia haemolyticsmong the sampling events whevke haemolyticavas

detected, the naive prevalence estimatdfdnaemolyticaand the prevalence estimate

t hat accounted for detection prée&éebability w
diagnostic protocol was conducted per each of 29 animals using the TSB protocol

(Hi Il gard), but |l ess so (=0.07 and op=0.09)
conducted per animal in the Highlands (TSB protocol conducted twice per each of 16

animals) and PermRaradise (average of 2.4 diagnostic protocols conducted per each of

29 animals) populations. The corresponding 95% confidence intervals for the prevalence

estimates that accounted for detection probability were wide, including 99%1(0.01
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Hilgard Perma-Paradise

Animals Sampled: 29 Animals Sampled: 30

1.001 @
M
*
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0.254 > 3 O ovipneumoniae
o 0 Mannheimia
haemolytica
2 0.00 1 3 -
2 1T 1 1 1 2 243243 1.5 (¢ Mannheimia
g Spp
)
= Highlands Stillwater Pasteurella
% 9 A multocida
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0.25 - | T | Naive Prevalence
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Figurel.2. Estimated prevalence and 95% confidence intervals for four respiratory
pathogens in four bighorn shepppulations95% confidence intervals were inestimable

when detection probability was estimated at O d?rivalence estimates obtainekdere
protocols only used culture tests to detect pathogens are indicated by open symbols, those
obtained where protocols used a combination of culturd>&@Rl tests are shown as gray
symbols and those obtained where only PCR tests were used are shdackby b

symbols. The mean numbers of protocols conducted per animal are shown acress the x
axis of each panel. Naive prevalence estimates (the proportion of animals a pathogen was
detected in for a given sampling event) are indicated with gray asteriskaldpy

estimates foMannheimia haemolyticar Mannheimiaspp are for beta hemolytic or
leukotoxigenic strains.
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58% (0.020.60), and 42% (0.06.48) of all possible prevalence values for the Hilgard,

Highlands, and Perr@aradise populations, respectiel

Mannheimia specie#lannheimiaspp was detected in the Stillwater and Perma

Paradise sampling events (16 and 30 animals sampled , respectively; Figure 1.2). The
naiveprevalence estimates for the Stillwater and PePai@dise populations were both

very similar to theprevalencee st i mat es t hat accounted for d
and @p=0.05, respectively). However, the 95
estimate that accounted for detection probability were imprecise, including 40% (0.06

0.46) and 37% (0.38.70) of all possible prevalence values for the Stillwater and Perma

Paradise populations, respectively.

Pasteurella multocidaP. multocidawas only detected in the Stillwater

population, where its presence was assessed by condwabimiiagnostic protocols per

each of 16 animalg=(gurel.2). There was a large difference between the naive

prevalence estimate and the prevalence estimate that accounted for detection probability
(p=0.42). The 95% conf i destimatethai aocobvatedfor | f or
detection probability included 96% of all possible prevalence values Q0982

Power to Detect Pathogens
at the Populatiothevel

Differences emong Pathogens Using TSB Protacidhere was a large amount of

variability in the power to detect the respiratory pathogens using the TSB protocol, and
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the pathogens clustered into three groups. Power to détestipneumoniagas
greatest, followed b. trehalosiandM. haemolyticathen by Mannheimiaspp andP.
multocida(Figure1.3A). Under the default conditions (i.e., diagnostic protocol: TSB,
animals sampled: 25, number of times protocol was conducted per animal: 1, pathogen
prevalence: 0.10, population size: 100), power to d&ecvipneumoniagvas estimated
at 0.87 B. trehalosi0.61; M. haemolyticad.51;P. multocidad.29, andMannheimiaspp
0.27. Increasing the number of animals sampled from 25 to 50 led to achieving adequate
power (>0.80) to dete@. trehalosj but did notachieve adequate power to detect any

other targetetPasteurellaceapathogenKigure1.3A).

Differences emongDiagnosticProtocols Diagnostic protocol affected the power

to detect each pathogen and there was a strong difference between the powe8Bf the T
protocol and the protocol with the most power to dezach pathogeri-{gure1.4). For
example, under default conditions, the power to d@&etrehalosiandP. multocida

using the TSB protocol was estimated to be 0.61 and 0.29, respectivantiast, the
power to detect these pathogens under default conditions usivMythming protocol

was estimated to be 0.94 and 0.91, respectively. Although the difference in detection
probability between the TSB and the most powerful protocolsifdraemdytica was not

as substantial as for the othliRasteurellaceapathogens, there were still notable
differences in detection power. Under default conditions, the estimated detection power
using the TSB protocol was 0.51 compared to 0.71 using the Wyomutagpl. There

was little difference in the power to detdtt ovipneumoniabetween the TSB protocol
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Mycoplasma Bibersteinia __ Mannheimia _ Pasteurella __ Mannheimia
A. ovipneumoniae trehalosi haemolytica multocida spp
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Figurel.3. Power to detect five respiratory pathogenisighorn sheepopulationsusing

the TSB protocols. Variability in power to detection pathogeribe population level is
shown as it relates to different pathogens, population size, pathogen prevalence, number
of animals sampled, and number of times protocols are conducted per animal. For all
panels, each curve illustrates the power to detectgstblogen (3axis) given the number

of animals sampled from a populationgxis). The horizontal dasheptay line across

each panel represents adequate (i.e., 80%) detection power. A. Variability in the power to
detect each pathogen when the TSB prot@cobnducted once per animal at three levels

of pathogen prevalence in a population of 100. B. Effects of conducting TSB protocol
multiple times per animal on power to detect two pathogens with either relatively high or
relatively low detection probabilityy a population of 100 animals with 10% pathogen
prevalence. C. Effect of population size on power to detect two pathogens with either
relatively high or relatively low detection probability in a population of 100 animals with
10% pathogen prevalence.

and the Wyoming protocol and every protocol provided adequate power toMetect

ovipneumoniagvhen the protocols were conducted once per each of 25 animals (Figure
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1.4). EveryPasteurellaceapathogen, excepflannheimiaspp could be reliably detected

by conducting the Wyoming protocol once on each of 35 animals (Figure 1.4).

Sampling Efort. Increasing the number of animals sampled improved power to

detect pathogens, but rates of improvement declined as the number of animals sampled
increasedKRigurel.3A). For example, increasing the number of animals sampled for
presence oM. haemolyticgunder default conditions) from 15 to 25 increased the
estimated detection power from 0.34 to 0.5
default conditions increasedthes t i mat ed detecti on power to
animals were sampled under default conditions, there was not adequate detection power
for any pathogen and the estimated power to detect eachRasheurellaceae
pathogens was less than 0.50. Whenr8Bhals were sampled under otherwise default
conditions,adequate power was achieved ¥brovipneumoniaebut not for any of the
Pasteurellaceapathogens (Figure 1.3A).

Detection power was markedly improved by conducting protocols multiple times
per animawhen detection probabilities were loWwhe largest gains occurred between
conducting protocols one and two times per animal, and there were diminishing returns
from conducting protocols a third time (Figure 1.3B). Under the default conditions
described bove where 25 animals were sampled, conducting the TSB protocol twice per
animal increased estimated detection poweévl oiaemolyticdrom 0.51 to 0.72
(p=0.21) and conducting the TSB protocol t
estimated detectioropwer t o 0. 82 (®@=0.09)M. I n contrast

ovipneumoniaeinder default conditions improved to 0.87, 0.94, and 0.95 when the TSB
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Figurel.4. Power to detect five respiratory pathogenisighorn sheep populationsing
different diagnostic protocols. For all panels, each curve illustrates the power to detect
each pathogen at the populatienel (y-axis) given the number of animals sampled from
a population (xaxis) when the specified protocol was conducted oecapimal. Within
each panel, protocols where detection probability was estimated at zero or one are not
shown. The horizontal dashggday line across each panel represents adequate (i.e., 80%)
detection power.

protocolwas conducted one, two, and three times per animal, respectively. When 35
animals were sampled and the TSB protocol was conducted multiple times per animal
using, adequate detection power was also achieved.fbaemolyticgconducting

protocol twice peanimal),B. trehalosi(conducting protocol twice per animal), but not

for Mannheimiaspp or P. multocida(Figure1.5).

Pathogen RevalencePathogen prevalence had a strong influence on the number

of animals that would need to be sampled to achievguade detection power. For
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exampl e, adequat e Mhmenwwlyticdh Opudtdyatd o det ect
prevalence of 0.50 could be attained by sampling just 11 animals under default conditions
(Figurel.3A). However, with a lower prevalence of 0.10, Bin@als would need to be
sampled to attain adequate detection powryufel.5). The effect of pathogen
prevalence on necessary sampling effort waslm@ar and most pronounced when
prevalence was low. An increase in pathogen prevalence from 0.10 we@r@dsed the
number of animals to be sampled to attain
However, a further increase in prevalence from 0.30 to 0.50 only decreased the minimum

number of animals toFiguet3pA). e to 11 (=8 ani

Population Sze. Power to detect pathogens was minimally affected by population

size Figurel.3C). Under default conditions, the estimated detection powéd.for
haemolyticavas0.47 in a population of 25 compared to 0.51 in a population of 100.
Under default conditions favl. ovipneumoniaedetection power was 0.92 in a
population of 25 and 0.87 in a population of 100. Small population size had the most
notable effect on the pow& detect pathogens simply due to the limited number of

animals that could possibly be samplédy(re1.3C).

Discussion

These findings indicate that linsampling of bighorn sheep for respiratory
pathogens using diagnostic protocols that are readdytable to most wildlife

management agenci@., available through an FFS laboratargh lead to biased
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Figurel.5. Minimum numbers of bighorn sheep to sample to achieve adequate detection
power to detect respiratory pathogens. Minimum numberanple are those estimated
to provide 80% power to detect a pathogen at 10% prevalence at the pogelation
using the specified protocol and number of samples per animal. One set of protocols was
used to detect Pasteurellaceae organisms (shaded) gratatesaset of protocols was
used to deted¥lycoplasna ovipneumonia€not shaded). Protocols that used diagnostic
testsoffered by a fedor-service laboratorgre indicated with an asterisk (*) in the
legend and above their symbols. Within each panelppots where detection probability
was estimated at zero or one are not shown. The same is true for protocols where the
estimated number of animals required to sample in order to attain adequate detection
power was greater than 100.

assessments of respoat pathogen communities. While the diagnostic test to dstect
ovipneumoniaeffered by thé=FSlaboratory used in this study (WADDL) uses PCR

with a high detection probability, only culture tests are offereBHfylaboratories to

detect and identiffPasteurellaceag@athogens in bighorn sheep. Diagnostic protocols that

relied solely on &FSculture test for detection had low estimated detection probabilities

(<0.50) for allPasteurellaceapathogens that were assessed. Low detection probability
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of theseprotocols may be due in large part to diminished viability of targeted organisms
during the process of delivery to the laboratory rather than sensitivity of the diagnostic
test itself{16,26] Nevertheless, this is a limitation whenever samples must be shipped to
a laboratory for culture tests.

Low detection probability oPasteurellaceapathogensisingFFSprotocols
makes simple assessment of species presence at the podelaiamrelidle when
species are at low prevalence and populations are not intensively sampled. These
conclusions generally corroborate those of the previous investigation of detection
probability of Pasteurellaceapathogen$14]. Althoughthese specific findings apply to
live-sampling bighorn sheep by swabbing the nasal cavity or tonsillar crypts, incongruent
findings among studies investigating pathogen communities present in pneumonic and
healthy lungs from the same respiratdisease epizootid$,7] suggest that detection
error affects these assessments as well. Thus, an assessment of detection probability
applied tothe sampling of lung tissues is warranted.

Naive prevalence estimatesRdsteurellaceapathogens are strongly biased
whenFFSdiagnostic protocols are used, unless protocols are conducted multiple times
per animal. Given poor detection power and biagedgbence estimates, any true
associations between the presencBasteurellaceaerganisms and historic or current
respiratory disease in bighorn sheep would likely be unobservable using these protocols.
The specificity issues that led ageneralized lassification system favlannheimia
genus organisms further limit the ability to understand whatRatteurellaceae

pathogens play in bighorn sheep respiratory disease. In contrasPastieerrellaceae
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pathogens, high detection probability fdr ovipreumoniadikely leads to more
consistent detection and less biased naive prevalence estimates in bighorn sheep
populations where it is hosted.

These findings suggestat prevalence of any pathogen is estimated with poor
precision unless intensive samplisgemployed (i.e., many animals are sampled and
protocols are conducted multiple times per animal), matching general expectations when
detection error occuif7]. AlthoughM. ovipneumoniaeould be reliably detected in a
population by conducting a single protocol on a modest number of animals, its prevalen
was estimated with low precision unless more sampling effort was invested. Therefore,
variability in observed pathogen prevalence among different populations or different
years within a population could be explained by either sampling variation or true
variation in prevalence. Without accounting for differences in detection probability and
sampling effort, differences in true prevalence remain unknown.

A simple and relatively inexpensive measure that wildlife management agencies
can take to improve theability to accurately characterize respiratory pathogen
communities is to collect and assess two or three tonsil swabs from easarhipéed
animal forPasteurellaceapathogens usingFSdiagnostic protocols. Conducting
protocols multiple times per anal would also provide agencies the ability to assess
detection probability of their specific diagnostic protocdlseseresults suggest that 30
to 35 animals need to be sampled from a bighorn sheep population to reliably assess
(>80% power) presence Basteurellaceapathogens anifl. ovipneumoniaeEither

sampling 35 animals and conducting Beesteurellacead SB protocol twice per animal
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or sampling 30 animals and conducting Bresteurellacead SB protocol three times per
animal is predicted to resuit adequate power to detédt haemolyticaand
leukotoxigenicB. trehalosiat 10% prevalence. In either of these scenaklbs,
ovipneumoniaean be reliably detected by conducting the TSB protocol just once per
animal.

At least one protocol was estimatechave high detection probabilitgr most
Pasteurellaceapathogens; however, detection probability¥orhaemolyticavas not
significantly improved with any protocolheseresults predict that 32 animals must be
sampled using the most powerful protocol (Wyoming Protocol) to achieve adequate
detection power. The improvement in estimated detection probabiliby.foaemolytica
using the Wyoming protocol compared to the T3Plated PCR protocols corresponds
closely to what would be expected by collecting two swabs, suggesting that the
improvement may simply be the result of collecting two samples per animal. Evidence of
multiple detection probabilities for leukotoxigemitannheimiaspp pathogens indicates
that more specific classification measures are needed to provide sampling
recommendations for this class of pathogens. Additionally, themmgevidenceo
suggesthatP. multocidamay be more readily detected in nasabhbs than tonsil swabs
as a higher percentage of nasal swaltbewlataset that were assessed using the
Pasteurellacead SB protocol tested positive for this pathogen.

Reliable detectiof pathogens at the populatitevel, as defined in this study,
still results in a 20% chance of a Type |l error (false negative) for each patfdgen.

power to simultaneously detect multiple pathogen species or strains in a population is
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further reduced to the product of the power to detect each individually. Thiisl| et
of respiratory pathogens hosted by fraaging bighorn sheep populations will likely
never be characterized with certainty. However, quantification of this uncertainty is
possible using the concepts presented here and would lead to more aotenetiee and
informed management decisio$iesespecific findings may not be applicable to the
diagnostic protocols used by all agencies that sample bighorn sheep for respiratory
pathogens. However, these concepts can be applied to other diagnostiolprdor
which detection probability has been estimated) by using free andrieselly online

software fittp://epitools.ausvet.com.§28]), and manually calculating the panimal

detection rate if protocols are conducted multiple times per animal.

Poor detection poweassociated witkrFSdiagnostic protocols combined with
hundreds of bighorn sheep translocations across North America suggest it is probable that
Pasteurellaceadave been unknowingly introduced to new regions and populations.
Suspected poor detection pebility for M. ovipneumoniagrior to development dFFS
PCR and serology teqt29], likely also resulted in the unknown introduction of this
pathogerto new regions or host populations. Typically, bighorn sheep populations
chosen to be source pdations for translocations are those experiencing population
growth, and thus, not exhibiting noticeable symptoms of respiratory disease. However,
such populations may still host respiratory pathogens capable of causing fiease
Bighorn sheep source populatisisuldbethoroughly sampled for respiratory
pathogens using appropriate diagnostic protocols and sampling intensities to determine

the extent to which these respiratory pathogens are present.


http://epitools.ausvet.com.au/
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Resident respiratory pathogens within bighorn sheep populations exhibiting
satisfactory demographic performance may pose a risk of futuageallespiratory
disease epizootics within those populatiptis Given poor power to detect respiratory
pathogens at low prevalencsing FFSlive-sampling diagnostic protocols, initial
detection of pathogens in bighorn sheep populations following observed respiratory
disease may reflect an increase in prevalence or detect@diljB0] rather than an
introduction of the pathogen to the population. Thus, taking measures to rigorously assess
pathogen presence in populations with and without obvious signs of respiliatayel
can provide multiple benefits for bighorn sheep conservation including informing
translocation decisions, providing evidence for different sources of respiratory disease
epizootics (i.e., novel vs resident pathogens) and elucidating additionalresetsu

may be possible to prevent or mitigate respiratory disease in bighorn sheep.

Conclusions

Rigorous assessment of bighorn sheep respiratory pathogen communities is
important for wildlife management agencies to inform potential translocations and to
contribute taheunderstanding of respiratory disease in bighorn sheep. If adequate
detection powr for respiratory pathogens is not regularly achieved when bighorn sheep
populations are sampled, test results have limited utility and are potentially misleading.
Thesefindings suggest that it is inadvisable to make strong inferences regarding
causativeagents of respiratory disease based on comparative estimates of pathogen
prevalence unless resources are invested to accurately characterize pathogen

communities. Relative to the total cost of sampling bighorn sheep, additional expenses to
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improve chara@rization of respiratory pathogen communities are rather modest.
Improved and consistent characterization of respiratory pathogen communities across
numerous populations will help clarify the predominant causes of respiratory disease
epizootics. The rolesf the suspected respiratory pathogens, the predominant proximate
causes of respiratory disease epizootics, and factors that could promote bighorn sheep
populations to maintain vigor despite presence of respiratory pathogens are topics that
may require mui-agency coordination and focused efforts to address. The information
generated by this study may be used to inform future respiratory pathogen sampling
efforts and allow rigorous comparison of pathogen communities assessed by different

agencies and diagstic protocols.
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INCORPORATING UNCERTAINTY IN DETECTED RESPIRATORY

PATHOGEN COMMUNITIES WHILE ASSESSING/ARIATION IN
DEMOGRAPHIC PERFORMANCE OF BIGHORN SHEEP POPULATIONS

Introduction

Most largemammal populations across western North America were decimated
following settlement by Europeafl], though restoration efforts since the earl 20
Century have been particularly successful in reestablishing ungulates in areas where
suitable habitat remainj81]. However, vhile management actions have increased
bighorn sheepQvis canadens):numbers and distribution, this restoration has not
achieved success comparable to most other ungulates, as bighorn sheep exist at less than
10% of historic population estimatg2] and often in small, isolated populatidB$ that
are more susceptible to a variety of potential threats including apparent competition
[33,34], inbreeding depressidB5], along with a variety of factors that collectively
amount to the Allee effe¢86,37] Additionally, respiratory disease (pneumonia) is a
primary factor that has hindered bighorn sheep restoration and plays a primary role in
dictating management policies for the spe{3&s.

Respiratory disease epizootics are typically first expressed-ageathortaly
events, and are followed by multiple years of depressed juvenile sygjividough
mortality rates and duration of depressed launtyival varies. Ultimate outcomes
following initial respiratory disease epizootics in bighorn sheep populations have ranged
from full recovery to local extinction or depopulatid2]. Evidencestrongly indicates

thatdomestic sheepdvis arie$ and goats@apra aegagus hircug typically host
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respiratorypathogens which cause this diseaseigimorn shep[39,40] Accordingly,
maintenance ageparation betweerothesticsheep or goa@nd wild sheep ithe primary
management toatildlife agencies use to minimize the occurrenceespiratory disease
outbreakd38].

Respiratory disease in bighorn sheep has been described asw@golyal
diseasdl] and multiple pathogens have been associated with the disease. Leukotoxigenic
members of th@asteurell@zeaefamily, particularlyMannheimia haemolyticéM.
haemolyticd, are regularly detected in the lungs of bighorn sheep that have succumbed to
respiratory disead@,41,42]and direct inoculation of leukaxigenicM. haemolyticaor
Bibersteinia trehalos{B. trehalos) leads to fatal pneumonia in bighorn sheep, but not
domestic sheefQvis arie$. Pasteurella multocidéP. multocidd, though not
leukotoxigenichas also been associated with respiratory disease epizootics in free
ranging bighorn sheep populatidié$. Mycoplasma ovipneumoniae (M. ovipneumoniae)
has been associated with respiratory disease irrdreggng bighorn sheep populations
[6,29] and experimental introduction has resulted in epizootic respiratory disease in
bighorn sheep, but not in geenned domestic shefg]. Additionally, commingling of
bighorn sheep with domestic sheep without evidence of exposhteazipneumoniae
resulted in a lower mortality rate for bighorn sheep than had previously been observed in
similar studieg43]. The reported roles #fasteurellaceapathogens ani.
ovipneumoniaeelative to each other have ranged from-necessary facilitation of

pasteurellosis bil. ovipreumoniag44] to M. ovipneumoniae€aused ciliostasis leading
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to secondary bacterial infections Bgsteurellaceaeamong numerous other commensal
bacterig[1].

Evidence that eithdvl. ovipneumaiae or Pasteurellaceapathogens cause
respiratory disease in bighorn sheep is largely based on the observed responses of naive
animals to the introduction of these pathogeims] most management efforts have
attempted to reduce respiratory diseasecgpies in wild bighorn sheep by maintaining
separation with domestic caprids and, thereby, preventing the introduction of novel
pathogens. However there is evidence to suggest that introduction of novel pathogens
may not explain all bighorn sheep respirgitdisease events as; a) bighorn sheep
populations have long been exposed to domestic sheep and their exotic pgdijgens
over 150 respiratory disease epizootics have been documented in bighorn populations
over the last 30 years (Western Association of Fish & Wildlife Agencies, unpublished
data) despite significantdactions in domestic sheep throughout bighorn sheep range;
and c) there are robust bighorn sheep populations known to be exposed to each of the
pathogenic agents linked to bighorn sheep respiratory difgd6¢ Pathogens
introduced into host populations are expected to remain circulating unless the host
population size drops below a critical community size; hawethis threshold is rarely
known in wildlife population$47] and lack of disease expression does not necessarily
indicate a pathogen has become extinct from a hostigign. Increases in pathogen
virulence, transmission rates, or the accumulation of susceptible individuals (e.g., via
recruitment of naive young) may then result in resident pathogens causing periodic

disease even{d,5,48] Thus, some portion of respiratory disease epizootics may be
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caused by resident pathogens that have existed in bighorn sheep populations for years
without causing overt signs of disegSgand demographicallyobust populations with
no recent history of disease may be reservoirs for pathogenic agents. This possibility has
important implications for management of bighorn sheep respiratory disease in that the
presence of hypothesized respiratory pathogens in gious with strong demographic
rates may pose a risk to the host populations as well as adjacent pop{dadidhbut
would also suggest that such populations may possess traits that provide increased
resilience to respiratory disease.

Specific pathogens have been linked to respiratory dismas the effects of
documentedespiratory disease on demographic rates, such as recruitment, adult survival,
and population growth have been descrifj2,51,52] however variability in
demographic rates in bighorn sheep populatiorit, iespect to the presence of
Pasteurellaceaer M. ovipneumoniaéas not been well described. Uncertainties related
to roles these pathogens play in causing respiratory disease and to what extent
demographically robust populations host these pathogernd lce addressed by such an
assessment. If the suspected respiratory pathogens are detected in numerous bighorn
sheep populations with strong demographic performance, potential mechanisms that
reduce the demographic effects of respiratory pathogens nedydigated. Such
understanding could be used to develop management strategies that adopt a modern
definition of wildlife health, promoting resilience of bighorn sheep populations to the
numerous challenges, including respiratory disease, that they féoe modern

landscap¢b3]. Additionally, rigorous documentation of the presence of respiratory
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pathogens across many bighorn sheep populations can also inform the feasibility of
different mamgement options depending on the pervasiveness of the pathogens.

Here, coordinated efforts were used across Montana and Wyoming to rigorously
assess respiratory pathogen communities in a diverse set of bighorn sheep populations
and then relate estimatesasMerage recruitment and population growth to presence of
PasteurellaceaandM. ovipneumoniaeThe primary objectives of this study were 19
assess the pervasiveness of the hypothesized respiratory pathdgeissudy
populations?) assess wheth@resence of any specific pathogen or combination of
pathogens is associated with differences anuiément or population growtland3);
determine the extent to which populations hosting different suspected respiratory
pathogens maintained satisfactorgrcgtment or population growth rates. Little or no
association between demographic performance and presence of suspected respiratory
pathogens were hypothesized and, given the long history of domestic sheep grazing in the
two stateg45], it was hypothesized that the suspected respiratory pathogens are hosted

by the majoriy of study populations.

Methods

Study Populations

This study included 17 bighorn sheep populdaitvat occupy a wide range of
habitat types across Montaaad Wyoming and have varying disease and management
histories (Table.1). Populations were defa according to how agency personnel

conduct and report annual population surveys and typically corresponded to hunting
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districts defined by the respective state wildlife management agencies. The areas
inhabited by these populations represent much ofdhiation in habitat types that are
reali zed across t he terahgesktre dtudy @opuatons Topogr
variesfrom ruggedbadlands areas, with 300 meterwveiftical relief to large mountain
ranges with over 2,000 meteybvertical relid. Annual precipitation in the ranges varies
from 30 cm to over 100 cninhabitedecologicalregions include northern Rocky
Mountains, northern Rocky Mountain Foothills, northern rolling plains, and central
Rocky Mountaing54]. Predator comamities range from completely intact communities,
with all historic predators present on the landscape including waBassg lupu},
coyotes Canislatrans), grizzly bears {rsus arcto$, black bearsyrsus americanys
wolverines Gulo gulg, golden ealgs Aquila chrysaetgs and mountain lionHuma
concolo, to less diverse predator communities containing golden eagles, mountain lions,
black bears, or coyotes. Study populations primarily occupy public lands but seasonally
use areas of private land.

Study populations represent completely native populatiord @), completely
restored population$1£6), as well as native populations that have been augmented in
efforts to increase population size=(l). Connectivity leveVaries among study
populations, wich include welconnected metapopulations<10), populations thought
to have limited connectivitynE2), and populations thougtd be mostly isolatednED).
Population structure, in terms of number of subpopulations, ranged from ene sub
population to wer ten sukpopulations. Respiratory disease histories in the populations

include no documented history of diseased)), a single alhge epizooticr{=4) and
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multiple allage epizooticsnES). Estimated population size for individual populations
ranged fom 75 to 100@AppendixF, TableFl). Rams were harvested from all study
populationsvith meanannwal ram harvest ranginigom 1.2 to 55Ewes are currently
harvested from five study populatiomsppendixF, TableF1) with meanannual ewe
hawest of thes@opulations rangingrom threeto 16 Densityreduction translocations
have occurred in two stughopulationsand augmentation translocations have occurred in

two study populatioa since 2011 (Appendix, TableF1).

Animal Capture and Sampling

A total of 637 individual bighorn sheep from 17 populations in Montana and
Wyoming were captured and sampled between December and March of each year from
20122016.The number of animals sampled from a single population ranged from 10
(Dubois Badlands) to2d4 (Hilgard). Animals were captured using chemical
immobilization, baited drop nets, or helicopter-gahning and livesampled for presence
of Mycoplasma ovipneumonideukotoxigenicM. haemolytica or Mannhemia glucosida
(combined a$/1. haemolyticaas these twopgcies are not reliably differentiated by
available diagnostic tesfg]), leukotoxigenidMlannheimia ruminali®r Mannheimiaspp
(combined asMannheimiaspp because thability to identify Mannheimia ruminalis
from other species was not available until the final year of data collection),
leukotoxigenidB. trehalosiandP. multocidaPresence dPasteurellaceapathogens
was assessl by using a sterile polyesti@pped gplicator (Puritan #2806 1PD,

Guilford, Maine, USA) to swab the tonsillar crypts (with the aid of a lighted swab



Table2.1. General attributes of the 17 bighorn sheep populations investigated in this study

All -age Herd Sub Connectivity Elevation
Population HuntArea  epizootics Origin Pops Level Migratory  Ecological Regioh  Range (m
_ MT-124 Northern Rocky
PermaParadise None Restored 2 Isolated No Mtn. 800-2000
MT-203 Northern Rocky
Petty Creek None Restored 2 Isolated No Mtn. 10002200
Lost Creek MT-213 1991,2010 Restored 2 Limited Yes Central Rocky Mtn. 17003200
Highlands MT-340 1995 Restored 3 Isolated No Central Rocky Mtn. 15003100
Castle Reef MT-422 11%%?, 12%?1%' Native 3 Meta Population  Yes lc\l:?gt(;ilkscl:/lct?Fl\tﬂr:IZ‘ 14002900
MT-482 _ Northern_ Rolling
Fergus None Restored 4 Meta Population No Plains 700900
Middle Missouri MT-622 Northern_ Rolling
Breaks None Restored 3 Isolated No Plains 700-1000
. Augmented 4
Hilgard MT-302 1997 “Native 3 Isolated Yes Central Rocky Mtn. 21003400
Upper i1 gog . .
Yellowstone 2012, 2014 Native 8 Meta Population Yes Central Rocky Mtn.  1500-3400
Stillwater MT-500a Pre1920 Native 2 Limited Yes CentralRocky Mtn.  1506-3900
Clar kd Wy-1 None Native >10 Meta Population Yes Central Rocky Mtn.  1406-3600
Trout Peak  WY-2 None Native >10 Meta Population Yes Central Rocky Mtn.  1906-3800
Wapiti Ridge  WY-3 None Native >10 Meta Population Yes Central Rocky Mtn.  1900-3800
Francdé WY5 20112013 Native >10 Meta Population Yes Central Rocky Mtn. 20004000
Dubois Badlands WY-22 None Native 2 Meta Population Yes Central Rocky Mtn.  2200-3800
Whiskey Basin WY-10 1991 Native >5 MetaPopulation Yes Central Rocky Mtn. 23004200
Jackson  WY-7 2002, 2012 Native 6 Meta Population Yes Central Rocky Mtn.  2100-3600

! Subpopulation defined as sedfistaining group of ewes occupying distinct winter rggé
%Ecological region defined according to USDA Handbook [536

% Recent demographic datarenot availabé for the Highlandpopulations
% One subpopulation was established from another-population in 2015
>The Upper Yellowstone population is monitored as a single populationHaltitsfour hunting districts

144
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extender and tongue depressor) and, for a subset of animals, the nasal cavity. Presence of
M. ovipneumoniagvas assessed by usipglyestettipped applicators to swab the nasal
cavity. Five diagnostic protocols were used to deRadteurellaceapathogens and three
were used to detet. ovipneumoniagComplete descriptions and estimates of detection
probability (i.e., sensitivity) for each protocol were estimated in Chapter 1 (Appendix A).
Additionally, lung samples from 14 bighosheep that died in an-age respiratory
disease epizootic in the Upper Yellowstone Complex were collected by trained personnel

and tested foPasteurellacea@andM. ovipneumoniae.

Pasteurellacea®rotocols Three of the fivdPasteurellaceaprotocolsentailed

shipping samples in transport media te&for-service (FFS)aboratory (Washington
Animal Disease Diagnostic LaborateWWADDL) for bacterial identification via culture
diagnostic tests. Bacterial identification for the remaining Rasteurell@eaeprotocols
was conducted at a ndt-Slaboratory (Wyoming Game and Fish Department
Diagnostic Laborato®WGFD) using culture and/or polymerase chain reaction (PCR)
diagnostic tests. Of the thr@asteurellaceaprotocols where diagnostic tests were
corducted at WADDL, one protocol entailed freezing samples in tryptic soy broth with
15% glycerol(TSB; Hardy Diagnostics, Santa Maria, California, US#d shipping
overnight on dry ice (TSB protocol); one protocol entailed immediate inoculation and
incubaton of a Columbia Blood Agar (CBA; Hardy Diagnostics, Santa Maria, USA)
plate, swabbing the primary streak zone of the CBA plate, and ovestgiing the

swab sample in TSB on dry ice (Plated Culture protocol); and one protocol entailed

placing samplesaol in PortA-Cul E transport media tubes ( BI



43
USA) and shipping overnight on ice packs (P®Cul protocol). Of the two
Pasteurellaceaprotocols where bacterial identification was performed at WGFD, one
protocol entailed collecting twimnsil swab samples per animal, using the first to
immediately inoculate and incubate a CBA plate, placing the second sample irAa Port
CulE transport media tube for approxi mat el
a second CBA plate, and thenngsa combination of culture and PCR tests to identify
bacteria on the plates (Wyoming protocol). The other protocol entailed using samples to
immediately inoculate CBA plates and then incubating the plates for 48 hours before
washing all bacterial growtinom the plate and freezing in phosphate buffered saline

(PBS) until PCR tests were conducted at WGFD (Plated PCR protocol).

Mycoplasma ovipneumonideotocols Three diagnostic protocols were used to

detectM. ovipneumoniaepneprotocol entailed freemg samples in TSB and overnight

shipping on dry ice to WADDL forraFFSPCR test (TSB protocol); one protocol

entailed placing samples in empty sterile vials and shipping overnight on dry ice for a
nonFFSPCR test (QPCR protocol); and one protocol erdgilacing samples cool in

PortA-Cul E transport media tubes or Amies med
before transferring the sample to modified tryptone soy broth {INS#d incubating for

48 hours prior to conducting PCR tests at WGFD. Exygstiindividual bighorn sheep

to M. ovipneumoniagas also assessed by submitting 1mL of serum to WADDLrfor a

FFSserology test.
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Lung TissueProtocol Lungs were collected from bighorn sheep and delivered to

the Montana Department of Fish, Wildlife and Parks Wildlife Health Lab where the lungs
were grossly inspected by trained personnel, who collected tissue samples and submitted
them on dry ice to WADDIfor Pasteurellaceaeulture andV. ovipneumonia®CR.

Demographic and Population
Characteristic Data Collection

Demographic data used in this analysis wammarily collectedby Montana
Department of Fish Wildlife and Parks (FWP) or Wyoming Game #td[Pepartment
(WGFD) personnel as part oégular bighorn sheep population surveys from 2006 to
2016. Population surveys were typically conducted Jaree@byuary or MarciApril on
an annual basis and data collected were used to index trends in pobatiolance
(trend-counts) as well as estimate age and sex ratios (classification counts). For one study
population (Fergus), treacbunts were conducted during the summer (2ulgust) and
classification counts were collected during the spring (Adel). For three study
popul ations (Clarkodés Fork, Trout Peak, Wap
trend counts, were conducted annually. The majority of population surveys were
conducted from an aerial platform, though surveys for several pmmdaiccupying
readily available winter ranges were conducted entirely or partly from the ground (e.qg.,
Castle Reef, Hilgard, Lost Creek, and Stillwater). For each population, personnel counted
and classified all observed individuals within a consisterd af core winter range
across yearsf populations were surveyed multiple times within a winter season, the

maximum number of animals within each age and sex class that were observed across
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surveys were recorded as the counts for that year. Personrsdeing each population
were queried to identify and censor surveys where accuracy was suspected to be
inadequate. These personn@re also queried to provide five and-4gar population
trends (decline, stable, increase), recent population estimapesgatan objective,
history of respiratory disease, population structure (i.e., number of distinct sub
populations within the populatiodgefined following Festdianche{55]), and
connectivity level with other bighorn sheep populations (isolditeded,

metgopulation) based on their professional judgment.

Indices ofDemographidPerformane

Demographic performance of study populations was characterized by their mean
recruitment rates and geometric population graoffmbda ol ). Recruitment rates were
indexed as the ratio of lambs to adult females (lamb: ewe ratio) that were counted in the
classification surveys. Mean geometric population growth was indexed using counts from
annual surveys after accounting for purposeful management additions or removals
(described in detail iRopulation Growth and &hogenDetectionsection of methods).
Meanannual population growtfl ) was considered satisfactory if greater than 1 and
average recruitment was considered satisfactory if lamb:ewe ratios were greater than 0.20
[11]. Populations that experienced-afje epizootics within the range of years that
recruitment data were collected were split into separate populations (before epizootic and
after epizootic) for analyses if pathogen data were colleafddand after epizooticH

pathogen data were not collected before epizootics, demographic data preceding the die
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off were excluded from analysis. The Highlands population was not considered in

demographic analyses as recent data were not available.

Estimating Power to Detect Pathogens

If a pathogen was detected in a study population, it was assumed that the
pathogen was present each year the population was sampled, unlesgarredipiratory
diseaseeventoccurred during the study. For populasomhere a specific pathogen was
never detected, the probability that the employed sampling methodology would detect the
pathogen (i.e., detection power) at low prevalence (10%) in each population was
estimated as a function of the estimated size of thalgtpn (shown in Appendik,

Table B1), the estimated pathoggpecific detection probabilities of the protocols that
were employed (Appendik, TableE3), the number of times each protocol was
conducted per animal (Appendix TableEL, Table E2, and tle number of animals that
were tested using each protocAppendix E; Table E Table E2. Complete derivation
of the protocoispecific detection power equation is shown in AppendiBétection
probability was inestimable for several pathogeotocol conbinations, presenting a
challenge for estimatindetection powewhen these protocols were employ€&te issue
was addresseskeparately depending on the reason the parameter was inesamable
explained in detail in Appendi.

Where multiple protocolg/ere used to assess pathogen presence in a population
(t), overall detection power for that poptitan was estimatedy grouping sampled
animals into cohorts with identical combinations of protocols used to test them for

respiratory pathogens. The equationperanimal probability of not detecting a
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pathogen0 OY , that was derived in Appendix C was expanded to accommodate
multiple protocols conducted per animal. Biagle protocol is considere@: OY p
171 1 (asinAppendix C), wheré&Jandb desribe the detection probability
distribution for the employed protocol and s represents the number of replicate trials
conducted per animal. The panimal probability of not deteioig a pathogen for each
cohort,0 OY , was calculated as the product o peranimal probabilities of not

detecting a pathogen for each individual protopyl (

0 OY p OTw T

Themodified peranimal probability of not detecting a pathogen for each cohort was then
scaled to the perohort probability of not detecting a pathogén® , following the
approach shown in Appendix Overall detection power across all cohorts of sampled
animak in a population was calculated as the complement of the product of-the per

cohort probabilities of not detecting a pathogen:

n
0d 0 0 OY
Where pathogen sampling occurred over multiple years and a pathogen was never
detectedit was assumed thabpulation size did not change to a significant degree and
that the pathogen was present through the entire duration of sanafilimgng sampling

across multiple years to be treated as a single sampling event.
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Recruitment anéathoga
DetectionAnalysis

The most recent five years of recruitment data for each study population were
included in recruitment analysis, with exception of populations wheegalrespiratory
epizooticshave been documented since 2011. In tkases the censoring procedure
described previously was applied. The recruitment dataset was restricted to the most
recent five years to minimézthe extrapolation of recepathogen data to historic
recruitment rates. It was assumed that the pathogen commdetetgted in each study
population did not change during the tiseries as the introduction of influential
pathogens is expected to result inadke disease epizooticko explore the possibility
that influential pathogens were introduced to or went ekfiom study populations
during the time series, a piecewise regression analysis was conducted for each study
population The piecewise regression attempieddentify if and when recruitment rates
fundamentally changed, indicating a potential changmihogen community (see
AppendixF for details).

Differences in mean recruitment rates with respect to the detection-or non
detection of different respiratory pathogens in the study populationsasseesed using
a Poisson randosimtercept model run usitgh e i | me 456] in Pragram &R jhe
following model was used for each respiratory pathogen, using a random intercept for
study populations and a binary fixeffect variable indicating whether the pathogen was
detected in each population:

r [ '0Q0 QwodhQ
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whereg; is the mealog —— for populationj andb; is the random intercept of

population.The limited sample of studyopulations precluded assessing effects of
multiple pathogens in the same model.minimize theprobability of falsely considering

a pathogen absent from a population in the analysis, populations were censored from
analysis where a specified pathogen was not detected and tharetadsquate

detection power (>80%) at 10% prevalence.

PopulationGrowth and
PathogerDetectionAnalysis

The technique described by Eberhardt was used to estimate average annual
population growth after accounting for harvest and translocdtais8] becauseeveral
populations have been intensively managed to reduce population size. Most populations
were surveyed between annual management removals/additiongdachtiing season
Annual estimates of population growth (lastalor & Jor these populationsere obtained
assuming population growth occurred before the most recent management
removals/addition§57]. Annual trend surveys for one population (Fergus) were
conducted after lambing and before management removals/additeanbdafor this
populationsvas estimated assuming population growth occurred after the most recent
management removals/additg®7]. When trend counts were not conducted in a single
year, average lambda over the ty@ar interval between the previous and successive
yearso counts was est ingad.keahbdawas nogestimatédy n o mi
across intervals where trend counts were not conducted in multiple consecutive years.

Population growth of the study populations was assessed assuming fiiereatdi
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sighting probabilitieshat have been reported for bighorn sheep (88%)[52,59] or
observed in these study populations (786ntana State Universitynpublished data
Due to suspected high levels of variability in detectionrexcooss years, average lambda
was not assessed for populations where less than four annual estimates of lambda were
available to minimize potential effects of sampling error on overall conclusions. This
resulted in censoring four study populations fréwa &inalysis (Upper Yellowstorfeost
2013, Clarkdés Fork, Trout Peak, and Wapit:i
The geometric mean and standard error o
calculated to estimate the overall average lambda for each study populagame
sidedconfidence level that the geometric mean lambdeof each study population was
greater than oneas also calculated for each study populatidns confidencdevel was
estimated using a ortailed, onesample ttest assessing evidence against a null
hypothesis that the geometric mean lambda was grisateone. Differences in
confidencelevels thapopulation growtlwas positivg} > 1) with respect to the
detection or nometection of different respiratory pathogens in the study populations
wereassessed using a tailed ManaWhitney test for each pathogelo minimize the
probability of falsely considering a pathogen absent from a population in the analysis,
populations were censored from analysis where a specified pathogen was not detected

andthere wasotadequate power (>80%) to detect it at 10% prevalence.
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Results

Pathogen Detection

The median number of respiratory pathogen species detected per study population
(considering only the five species of interest described in thig)sivak three (3). None
of the pathogen species of interest were detected in one study population (Middle
Missouri Breaks), two pathogen species were detected in three study populations (Perma
Paradise, Petty Creek, Lost Creek), three pathogen speciedeterted in four study
populations (Castle Reef, Fergus, Upper Yellowstone, Dubois Badlands), four pathogen
species were detected in one study population (Stillwater), and all five pathogen species
were detected i n seven sFKkokdrroutBealpWdpititi ons (
Ri dge, Francdbs Peak, Whiskey Basin, Jackso
Pasteurellaceagvere detected in every study population except Middle Missouri Breaks.
M. ovipneumonia&as detected iall populations where leukotoxigerPasteurellaceae
were detected, while leukotoxigerftasteurellaceagere detected in two populations
(PermaParadise, Petty Creek) whevke ovipneumoniagas not detected (Figure 2.1).
Out of the 6820 individual bighorn sheep estimated to exist in tiseutly populations,
5935 (87%) live in populations known to caiMy ovipneumoniaand 6420 (94%) live in
populations known to carry leukotoxigermiasteurellaceae.

Three of the five respiratory pathogens were detected in over 70% of the study
populationsM. ovipneumoniagas detected in 14 of 17 (82%) study populations and
was not detected in the PerRaradise, Petty Creek, or Middle Missouri Breaks

populations Figure 2.). Leukotoxigenidvl. haemolyticavas detected in 13 of 17 (71%)
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study populationsral leukotoxigenidMannheimiaspp was detected in 14 of 17 (82%)
study populations?. multocidaandleukotoxigenicB. trehalosiwere both detected in 9
of 17 (56%) study populations including all Wyoming study populations and two
Montana study populations (Stillwater, Hilgard) that are adjacent to Wyoming. Presence
of M. haemolytica, Manrdimiaspp, or P. multocidawas not assesd with 80%
confidence in any population where they were not detected (Figur@zignting
association opopulation characteristics with presence of these pathogens. Presbhce of
ovipneumoniaevas reliably assessed (>80% confidence) in all threalpbpns where it
was not detected and presenc8ofrehalosiwas reliably assessed in three (Perma
Paradise, Castle Reef, Fergus) of the eight populations where it was not detected (Figure
2.1).

Population Attributesand
PathogerDetection

Six of 17 (35%) study populations did not meet populdi@objective (i.e.,
estimated population size was less than 90% of objective populetgfos Montana
populations otessthan 80% of objective population size for Wyoming populations;
AppendixF TableF1). Six of 16 populations (37.5%) were thought to have a declining
tenyear population trend, four (25%) were thought to have a stabigsterpopulation
trend, and six (37.5%) were thought to have an increasirget@npopulation trend.
Mean five-year lamb:ewe ratios were satisfactory (>0.20) for 13 of 16 (81%) populations
where adequate demographic data were available and were less than 0.20 for Lost Creek,

Castle Reefand Dubois Badlands (Appendix F Tabl®) F
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Most (O50%) maigfastbraréciuitmert (fivgeardnean lamb:ewe
ratio >0.20), and were thought to have stable or growingéan population trends
regardless of whether or not any specific respiratory pathogen was or was not detected
(Table 2.2) None of the three (0%opulations wher&l. ovipneumoniagas not
detectechadany documented history of respiratory disease and nine of the 14 (64%)
populations where it was detectegida history of repiratory disease. Thevwereno
apparent difference in history of respaat disease for populations wheBetrehalosi
was orwas not detected (Table 2.2he proportions fopopulations that met
management objective, had adequate recruitment, or had stable or growing population
trends were similar between populations whdr@vipneumoniaer B. trehalosiwas
and was not detectedll three populatios whereM. ovipneumoniagas not detected
met management objective, had adequate recruitment rates, and had stable or growing

population trendsTable 2.2).

Recruitment Rtes andPathogerDetection

The median fiveyear mean lamb:ewe ratio across the study populations was 0.30 and

five-year mean lamb:ewe ratios of individual populations ranged from 0.09 (Castle Reef)

to 0.48 (Middle Missouri Breaks). Mean fiyear lamb:ewe ratiosere between 0.20
and0.30forfoupopul ati ons (Fergus, Clarkés For k,
between 0.30 and 0.40 for five populations (PeRmear adi s e, Upper Yell ov
Fork, Whiskey Basin, Jackson), and were 0.40 or greater foptmulations (Petty

Creek, Middle Missouri Breaks, Hilgard, Stillwater; AppenHiXableF1). Piecewise

regression analysis identified bregdars for 12 of the 16 study populations, before and
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Figure 21. Map of bighorn sheep study populations and detected respiratory pathogen communities. All sectionsaidhs pie
are fixed to equal size and represent whether the respective path@gedstected in the study population. The key for pathogen
abbreviations are as follows: MoviMycoplasma ovipneumonia@ha = leukotoxigenidMlannheimia haemolytica/glucosidslsp

= leukotoxigenidMannheimiaspp, Btr = leukotoxigenidBibersteinia trehalosiPmu =Pasteurella multocidaWhere pathogens
were not detected, the numbers in the unfilled section indicapotier ofthe employed sampling methodologiesietectthe

pathogen at 10% prevalence in the population



Table 2.2All -age respiratory diseas@izootic history, population status relative to management objective, recruitment rates, and
population trend of study populations with respect to detection (+) edeimation {) of five bighorn sheep respiratory

pathogens. Populations wherethe pover det ect a specific pathogen was | ess than
summary.
Mycoplasma Mannheimia Mannheimia  Bibersteinia Pasteurella
ovipneumoniae  haemolytici specie$ trehalosi multocidd
+ - + - + - + - + -
# Populations 14 3 13 - 14 - 9 2 9 -
_ Previous alage 649, 0% 54% - 50% - 56% 33%  66% -
respiratory diseasepizootics (9/14)  (0/3) (7/13) (7/14) (519) (1/3) (6/9)
Meets mgmt. objective  goo, 10 62% - 50% - 56% 66%  66% -
(7114)  (313) (8/13) (7/14) (519) (213) (6/9)
)]
Adequate recruitmefit  79% 100% 92% -- 79% -- 89% 66% 100%  -- al
(10/13)  (3/3) (11/12) (11/14) (8/9) (2/3) (9/9)
Trend $able or growing  62%  100% 75% - 64% - 89%  66% 78% -
(8/13)  (3/3) (9/12) (9/14) (6/9) (2/3) (7/9)
"Meeting population objective defined as O 80% of |isted popt

population objective for Montan@opulations pursuant to state and populasipacific management goals.

% Adequate recruitment defined as average lamb:ewe ratios $38]20

% Based on professional opinion of fgear population trend.

* Presence dflannheimia haemolytica, Mannheimia spec@$asteurella multocidavas never reliably assessed in populations
where they were not detected.
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after which the average lamb:ewe ratio was different. Byeaks only occurred within
the recruitment analysis tirseries (after 2011pfr t hr ee popul-ati ons (¢
2014, Hilgard2012, Stillwater2013, and Whiskey Basi?012; Appendix, TableF2).

After censoring datand splitting populationaccording to documented -@be
respiratory epizootics, 91 populatigears of recruitment data (lamb:ewe ratios) from 18
populationsvere available to assess differences in mean lamb:ewe ratios with respect to
the detection oM. ovipneumoniaer B. trehalosi. The number of records available for
theB. trehalosianalysis was further reduced to 66 according to the number of
popul ations where pathogens were not detec
wasnotachieved. Due to poor confidence in negatest results for all populations
whereM. haemolyticaMannheimiaspp, or P. multocidawere not detectedr{gure 2.},
regression analyses were not conducted for these pathogens and lamb:ewe ratios were
summarized for the populations where they werealet.

Mean lamb:ewe ratios of individual populations where any specific pathogen was
detected ranged from less than 0.20 to greater than Tade(2.3 Figure 2.2) For each
pathogens species, there were at least five populations that hosted it amebhad
lamb:ewe ratios great#nan0.30. Mean lamb:ewe ratios pbpulations wher#.
ovipneumoniagvas not detected were 0.34 (PerRexradise, 0.44 (Petty Creek), and 0.47
(Middle Missouri Breaks). Mean lamb:ewe ratios for populations wBeteehalosiwas
not detected (and adequate detection power was achieved) were 0.09 (Castle Reef), 0.29
(Fergus), and 0.34 (Paradis€here wasvidence for an association between deteaifon

M. ovipneumoniaa n d | a mb : & w246,mpalud =D H5). (ngopulations where
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M. ovipneumoniagvas detectedhe estimated mean lamb:ewe ratas 0.25 (95% CI:
0.20-0.31) andn populations where it was not detecthdestimated mean lamb:ewe
ratiowas 0.42 (95% CI: 0.26.67; Table 23, Figure 2.2) There was no evidence for an
association between detectionBftrehalosi( %= 1.83, pvalue = 0.18). In populations
whereB. trehalosiwas detectethe estimated mean lamb:ewe ratio W& (95% CI:
0.220.37)and in populations it wasot detectedhe mean lamb:ewe ratio wa20 (95%
Cl: 0.120.32) Associations between presence of any leukotoxigeasteurellaceaand
lamb:ewe ratios were not explored because leukotoxigtasteurellaceaavere detected
in all but one study populatn. Interactive effects d¥l. ovipneumoniaand
leukotoxigenidPasteurellaceaeould not be explored becauge ovipneumoniagas
never detected in the absence of leukotoxigPasteurellaceaghowever recruitment
data for populations where both wésle ovipneumonia@nd leukotoxigenic

Pasteurellaceagvere and were not detected are shown in Figite 2

Population Growth and PathogBetection

Following data censoring on account of insufficient trend count data
population surveys from 13 differepppulations were used in the population growth
analysis; howevepathogerspecificanalyses further excludetata from populations
wherethap at hogends absence was not reliably de
between 50% and 85% had a small effecestimates of average (geometric mean)
lambda { ) as the mean difference in estimatdoetween the two sightabilities across all
populations was 0.015 (Appendix FigureF2). Accordingly, results presented

henceforth assume 70% sightability in popwiatsurveys, as has been used in recent



Table 2.3Summary of lamb:ewe ratios in bighorn sheep study populations with respect to detection of five respiratory pathogens.
Populations where the power to detecpaesc i f i C

pat hogen was | ess than 0.
Mycoplasma Mannheimia Mannheimia Bibersteinia Pasteurella
ovipneumoniae haemolytica speciel trehalosi multocidad
+ = + - + = + - + =
# Populations 14 3 13 0 14 0 9 3 9 0
amhean 026 0.42 0.27 0.26 0.29 (8?2_ 0.32 B
(95% Cl) (0.21:0.32) (0.250.66) (0.22:0.37) (0.200.33) (0220.39) oy (0.240.42)
y'ﬂgﬂsmsggc 0.09 0.35 0.09 0.09 017 0.09 017
P o ato (MT-422)  (MT-124)  (MT-422) (MT-422) (WY-22) (MT-422)  (WY-22)
g"ﬁgg;ﬂ;ﬁﬂc 0.48 0.48 0.44 0.48 0.48 0.34 0.48
P ot (MT-500a)  (MT-622)  (MT-302) (MT-500a) (MT-5008) (MT-124) (MT-500a)

! Presence dflannheimia haemolytica, Mannheimia spec@®asteurella multocidavas never reliably assessed in populations
where they were not detected.

80

ar e

not



59
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Figure 22. Lamb:eweatios of 17 bighorn sheep populations in Montana and Wyoming

that were investigated in this study with respect to detection status of five respiratory
pathogens. The-gixes show observed lamb:ewe ratios (lambs:100 ewes) and the-main x
axes show years tluata were collected. Grey boxplots show lamb:ewe ratios of

populations where the respective pathogen was not detected and there was strong (>80%)
detection power, colored boxplots show where the respective pathogen was detected and
unfilled boxplots showvhere the respective pathogen was not detected but there was

poor (<80%) power to detect it.
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investigations of mountain ungulate population growth r@@} Eight of the 13 (62%)

populations in the population@wth analysis were estimated to have positive population

growth (=r>1) and five (38%) were estimated to have negative population growti(=r5tes

< 1). However, the 95% confidence interval ¥aof every population overlapped 1

(AppendixF, Figure R2). The estimated confidence level thatl (i.e.,probability=51

>1) for individual populations ranged from 0.13 (Castle Reef) to 0.95 (Fergus).

Average estimated geometric population grovﬁoﬁ individual populations

where any specific pathogen waseatéd ranged from less than 0.95 to greater than 1.10

(Table 2.4. Average IambdaJestimates for populationghereM. ovipneumoniagas
not detected were 1.01 (95% CI: 0.84.6) for Permd&aradise, 1.06 (95% CI. 0.9024)
for Petty Creek, and 1.08 (95% CI: 0-:9(B0) for Middle Missouri Breaks. Average
lambda estimates for populations whBrdrehalosiwas not detected (and deteatio
power was at least 0.80) were 0.87 (95% CI: L86%) for Castle Reef, 1.01 (95% CI:
0.901.24) for Perm&aradise, and 1.10 (95% CI. 0.9:24) for FergusTable 2.4

Figure2.3). Wilcoxon ranksum tests found no evidence that the confidence levels for

positive population growth (i.eprobability=gl >1) was different between populations
where eitheM. ovipneumoniaer B. trehalosiwas and was not detected.(

ovipneumoniaeWs ;0= 21, pvalue = 0.37B. trehalosi W, ¢ = 9, pvalue = 0.99).
Discussion

Themost important findingf this study mayehow pervasivéherespiratory

pathogens weramong the 17 bighorn sheep populations investigateshsive sampling



Table 2.4 Summary of geometrigopulation growth in bighorn sheep study populations with respeigtection of five

respiratorypathogens. Populations where the power to detect a specific pathogen was less than 0.80 are not considered in that
pathogends summary.

Mycoplasma Mannheimia Mannheimia Bibersteinia Pasteurella
ovipneumoniae  haemolytica specie$ trehalosi multocida
+ - + - + - + - + -
# Populations 14 3 13 0 14 0 9 3 9 0
Median
confidence 0.51 0.77 0.56 -- 0.56 -- 0.51 0.56 0.66 --
1>1
Median_' 1.00 1.06 1.01 -- 1.01 -- 1.00 1.01 1.04 --
Minimum o
population 0.80 1.01 0.87 3 0.80 3 0.86 0.87 0.92 3 =
- (MT-213) (MT-124) (MT-422) (MT-213) (WY-22)  (MT-422) (WY-5)
specific _
Maximum
population 1.17 1.08 1.17 3 1.17 3 1.17 1.10 1.17
" (MT-302) (MT-622) (MT-302) (MT-302) (MT-302) (MT-482) (MT-302)
specific _

! Presence dflannheimia haemolytica, Mannheimia spec@®asteurella multocidavas nevereliably assessed in populations
where they were not detected.
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found thetwo most cited agents responsible for respiratory diséaseyipneumoniae
and leukotoxigeni®asteurellaceaewere botlpresenin at least76% of the study
populations within wich nearly 6,000 bighorn shelye. Thesepathogens are hosted in
bighorn sheep populatiotisat inhabit matrices of public and private land as well as those
in the most remote areas of th@ntinental United States that offer the most stringent
protections against human and livestothkese findingslemonstrate that the
combination of bighorn sheep ecology amihromgenic use of the landscape resulta in
propensity for bighorn sheep acrosgaiety of landscapes, includimgtional paks and
wilderness areas, to be exposed to thespiratory pdtogens. It is not known how long
the study populations have hosted these respiratory pathdgsmmsdingly,it is not
knownthe extent to which theurrent pervasiveness of #epathogensn the
populatons s t he result of c omdomesudieestockdespiiel | ov er
concerted efforts to pr erthenesultopastersandn bet we
domestic sheep were ubiquitous across bighorn sheep range. Regardless, the fact that
76% of the study populations, including the mdsiradant populations, host bdth
ovipneumonia@nd leukotoxigeni®asteurellaceagehighlights thesubstantigllandscape
level challenges thawildlife agencies have faced and continue to face in preventing the
spread of pathogens bighorn sheep populans.Recent evidence suggests that acquired
immunity of bighorn sheepo M. ovipneumoniaés strainspecific[61], indicating that
exposure to new pathogen strains introduced from domestic livestock, neighboring

bighorn sheep populations, tramshted bighorn sheep, and even sympatric mountain
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goats Oreamnos americanyf62] posea risk of respiratory disease for any bighorn
sheep population even if it already hosts pathogen species linked to respiratory disease.

Although bothM. ovipneumonia@nd leukotoxigeni®asteurellaceagere
detected in most (n=14) study pdgtions, these study populations often showed no
demographic signs of respiratory disease. Half of the populations where these pathogens
were detected met population objectives and had positive estimated growth rates (though
never statistically significaptten (77%) had average lamb:ewe ratios greater than 0.20
(threshold for fAhealthyo recruitment defin
Wildlife Agencies), and six had average lamb:ewe ratios greater than 0.30. Generally,
this group of populationsicludedthosewith the lowest and highest population size
population growth rat and average recruitment rates. The number of populations found
to hostM. ovipneumoniaand leukotoxigeni®asteurellaceaand the variation in
demographic performance among these populations resulted in the paradoxical finding
that, although average demographic performance in this group of populations was lower
than whereM. ovipneumoniagas not detect, most populations thatre estimated to
have positive growth rates and average recruitment rates greater than 0.30 were ones that
carried bothM. ovipneumoniaand leukotoxigeni®asteurellaceaeAt face value, this
pattern suggests that bighorn sheep populations can besutigesanaged while
hosting all respiratory pathogens that have been tied to respiratory disease. However, the
significance of this pattern hinges on whether the collection of study populations here is
representative of bighorn sheep populations as aendral what explains the variation in

demographic performance of populations hosting apparently similar pathogen
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communitiesAlthough the study populations were not randomly selected, they were
choserto capture a wide range of variabilitylerd attribugés in ordeto maximizethe
generalizability of the findings.

The strong demographic performance of some populations hdting
ovipneumonia@nd leukotoxigeni®asteurellaceaeould be explained by the presence
of less virulent pathogen strains whitdmnot be distinguished lihe available
diagnostic testfl,18]. Differences in virulence could be inherent in the strains or
attenuated after years of persistence in bighorn sheep populations. It is known that the
study populations carry differestrains ofM. ovipneumoniaéMontana State University
unpublished datayet notwhether the strains vary in virulence. Available diagnostic tests
for Pasteurellaceaare unable to reliably distinguish among species, particularly in the
Mannheimiagenus(\Wyoming Game and Fish Department unpublished {83,
leaving lttle ability to discern whethd?asteurellacea@osted by different study
populations vary in virulence. Variation in demogriagterformance could also be
explained by differences in prevalencevbfovipneumoniaer leukotoxigenic
Pasteurellaceaewhich was not assessed here. Prevalence was not assessed in this
investigation because it was previously found (chapter one) tegidhameter is likely
estimated with poor precision in the face of imperfect detection probability, particularly
for Pasteurellaceavariation inM. ovipneumonia@revalence at the time of testing does
not appear to explain variation in demographic peréoree in a direct waysM.
ovipneumoniagvas detected ionly six (6) of 30 animals sampled from the population

with the lowest average recruitment rate (Castle Reef) but was detected in 24 of 29
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animals and 28 of 50 animals in the Hilgaapplation dumg two years wheastimated
recruitment rates were 0.53 and 0.29 respectively. Comparing prevalence of
Pasteurellaceaacross study populations is untenable given low detection probability for
most diagnostic protocols.

If variation in demographic rates tlin the group of populations hosting b
ovipneumonia@nd leukotoxigeni®asteurellaceaes not explained by unobserved
differences in pathogen communities, agiation of demographic ratesmyd presumably
disease expressionay be dictated by intactions between the pathogen, the harsd
the environment. Favorable demographics of some populations may be temporary states
enjoyed for a limited time until conditions sufficient for expression of disease are met.
The environment experienced by sonopgations may be less likely to produce
conditions sufficient for expression of disease, leading to differential population
performance given the same respiratory pathogen community and inherantrpal
disease resilience. Consequently, subsequentatsy disease epizootics in these
populations may be due to introduction of novel pathogen strains or increased expression
or transmission of resident pathoggh®]. Given variable populatiemanagement
histories and over a century of exposure to domestic sheep experienced by some
populations, selection may have produced increased disease resilience in certain study
populations. High adult and juvenile mortality sessociated with respiratory disease
suggest potential for strong selective pressure for physiological or behavioral adaptations
against respiratory disease so long as surviving individuals are exposed to the causative

agent, traits associated with suaihare heritable, and sufficient genetic variability exists.
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While obvious signs of selection for disease resistance are absent, selection results in
local adaptation, for which there is evidence in bighorn sf@gpand outbreeding from
extensive translocations may interfere with selection and local adag@tion

Many of the larger study populations that host Bdtltovipneumoniaand
leukotoxigenidPasteurellaceaare metapopulations comprised of nunusreub
populations that may behave independently and have asynchronous demographic rates
despite being in close proximity. The generally satisfactory measurements of
demografic performance across the m@taulation within which pathogens were
detected mape an average of disparate fudpulations that individually did not host the
same respiratory pathogens or did not similarly express respithsagse at the time of
study.Recent research demonstrated this asynchrony in lamb survival acress sub
populdions of a bighorn sheep population with chronic lamb pneunij6bjaThe scale
at which the pathogen drdemographic data in this study were summarized could then
mask significant effects of respiratory disease in some locgbepblations with the
demographic vigor of other stygppulations that either were not exposethesame
pathogens or were asynohously expressing disease. Thus, the metapopulation may
only give the illusion that these populations are resilient to respiratory disease. However,
coarsescale stability despite asynchrony and instability at a fine scale is the exact
mechanism for whicmanagement for metapopulations is a veskiablished practice in
the field of conservation biolod$6]. Althoughsomeevidence existthatindividual
hostorganismswithin metapopulationsan bemore resistant tpathogenslespite high

potential for pathogen sprefdl’], the benefits of metapopulations as describyed b
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classic metapopulation theoaye not based upon improved performance of any particular
individual or subpopulation, but extction and colonization dynami¢88]. Thus,
asynchronous population dynamics within a higtdyinectedighorn sheep
metapopulation where respiratory pathogens res@gillustrateone ofthe benefits that
metapopulations provide for conservation biology.

As a consequence of the pervasivenesd.avipneumoniaén the study
populations, most populations that exhidisglequate demographic performance carried
M. ovipneumoniaeDespite the low number of populations whigreovipneumoniagas
not detected herewas evidence consistent with the hypothesis that this pathogen is a
primary etiological agent for respiratory disease in bighorn sheep. For example, none of
the three populations whek& ovipneumoniagvas not detected have a documented
history of respirtory disease, compared to nine of 14 populations where it was detected.
There was also statistical evidence that average recruitment rates in these populations
were higher than in populations whéfe ovipneumoniagvas detectedAll three
populationsvhereM. ovipneumoniawas not detecteldad average recruitment rates
greater than 0.30 and populatigrowth rates greater than okwever, population
growth and recruitment rates of the populations wiMerevipneumoniagas not
detected were not particubaunusual compared to those of numerous populations where
it was detected. Collectively, these findings support the hypothesiglthat
ovipneumoniaés a necessary agent for respiratory disease in bighorn sheep, but do not

suggest that its presence inagpplation is sufficient for populati-limiting respiratory
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disease.nvestigation of additional populations without evidence for exposuve to
ovipneumoniags needed for stronger inference.

After uncertainty in diagnostic test results was quantiftadas found that
presence of moftasteurellaceaspeciexould not be associated with demographic rates
because there was little ability to determine with confidémeéhich populations they
were not present. For leukotoxigelctrehalosi(for which here wasadequate detection
power for several populationthere was no evidenad an association with demographic
performance. Additionally poor specificity of diagnostic tests may have misidentified the
species of isolatg4 8], further limiting the ability to link demographic performance to
presence oPasteurellaceaeThe detection of leukotoxigenRasteurellaceaé 94% of
the study populations combined witdw power to detedndividual Pasteurellaceae
species in nearly all populatiomherethey were not detected suggests that
leukotoxigenidPasteurellaceaes ubiquitous. If this is true, variation in expression of
respiratory disease cannot be explained by leukotoxidgtasteurellaceaand the
associations dfl. ovipneumoniagith demographic performance in this study are
conditional upon presence of leukotoxigeResteurellaceaé/Vhile associative evidence
for Pasteurellaceaglaying a role in bighorn sheep respiratory disease is weak,
experimental evidence strongly suggests leukotoxigenic strains cause severe respiratory
disease in bighorn sheep. Thus, leukotoxig@aisteurellaceaenay still pose a risk to
bighorn sheep populations, particularly if introduced to populations haddting

ovipneumoniae
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Management Implications

The findings of this study warrant caution for augmenting bighorn sheep
populations with animals from distinct populations as there is high probability that a
pathogen species linked to respiratory disease will be introduced to the recipient
populations. Ahough certain pathogen species may ultimately be determined to be
benign orsafe to mix, caution is prudent when uncertainty exigte common
occurrence oM. ovipneumoniaand leukotoxigeni®asteurellaceae populations
exhibiting strong demographperformance also suggests potential that historic
translocations introduced novel strains of these pathogens into new host populations.

The same general findings that warrant caution against population augmentation
also suggest plausibility in the hypesis that some proportion of respiratory disease
epizootics are caused by resident pathogens already hosted by the affected population.
Lack of quantification in the reliability of historic test results and a focus on sampling
diseased populations leavegsen the question of whether pathogens which were first
detected during respiratory disease epizootics were present before the epizootic began. It
is imperative to maintain and improve upon policies of separation between bighorn sheep
and domestic sheepdugoats. However, domestic livestock currently on the landscape
may not be the source of all bighorn sheep respiratory disease epizootics. Thus, it is of
conservation value to rigorously evaluate evidence for the novel and resident pathogen
hypotheses toresure that efforts to reduce incidence of respiratory disease are directed as
effectively as possiblb]. These hypotheses can be addressed by rigorously sampling

populations during periods of demographic vigor and subseguergdmpling those
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populations which experience respiratory disease epizootics to assess whether new
pathogen strains are detected. Although the-bgsmse results of this approach are
largely circumstantial, the collective results across many popusasioould lend credible
evidence for or against both hypotheses and will either reinforce the current disease
management paradigm or promote adoption of novel management approaches.
Evidence that multiple study populatiomsstboth M. ovipneumoniaand leikotoxigenic
Pasteurellaceaandhave strong demographic performance suggests that additional
management approaches may exist to reduce the effects of respiratory disease in bighorn
sheep by developing management strategies that promote disease reblsrase
resilience and susceptibility could be explained by habitat quality or environmental
characteristics, inherent traits of individual animals, or spatial structuring of populations.
Specific hypotheses within these categories are abundant andsadt achallenging to
assess. Because the traits that may influence population resilience vary at the pepulation
level, a large sample of populations, from which relialaiea on pathogen communities
and herd characteristics can be collected, would herestto elucidate traits associated

with population resilience.

Recommendations and Conclusions:

This study rigorously assessed respiratory pathogen communities and
demographic rates in 17 bighorn sheep populations across two USistiedirst sudy
to report uncertainty iits pathogen testing results. This sputbmonstrated that
pathogens associated with respiratory disease are pervasive amemagdiieg bighorn

sheep and numerous populations hosting these pathogens exhibit demographic vigor
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These simple patterns generate some concrete recommendations for translocation policy
and interpretation of diagnostic test results but also raise several questions that could lead
to additional tools for management of bighorn sheep respiratory di3éwstndings
demonstrate plausibility for related hypotheses that a) identifiable characteristics of
certain bighorn sheep populations related to habitat quality, inherent traits of individuals,
or spatial structuring of animals within the populationsmavide increased resilience
against respiratory disease and b) respiratory disease epizootics can be caused by either
introduction of novel pathogens or increased viruleraeansmissiorf resident
pathogens that wetested by populations during preus periods of demographic vigor.
Although this study lacks the geographic and temporal scale to address these hypotheses,
it provides baseline data and recommendations for future studies that could address these
hypotheses and provide additional insiglotsmanaging respiratory disease. These

recomnendations include:

1.) Continue to improve characterization of respiratory pathogen communities by
working to adopt diagnostic protocols that provide strong ability to detect pathogens in
sampled bighorn shegmpulations and identify different strains within pathogen species.

Statistical tools should be used to quantify uncertainty in negative test results.

2) Develop a monitoring program for a large and diverse set of bighorn sheep populations
where a suffient number of animals (n=30) can be sampled from each population to

assess respiratory pathogen communities. Collect baseline respiratory pathogen data from
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populations both with and without indication of respiratory disease and resample

populations folleving disease epizootics using comparable methods.

3) Characterize attributes of study populations that could influence expression of
respiratory disease, such as genetics, physiological status, body corditispatial

structure of supopulations.

4.) Coordinate and standardize these efforts across states and provinces to collect
adequate and comparable data from as many contrasting bighorn sheep populations as

possible.

These recommendations aim to provide sufficient information to evaluate tew of
disease epizootics are associated with novel or resident pathogen strains, whether
variation in virulence of pathogen strains can explain demographic vigor in some bighorn
sheep populations hostihd ovipneumoniaand leukotoxigeni®asteurellaceaeand

highlight potential traits associated with populatiewel resilience against respiratory
disease. The collective evidence could then be used to a) validate and reinforce the
current emphasis of management policies on minimigatgogen transmissionoim

domestic livestock and/or b) spur additional investigation into characteristics of
populations and their environment that could be manipulated to minimize the
demographic effects of respiratory pathogens. Promoting resilience of populations against
pewasive respiratory pathogens offers an additional and complementary approach for

wildlife agencies to manage bighorn sheep populations in the modern landscape.
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Pasteurellaceae

Wyoming Cultures from the tonsils were obtained using sterile polyéigteed
applicators (Puritan#2806 1PD, Guilford, ME, USA) applied to the tomailcrypts and
the outer tonsil surfacénoculated swabs were immediately used to inoculate one quarter
of aColumbia Blood Agar plate (CBA) with 5 % sheep blood (Hardy Diagnostics #A16
Santa Maria, CA, USA The applicator was then used to resample the tonsil, followed by

placement intdransport mediaPortA-Cul™

tubes(Becton Dickinson, Franklin Lakes,
NJ, USA) or 3ml Amies media without charcoal in a 15 x 103mm culture tube (Triforest
Enterprises, Irvine, CA, USApamples from the nasal passages were collected using the
same type oépplicator, but was gently insertedl@m into the nasal cavity while

slowly rotating the shaffrhe inoculated swab was then placed into transport media as
described aboveAll samples were transported to Wyoming Game and Fish Wildlife
Health Laboratorand processed within four hours of collectiBacterial plates were
struck to three quadrants using a 1um loop and incubated@iir33% CO,. Tonsil

swabs were removed aseptically from the transport media with forceps and used to
inoculate one half of @BA plate Tissues were aseptically removed from 180z Whirl
Pak® bags (Nasco, Fort Atkinson, WI, USA), cut to expose an interior area of tissue,
then smeared over half of a CBA plaiée plate was struck to two quadrants for

isolation and incubated ati3Z in 5% CQ,. Culture plates were read and documented
once at ~1&4 hours, and again at ~38 hoursTargeted colonies were recultured for

isolation and identified using standard biochemical {&&f After 48 hours, all bacterial

growth on platevas collected with a polyestépped applicatoand placed in 15ml
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Falcon tubes (Corng, Corning, NY USA) filled with sterile phosphate buffered saline
(BBL FTA Hemagglutination, Buffer Becton Dickinson, Franklin Lakes, NJ, USA), and
vortexed to suspended bacteAa250pl aliquot was removed and placed into a PCR tube
(PCR clean 1.5 mLage-lock tubes Eppendorf, Hauppauge, NY USA) for DNA
extraction (E.Z.N.A. Tissue DNA kit, Omega Biek, Norcross, Georgia, USA) per
manuf act ur e rExch sampleswas sareehed with BCR for the leukotoxin
(IktA) gene with primers that amplifidktA in bothMannheimiaspecies an&. trehalosi
[9]. Positive samples were then analyzed using onlivdrenheimia lktAgene PCR7].
Samples positive on the initial PCR and negative on the second were categoiz&d as
positiveB. trehalosi Mannheimiaspp IktA assay will amplifylktA in M. haemolytica, M.
glucosida andM.ruminalis Mannheimia haemolyticaglucosidalktA specific PCR70]

was then performed dhose samples positive fdtannheimiaktA.

TSBA single tonsil swab was collected from animals as described in the
Wyoming protocol and placed immediately into a vial of tryptic soy broth (TSB).
Samples were frozen as soon as possible and shipped overnight on dry ice to Washington

Animal Disease Dignostic Laboratory (WADDL) foPasteurellaceaeulture following

the | abés standard operating procedures. S
were plated by diagnosticians.

Port-A-Cul. A single tonsil swab was collected as described, placed in &Port
Cul E tube and kept chilled unti/l received
overnight on ice packs to WADDL fétasteurellaceae ul t ur e f ol |l owi ng t h
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standard operating pceduresSamples were shipped to WADDL as soon as possible,
arriving within 72 hours of collection. Samples were plated by WADDL immediately

upon receipt.

Plated Culture A single tonsil swab was collected as describedindediately

used to inoculata Columbia Blood Agar (CBA) culture plate with 5% sheep blood
(Hardy Diagnostics, Santa Maria, California, US a treated as described in the
Wyoming PCR protocol. Following the Wyoming PCR protocol, the plate was struck to
three quadrants for bactdr@lony isolation the day of sample collection. After ~24
hours, a strip of the primary streak zone waalshed with a sterile polyestgpped

swab, as were any phenotypically distinct colonies present on the plate. This swab was
placed immediately inta vial of TSB. Samples were frozen immediately and shipped
overnight on dry ice to WADDL foPasteurellaceaeulture.Swabs remained frozen at

WADDL until they were plated by diagnosticians.

Plated PCR Following completion of the MSU protocol, CB#lates were
incubated an additional ~24 hours before bacterial growth was cleared from the CBA
plate as described in the Wyoming PCR protoSaimples were stored at approximately
20° C until being assessed by the Wyoming Game & Fish Department WHuHd&h

Laboratory using the PCR procedures described in the Wyoming PCR protocol

Mycoplasma ovipneumoniae
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WyomingSamples from the nasal passages were obtained by inserting sterile
polyestettippedapplicators (Puritan#2806 1PD, Guilford, ME, USA$-12 cm into the
nasal cavity and slowly rotating the shdfhe inoculated swab was then placed into
transport media: PeA-Cul™ tubes (Becton Dickinson, Franklin Lakes, NJ, USA) or
3ml Amies media without charcoal in a 15 x 103mm culture tube (Trif&m®rprises,
Irvine, CA, USA). Swabs were removed from the transport media as previously described
and phced into 2ml of modified tryptone soy broth (T-&in sterile 5ml rounebottom
tubes (BD Falcon, Franklin Lakes, NJ, USA) and incubated at 37 HG0iCO, for 48
hours.DNA was extracted from 1 mL dihie TSB1 as described for the Wyoming PCR
Pasteurellaceaprotocol DNA was analyzed using primers and PCR protocol published
by McAuliffe [71], and optimized in the Wyoming Game and Fish Department Wildlife
Health lab by modifying the initial denaturation for five minute84ftC, 32 denaturation
cycles for 30 seconds each at 94°C, annealing at 57.5°C for 30 seconds, and extension at
72°C for 30 secondJ he final extension was at 72°C for 5 minutéamples were kept

at 4°C until analyzed

gPCR A nasal swab was collectad described in the WyomifCRprotocol
and placed in a sterile cryovial without transport media and stored frozen. The samples
were shipped to WADDL on dry ice and were tested for presendgadplasma
ovipneumoniaeising quantative PCR (qPCR) to aid protocol developmenThis does

not represent BRFSprotocol.
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TSB.A nasal swab was collected from animals sampled under this protocol and
placed immediately into a vial of tryptic soy broth (TSB). Samples were frozen as soon as
possible and shipped ernight on dry ice to Washington Animal Disease Diagnostic

Laboratory (WADDL) forMycoplasma ovipneumoni&CR testing39,71]
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APPENDIX B

ASSESSING STABILITY OF DETECTION PROBABIOY ESTIMATES FOR
BIGHORN SHEEP RESPIRATORY PATHOGENS.
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Two subsets of data corresponding to samples obtained from bighorn sheep
sampled for respiratory pathogens in Montana and bighorn sheep sampled in Wyoming
were analyzed to assess stability and consistency of detection probability estimates for
eachPasteuellaceaepathogen. Thasteurellacead SB protocol was conducted on
456 of 476 individual bighorn sheep in the dataset, whereas other protocols were all
conducted on less than 50% of the sampled individuals (Table B1). Therefore, if un
modeled heterogerigiin detection probability of the TSB Protocol existed, there was
potential for bias in the estimated detection probability for the other protocols which were
not conducted on the majority of individuals. Accordingly, the focus of this procedure
was to esmate detection probability of each diagnostic protocol using only subsets of
data where both that protocol and the TSB Protocol were conducted on all animals and
compare the resulting estimates to that obtained from analysis of the complete dataset.
Thefirst subset (Montana) included only data from animals sampled in Montana, where
samples from each animal were collected and tested using the Standard, MSU, and Plate
PCR protocols (n=152 individual animals). The RR@R protocol did not assess
presencef Pasteurella multocida but t his pathogendés detectdi
Standard and MSU protocols was still assessed in this dataset. Detection probability for
Bibersteinia trehaloswas not assessed in this dataset due insufficient detections (n=2)
The second subset (Wyoming) included data from 122 bighorn sheep sampled in
Wyoming, where samples were collected and tested using the WGF and Standard

protocols.
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The relative frequency with which the differéviycoplasma ovipneumoniae
protocols were aaducted follow the same pattern as with Basteurellaceagrotocols;
the Standard Protocol was conducted on 91% of the sampled animals, whereas the other
protocols were conducted on <30% of the sampled animals (Tabl®&®2)tion
probability estimatefrom the two subsets of the compl&igcoplasma ovipneumoniae
dataset, also corresponding to the state where the samples were collected (Montana or
Wyoming), were obtained and compared those from the full dataset. The Montana subset
included data from 10&nimals sampled in Montana where two samples were assessed
from each animal using the Standard protocol. The Wyoming subset included data from
95 animals sampled in Wyoming where samples were assessed using the Standard and
Wyoming PCR protocols. The patpnspecific subsets were then filtered to exclude
populationyears where that pathogen was not detected in order to minimize model
convergence issues associated with estimating pathogen prevalence parameters at a
boundary.

The same occupancy model structure was applied to all the datasets to assess
consistency in the estimates of detection across the subsets of data. The occupancy model
used for this assessment all owed each path
populatonry ear and all owed each pathogends estir
by diagnostic protocol. When detection probability estimates approached zero or one,
boundary issues prevented the model from accurately estimating standard errors. In these
cases, the standard errors were set to zero. This situation occurred when a protocol never

detected a pathogen or when a protocol never failed to detect a pathogen in an animal
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known to be infected. Fixing the standard errors was deemed more informative and
accurate than using infinitely sized standard errors resulting from boundary issues.

For nearly every combination of pathogen and protocol, the parameter estimates
for detection probability were similar and confidence intervals overlapped substantially
(Figure B1); however detection probability estimates for the TSB protocol differed
between the dataset fifannheimiaspp (Figure B1). The detection probability estimate
for this pathogeiprotocol combination obtained from the complete dataset was 0.12
(95%ClI: 0.080.16) the estimate from the Wyoming subset was 0.31 (95% CI: 0.21
0.43); and the estimate from the Montana subset was 0.01 (95% CQ.05).0After
confirming that the detection probability estimates for the other diagnostic protocols used
to detectMannheimiaspp were not strongly biased by this-umdeled heterogeneity in
detection probability, th#Mannheimiaspp detection probability estimates from the full
datasetvere kepbased on the fact that there is no clear explanation for theeteity
of the TSB protocol and that the objectives of this paper require a single estimate of

detection probability for each protocol.
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Table B1. Number of animals sampled in each study population and year for
Pasteurellaceapathogens and thmeannumberof timeseach protocol was conducted
per animal in parentheséghe total number of animals sampled and mean number of
total diagnostic protocols conducted per animal are also shown.

Plate Wyoming
PopulationYear Standard Classic PCR  MSU PCR TOTAL
Castle Reef 14.15 23 (1) 21 (1) 16(1) 23 (2.61)
Castle Reef 15.16 72 7 (1) 7(2) 7 (5)
Clark Fork Cutoff 4 (2) 4(2)
15.16*
Devil's Canyon 15.16 22 (1) 25(1) 25 (1.88)
Dubois Badlands 15.1¢ 4 (1) 5(1) 5(1.8)
Mt Everts 13.14 5(1) 5(1)
Fergus 14.15 60 (1) 29(1) 15(1) 60 (1.73)
Franc's Peak 12.13* 2 (1) 2 (1) 2(2)
Franc's Peak 14.15* 3(1) 3(1) 3(1) 33
Franc's Peak 15.16* 1) 2 (1) 2 (1.5)
Highlands 15.16 16 (2) 16 (2)
Hilgard 13.14 29 (1) 29 (1)
Hilgard 14.15 49 (1.98) 38(1) 18(1) 49 (3.12)
Hilgard 15.16 34 (1.97) 34(1) 34(1) 31(1.97) 34 (5.77)
Jackson 12.13* 1(1) 3() 3(1.33)
Jackson 15.16 16 (1) 16 (1) 16 (2)
Lost Creek 14.15 13 (1) 13(1) 13(2) 13 (3)
LostCreek 15.16 6 (2) 5@1) 6 (2) 6 (4.83)
Middle Missouri 19 (2) 19 (2)
Breaks 15.16
N. Clark Fork 15.16* 1(2) 1(1) 1(2) 1(5)
PermaParadise 14.15 30 (1) 28(1) 15(1) 30 (2.43)
Petty Creek 15.16 16 (2) 17(1) 17(1) 172 17 (5.88)
Stillwater 14.15 16 (1) 16 (1) 16(1) 16 (3)
Stillwater 15.16* 3(2) 3(2) 3(3)
Sybille 15.16 11 (2) 11 (1) 11 (1) 11 (1) 11 (5)
Temple Peak 15.16 9(1) 14 (1) 14 (1.64)
Trout Peak 12.13* 1(1) 1(1) 1(2)
Trout Peak 14.15* 1(2) 1(2)
Trout Peak 15.16 7@1) 8 (1) 8 (1.88)
Wapiti Ridge 12.13 16 (1) 16 (1) 16 (2)
Wapiti Ridge 14.15 7 (1) 7(@1) 7 (1) 7 (3)

Wapiti Ridge 15.16 10 (1) 15(1)  15(1.67)
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Plate Wyoming
PopulationYear Standard Classic PCR  MSU PCR TOTAL
Castle Reef 14.15 23 (1) 21 (1) 16(1) 23 (2.61)
Castle Reef 15.16 7(2) 7(1) 7(2) 7 (5)
Whiskey Mountain 12 (1) 8 (1) 13 (1.54)
15.16
NE Yellowstone 14.15* 2() 2
TOTAL 456 (1.36) 62(1) 212 176 136 (1) 476
(1) (1.34) (2.66)

! Populatiorii Years where less than five individual bighorn sheep were sampled were not
considered in analysis and are denoted with an asterisk (*).
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Table B2. Number of animals sampled in each study population and y&dydoplasma
ovipneumonia@and themeannumberof timeseach protocol was conducted per animal in
parenthesed he total number of animals sampled and mean number of totabdiagn
protocols conducted per animal are also shown.

PopulationYear

Standard gPCR Wyoming PCR TOTAL

Castle Reef 14.15
Castle Reef 15.16
Clark Fork Cutoff 15.16*
Devil's Canyon 15.16
Dubois Badlands 15.16
Mt Everts 13.14
Fergus 14.15
Franc's Peak 12.13*
Franc's Peak 14.15*
Franc's Peak 15.16*
Highlands 15.16
Hilgard 13.14
Hilgard 14.15
Hilgard 15.16
Jackson 15.16
Lost Creek 14.15
Lost Creek 15.16

Middle Missouri Breaks 15.1¢€

N. Clark Fork 15.16*
Paradise 14.15
Petty Creek 15.16
Stillwater 14.15
Stillwater 15.16*
Sybille 15.16
Temple Peak 15.16
Trout Peak 12.13*
Trout Peak 14.15*
Trout Peak 15.16
Wapiti Ridge 12.13
Wapiti Ridge 14.15
Wapiti Ridge 15.16
Whiskey Mountainl5.16
NE Yellowstone 14.15*

TOTAL

23(1) 15 (1)
72)
4(2)

5(1)
5(@1)
59 (1)  29(1)
2(1)

2 (1)
16 (2)
29 (1)
50 (1)
35 (2)
16 (1)
13 (1) 7 ()
6 (2)
19 (2)
1 (1)
30(1) 30 (1)
16 (2)
16 (1) 7 (1)
3(2)
11 (2)
12 (1)
1(1)
2 (1)
8 (1)
16 (1)

14 (1)
8 (1)
2(1)
431 (1.27) 88 (1)

25 (1)
5 (1)

2 (1)
3(1)
2 (1)

16 (1)

11 (1)
14 (1)
1(1)

8 (1)
16 (1)
7(1)
15 (1)
8 (1)

133 (1)

23 (1.65)
7(2)
4(2)
25 ()
502
5(1)

59 (1.49)
202
3(D
202
16(2)
29 (1)
50 (1)
35 (2)
16 (2

13 (1.54)
6(2)
19 (2)
1(1)
30 (2)
16 (2)

16 (1.44)
3(2)
113

14.(1.86)
12
2(1)
8(2
16 (2
7(2)

15 (193)
8(2
2(1)

469 (1.63

! populatiorii Years where less than five individual bighorn sheep were sampled were not

considered in analysis and are denoted with an asterisk (*).
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Figure B1. Estimated detection probabilities and @o#fidence intervals of the respiratory pathogens obtained from independent
analyses of the complete dataset and two subsets considering only data from bighorn sheep where multiple protocols were
conducted. The subsets are labeled to denote the statethvdeisga within them were collected. The different diagnostic

protocols are shown on theaxis of each facet and the detection probability estimates obtained for each protocol from analysis of
the different datasets are shown adjacent to each othdfaredt shapes. The occupancy model structure used to obtain these
estimates allowed pathogen prevalence to vary by bighorn population and detection prabafaitiyby protocol
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APPENDIX C

DERIVATION OF DETECTION POWER SOLUTION
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Theestimates of detection probability for a single sarm@ee scaledio the
population level, while considering the effect of collecting multiple samples per
individual animal. The joint probability of obtang a positive test from a single sample
from an individual animal, given the animal is infected and assuming perfect specificity
(i.e., no false positive tests) can be express@d@s O@G m 0 ,
whered indicates the event of a positive test result foitheathogen using thé&
protocol, andw indicates the corresponding probability of obtaining a positive test,
given an animal is infected (i.e. detection probabilityjis joint probabilitywasfactored

into the following conditional probability statement:

0 @ " M D M ,

where U and b conceptually represent the n

respecti vel wasestimater herchndittohal probability statementas

marginalizedver |} to obtain the following expres
30 I :
0 o M ——" P M (o1
30 31

Becauséhe kernel of the integral represents a beta distribution, the expressionbe
simplifiedto show the probability of obtaining a positive test result in a single sample

collected from an infected animal 0 @ O F¥ & 1 , whamrmej dakcribe
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the beta distribution for the detection probability ofitheiagnostic protocol used to test
a given sample for presence of {eathogen.

The estimates of detection probability for each pathegestocol combination
were incorporatethto this expression by first creating a legdrmal distribution using
the detection parameter estimate and associated standard error as the mean and standard
deviation of the distributionfhe distributionvas then transformed theprobability
scale and used maximdmi kel i hood esti mati on[72yima the ff
Program R to redefine it @asbeta distribution that could be used to solve the equation.
Any detection probabilities that were estimated on a boundary were not incorporated into
the subsequent detection probability analysis. Comparison of the quantiles of the model
estimated deteictn probability distributions and the corresponding derived beta
distributions confirmed the corresponding distributions matched each other well (Table
C1).

The probability of obtaining a positive test result from each sample assessed
(using theé™ protocol to detect thg" pathogen) from an infected animal can be described
by the following Bernoulli distributiond * 6 Qi ¢ ¢ @ TF OQ . The

complementary probability of obtaining a negative test result in the same sample i
described by® x 6 Qi € € p adx KX0 1 , where® indicates the event of
negative test result. Assuming independence among replicate assessments of pathogen
presence for the same animal, the sum of each replicate asseskpahogen presence
(using the same protocol) amounts to the binomial distribution:

0 OYx 6 Q¢ £ aMexa NP QD TGO 1 ), whereT; indicates the number of
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negative test results obtained from the replicate samlimg probability of obtaining
negative tests across all replicate trials is then describ@dChs: P WTw
[ , Where"Y indicates the event of all replicate trials (assessing presencej?ﬂf the
pathogen using th& protocol) réurning a negative result asdepresents the number of
replicate trials. The complementary probability of obtaining at least one positive is:
0 OY P p OFO g , Where Tjjindicates the outcome of at least one
replicate trial returimg a positive resulfThis formulawas usedo scaletheresults to the
population level.

The power to detegtathoger) in sampled populatiok depends on the
probability of detecting pathogg¢mn each infected animal as well as the number of
infectedanimals (i) that are sampled, the latter of which follows a hypergeometric
distributior{73]. The joint probability ohot detecting th¢™ pathogen irpopulationk

while samplingQOnfected animals using th# protocolwas calculateds:

0 COhj

0® O 000
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where0 equals the number of animal in populatign  equals the prevalence of
pathoger in populationk, 0 [  equals the number of animals infected by pathggen
in populationk, and¢ equals the number of animals sampled in popul&tidvhen
0 [ was not an integer, the valumsdown to the next integefhis probability
statementvas marginalizedverlj to provide the following solution for the probability

of not detecting pathoggrafter samplingn animals frompopulationk usingprotocoli.

0 P

Accordingly, the complementary probability @étecting pathogejnn at least one
sample 0  after samplingr animals frompopulationk usingprotocoli can be

calculated as:

0o 0 0



Table C1. Distribution parameters and quantiles obtained directly from model estimates of detection probab#o(hoa)t
for each pathogeprotocol combination (not estimated on a boundary) and the corresponding derived beta distributions that were
used to assess detection power.

Pathogen Protocol Distribution Parameters 25% Quantile 50% Quantile 75% Quantile
Logit-Normal( €2 Beta( U, b Logit-Normal Beta Logit-Normal Beta Logit-Normal Beta

Mannheimia haemolytica

Plated PCR -1.07,0.46 6.63, 18.36 0.201 0.202 0.256 0.259 0.319 0.321
PortA-Cul -2.18, 1.07 1.22,7.34 0.052 0.055 0.101 0.115 0.189 0.203
Plated Culture -0.83, 0.44 8, 17.65 0.246 0.247 0.304 0.307 0.370 0.371
Standard -1.02, 0.32 14.01, 37.82 0.226 0.227 0.266 0.267 0.310 0.310
Wyoming -0.19, 0.49 8.08,9.71 0.372 0.373 0.452 0.452 0.534 0.533
Mannheimiaspp
Platad PCR 3.01, 1.02 16.11,1.22 0.911 0.901 0.953 0.946 0.976 0.974
Plated Culture -2.99, 0.46 5.13, 93.05 0.035 0.036 0.048 0.049 0.064 0.065 -
TSB -2,0.2 27.96, 202.63 0.106 0.106 0.120 0.120 0.135 0.135 S
Wyoming -1.46, 0.28 16.66, 69.99 0.162 0.163 0.189 0.190 0.219 0.219
Bibersteinia trehalosi
Plated Culture -2.15, 0.75 2.26, 15.79 0.066 0.068 0.105 0.112 0.162 0.168
TSB -0.59, 0.26 23.28,41.64 0.317 0.318 0.356 0.357 0.398 0.398
Wyoming 3.29, 1.02 20.42,1.2 0.931 0.923 0.964 0.958 0.982 0.980
Pasteurella multocida
PortA-Cul -0.25, 1.29 1.48,1.77 0.246 0.258 0.437 0.444 0.650 0.642
TSB -1.9, 0.26 16.84, 110.23 0.111 0.111 0.130 0.131 0.151 0.152
Wyoming 1.58, 0.63 14.48, 3.36 0.761 0.756 0.829 0.823 0.882 0.879
Mycoplasma ovipneumonia
gPCR 0.59, 0.69 6.28, 3.69 0.531 0.530 0.643 0.638 0.742 0.738
TSB 0.98, 0.25 60.18, 22.91 0.693 0.692 0.727 0.726 0.759 0.758

Wyoming 1.85,0.53 25, 4.36 0.815 0.812 0.864 0.859 0.901 0.899
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APPENDIX D

DETECTION POWER CURVES FOR ALL PATHOGENROTOCOL
COMBINATIONS
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These charts are intended to providaders the ability to investigate suitable
sampling methodologies and intensities based on their capabilities, restrictions, and
preferencesEach page in this appendix illustrates the effects of various factors on the
power to detect a pathogen in a sédpopulation, given the pathogen and the protocol
used, which is stated at the top of the graphic, along with the estimated detection
probability for that pathogeprotocol combinationProtacols that use a fefr-service
(FFS)diagnostic test are indated with an asterisk following their nantgach page is
split into quadrants to illustrate relationships under four different population sizes (N=25,
50, 100, & 200)Each quadrant is split into nine panels to show expected relationships
through a sequermf pathogen prevalence ranging from 0.1 to Ba&h panel shows the
power to detect the pathogendyis), given the number of animals sampleduxs) and
three lines are used to show this relations¥tyen protocol are conductede, two, and
threetimesperanimal The horizontal dashed line in each panels corresponds with 80%
power to detect the pathogen. Thaxes in the quadrant illustrating these relationships
for a population size of 25 differs from theaxes of the other quadranBower curve
for several pathogeprotocol combination are not shown in the appendix because the
protocol never successfully detected that particular path®&gges are organized by

pathogen familyRasteurellaceaer Mycoplasmaand then by Protocals
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Mycoplasma ovipneumoniae
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Mycoplasma ovipneumoniae - Wyoming p= 0. 85
Population Size:25

0.2

Prevalence: 0.3

1.00
0.75
0.50
0.25
0.00

1.00
0.754
0.50
0.256
0.00

1.00
0.75 1]
0.50
0.25
0.00

0 5 10 15 20 250 5 10 15 20 250 5 10 15

20 25
Population Size:100

F 0.2 Prevalence: 0.3

1.00
0.75
0.50
0.25
0.00

Prevalence: 0.6

1.00
0.75
0.50
0.25
0.00

1.00

Power to detect pathogen

0.75
0.50
0.25
0.00

0 10 20 30 40 50 0 10 20 30 40 50 0 10 20 30

Animals Sampled

1.00
0.75
0.50
0.25
0.00

1.00
0.75
0.50
0.25
0.00

1.00
0.75
0.50
0.25
0.00

1.00
0.75
0.50
0.25
0.00

1.00
0.75
0.50
0.25
0.00

1.00
0.75
0.50
0.25
0.00

Samples per Animal

Population Size:50

Prevalence: 0.1 Pr : 0.2 Pr 0.3
Y <R < L f _______
Prevalence: 0.4 Pr 0.5 Pr 0.6
¥ A f_ _________ f _________
Prevalence: 0.7 Pr I 0.8 Pr 0.9
E
0 10 20 30 40 500 10 20 30 40 50 0 10 20 30 40 50
Population Size:200
Prevalence: 0.1 Pr : 0.2 I r_l _____ 0_.3_ _
Prevalence: 0.4 Pr 0.5 Pr 0.6
¥ AR f_ _________ f _________
Prevalence: 0.7 Pr 0.8 Pr 0.9
R
0 10 20 30 40 500 10 20 30 40 50 0 10 20 30 40 50

One = = = =

= == Three



Power to detect pathogen

1.00
0.75
0.50
0.25
0.00

1.00
0.75
0.50
0.25
0.00

1.00

0.751

0.50
0.25
0.00

1.00
0.75
0.50
0.25
0.00

1.00
0.75
0.50
0.25
0.00

1.00
0.75
0.50
0.25
0.00

108

Pasteurellaceae

Mannheimia haemolytica - TSB* p= 0. 27
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Bibersteinia trehalosi - TSB* p= 0. 36
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Mannheimia spp - TSB* = 0. 12
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Power to detect pathogen
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Pasteurella multocida - TSB* p= 0. 13

Population Size:25
F 0.1 F 0.2 Prevalence: 0.3

Prevalence: 0.6
- T

___(,-_ ~
/'.
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Population Size:100
F 0.1 F 0.2 Prevalence: 0.3
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Samples per Animal

Population Size:50
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Port-A-Cul*

Power to detect pathogen
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Mannheimia haemolytica - Port-A-Cul* H= 0. 1

Population Size:25
F 0.1 F 0.2 Prevalence: 0.3

Pr 104 Pr : 0.5 Prevalence: 0.6
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Power to detect pathogen
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Pasteurella multocida - Port-A-Cul* p= 0. 44

Population Size:25
0.2

0.8

Prevalence: 0.3

Prevalence: 0.6

Prevalence: 0.9
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Population Size:100
F 0.1 F

——
-

0.2

20 25

Prevalence: 0.3

Prevalence: 0.6

f/ ______ f ______ L
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Plated Culture

Power to detect pathogen
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Mannheimia haemolytica - Plated Culture* p= 0. 3

Population Size:25
F 0.1 F 0.2 Prevalence: 0.3
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F 0.7 F 0.8 Prevalence: 0.9
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Samples per Animal
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Prevalence: 0.1 Prevalence: 0.2 Prevalence: 0.3
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Power to detect pathogen
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Mannheimia spp - Plated Culture* p= 0. 05

Population Size:25
0.2

Prevalence: 0.3
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Prevalence: 0.3
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