N°d'ordre : 4130 ANNEE 2010

g
UNIVERSITE DE & h University of London

RENNEST @

THESE en cotutelle / PhD in joint supervision
UNIVERSITE DE RENNES 1 — UNIVERSITY OF LONDON

pour le grade de
DOCTEUR DE L’UNIVERSITE DE RENNES 1

for the degree of

DOCTOR OF PHILOSOPHY OF THE UNIVERSITY OF LONDON

ROYAL VETERINARY COLLEGE
Mention : Biologie / Biology

Ecole doctorale Vie Agro Santé

présentée par / defended by

Clara L. H. Marce

préparée dans les unités de recherche / conducted in the research units

UMR1300 BIOEPAR INRA, ONIRIS — Bioagression, Epidémiologie & Analyse
de Risque

RVC, VEPH unit — Veterinary Epidemiology & Public Health

Modelling the
transmission of and
effectiveness of control
measures for
Mycobacterium avium
subsp. paratuberculosis
in dairy herds

Transmission de
Mycobacterium avium
subsp. paratuberculosis
en troupeau bovin laitier
et efficacité de mesures
de maitrise : une
approche par
modélisation

These soutenue / thesis defended
a Londres / in London
30/08/2010

devant le jury composé de / composition of the jury:

Soren S. NIELSEN

Professor, University of Copenhagen / rapporteur
Christian DUCROT

Directeur de recherche, INRA-Theix / rapporteur
Richard WHITE

Senior Lecturer, LSHTM, London / examinateur
Francoise RIOU

Maitre de Conférence, Université de Rennes 1, Rennes /
examinateur

Henri SEEGERS

Professeur, ONIRIS, VAS, Rennes / co-directeur de these
Dirk PFEIFFER

Professor, RVC, Londres / co-directeur de thése
Christine FOURICHON

Maitre de Conférence, ONIRIS, INRA, Nantes / co-directeur
de thése



Acknowledgements/ Remerciements

To my supervisors, co-authors and to all who helped me during these last

three years:

| thank you for your support and guidance during my time as a PhD student,

which | have found enjoyable and fulfilling.

| also thank the National School of Veterinary Services and the French
Ministry for Food, Agriculture and Fisheries for their support of my PhD

training.

Finally, thank you to the members of the jury for their time and contribution.

A mes encadrants, co-auteurs et a tous ceux guitnailé pendant ces trois

derniéres années :

Je tiens a vous remercier pour vos aimables canseiotre aide qui m'ont

guidés pendant mes années de thése.

Merci aussi a I'Ecole Nationale des Services Vatéres et au Ministére de
I’Alimentation, de I’Agriculture et de la Péche #t@ir soutenu et encadré mon

projet de Formation Complémentaire Par la Recherche

Je remercie enfin les membres du jury pour leupteet leur contribution.



Merci a mon encadrante principale, Christine Fdwoit pour sa confiance,
son écoute mais aussi pour avoir mis a rude éprewegedésirs et capacités
d’organisation et d’anticipation. Prochaine étajgenttre collaboration a la
voile ?

Merci & Henri Seegers pour son aide et son encemragt dans les moments
difficiles.

Thanks are also due to Dirk Pfeiffer, my other sujger, who has offered
valuable advice and the opportunity to work on ofpedjects during my 3
years as a PhD student. That was great to changmind and not always
focusing on paratuberculosis! Hopefully | will seed speaking and writing
better English in the near future.

Merci Pauline pour ton support et ton aide sarleféans toi, le projet aurait
eu du mal a démarrer et la modélisation seraibtogjun grand mystere pour
moi.

| would also like to thank Maarten Weber for ingmirdiscussions during my
3 committees of thesis and at all our meetings.

II'y a un grand nombre de personnes que je voudgaigrcier notamment au
sein des 2 équipes de travail que j'ai pu cétoyidaates et a Londres :

Merci aux habitants des couloirs du G2, du G4 at/dedens House ;

Merci & mes camarades de piscine (Maud, Simon, @quilurélie, Xavier...
si, si tout ce monde se retrouve le midi en pégitele) ;

Merci a mes camarades de Big Band et de concelitsgiQAnne et toujours
les mémes autres acolytes) ;

Merci Evelyne pour ton efficacité et ta bonne humeu

Merci Michel et Jean-Yves, les bricoleurs de chomyr votre aide logistique,
bibliographique et dans les saisies de données ;

Merci Thomas pour m’avoir aidé a gérer mon stressshuvegardes ;

Merci Didier pour ton bon miel, et ton aide prédeuwans le domptage de la
machine de guerre qu’est le simulateur économigueatipeau ;

Merci Francois pour ton aide aux moments critiqueslgré tes
bougonnements pour la forme ;

Merci Nathalie, Alain, Catherine, Stéphane poujdors avoir répondu a mes
guestions tordues posées entre 2 portes ;

Merci Anne pour avoir relevé mon niveau en stafisti;



Merci aux autres thésards et assimilés pour legrsliimoments passés
ensemble, et vive le journal club !

| also thank all my colleges from the Vet Epi Diwgis of London, real
international patchwork. It was so great to discasach a variety of people
and talents.

Comment ne pas s'arréter un peu plus longuementssr‘colocataires’ de
bureau:

Merci a la French team de Londres, jai nommé Rélda Solenne,
Guillaume, Emilie et les autres ‘non francais’ {enfls doivent étre bilingues
maintenant) Regina, Gillian, Angel, pour tous lesmments de franche
rigolade et pour votre amiti€é. Sans votre imagoratdébordante et les
sketches de Raphayélle et Guillaume, je me suspeeennuyée de retour en
France !

Heureusement, il y a une autre équipe de choc deblgnour décompresser.
Merci Aurélie, Simon, Edouard, la team du G4 pouavair patiemment
écouté raler sur mes coauteurs, pour I'ambiande &tlles crises de fou rire,
merci Edouard pour tes supers blagues. Merci auddily, colocataire du
premier bureau occupé, pour m'avoir fait compreridsejoies d’'une fin de
thése. Par chance, j'ai pu éviter I'épisode ‘noitfortable dans le bureau’.

Je tenais a faire un remerciement spécial a menigaet a ma sceur, Rosa,
pour m'avoir soutenu tout au long de mes étudeseepas avoir trop ralé
guand je sortais mon travail a la maison. Voilagygjavais toujours dit que je
ne ferais pas comme toi. Morale de I'histoire,'yl @ que les imbéciles qui ne
changent pas d’avis.

Cay est mémé, j'ai fini ma thése: mes ‘longued@tisont enfin terminées.

Last but not least, bien au contraire: Merci HenBans toi, je n’aurai
probablement pas choisi cette voie, ni commenciemiiné cette thése, ni
rencontré tous nos amis des 4 derniéres annéeseqgseit en France ou en
Angleterre. A nos sorties en mer avec les copainclub de voile de Deal, a
nos repas salades avec Ivano, aux Victorian spagtgiesos retrouvailles sur
Paris, enfin | Merci pour ton aide précieuse juaguiernier moment de cette
these.

Merci aussi a notre bébé pour m’avoir donné la wadittn de finir au plus
vite.

Bon vent a tous.



Table of Contents

Acknowledgements / Remerciements 2
Table of Contents 5
List of Figures 9

1

List of Tables 3
General Introduction 17
1 Paratuberculosisin dairy cattle 19
1.1 Déefinitions 19
1.2 Distribution of the disease 19
1.3 Economic impact 20
2 Control of paratuberculosis 22
2.1 Exigting programmes 22
2.2 Difficulties encountered 23
3 Objective of the thesis 24
4 Outline of the thesis 26
References 27

Chapter 1 Modelling within-herd transmission of Mycobacteriun 31
avium subspecies paratuberculosisin dairy cattle: a

review
1 Introduction 33
2 Selection of relevant papers 34
3 Technica characteristics of the selected models 34
4 Modédling theinfection in the host 36
4.1 Host susceptibility 36

4.2 Development of the disease within the host and Map 38
shedding

4.2.1 Infection stages 38

4.2.2 Factorsinfluencing the course of infection 40

4.2.3 Shedding characteristics 41

5 Modéling the transmission of the pathogen 43
6 Modéelling population structure and herd management 45
6.1 Typeof herd 45
6.2 Herd management 46
6.2.1 Contact structure 46

6.22 Herdsize 47

6.2.3 Control of herd size 47

6.24 Other routes of pathogen introduction 48

7 Modédlling control of Map infection 48
8 Model validation 50
9 Discussion 51

References 56



Chapter 2 Spontaneous fadeout versus persistence of
Mycobacterium avium subsp. paratuberculosis
infection in adairy herd: amodelling study

1 Introduction

2 Materials and Methods

2.1 Model description
2.1.1 Population dynamics
2.1.2 Infection process and Map transmission
2.1.3 Initial conditions
2.1.4 Mode outputs
2.2 Mode evaluation
3 Restlts
3.1 Spontaneous fadeout of Map infection without control
measure
3.2 Map spread within persistently infected herds
3.3 Characteristics of the runs ending in fadeout vs. persistent
infection
4 Discussion and prospects
References

Chapter 3Dairy calf housing systems across Europe and risk
for calf infectious diseases
1 Introduction
2 Materia and method
2.1 Questionnaire conception and distribution
2.2 Study population
2.3 Questionnaire design
2.4 Assessment of the relevance of the answers
2.5 Review of risk factors and qualitative risk assessment
3 Results
3.1 Globa anaysis of the answers
3.2 Description of housing systems
3.21 Assessment of the relevance of the answers
3.22 Meansize of the dairy herds
3.2.3 Housing system from birth to weaning
3.24 Housing system after weaning
3.25 Housing system before first calving
3.2.6 Grazing of calves
3.3 Qualitative risk assessment
4 Discussion
5 Conclusion
References

63

65
66
66
66
70
74
76
76
77
77

79

86
89

93

95
95
96
96
96
97
97
97
97
98
98
98
98
101
105
105
108
108
112
114



Chapter 4 Within-herd contact structure and spread of
Mycobacterium avium subsp. paratuberculosisin a
persistently infected dairy herd

1 Introduction

2 Materials and methods

2.1 Modd of the within-herd spread of Map
211 Genera characteristics of the model
2.1.2 Population dynamics
2.1.3 Infection process
2.1.4 Modd outputs
215 Mode evaluation
2.2 Within-herd contact structure scenarios
221 Sensitivity analysis for contact structure parameters
2.2.2  Scenarios mimicking farm management
3 Results
3.1 Mode parameters contributing to variance in model outputs
3.2 Adult-to-calf indirect contacts
3.3 Cadlf-to-calf contacts
3.3.1 Reduction of exposure by cleaning
3.3.2 Reduction of exposure by eliminating clinically affected
adults

4 Discussion

5 Conclusion

References

Chapter 5 Cost-effectiveness of control strategies for
Mycobacterium avium subspecies paratuberculosis
in dairy herds based on clinical versus active
surveillance

1 Introduction

2 Materials and methods

2.1 Genera description of the smulation model
ECOMAST/ECOMAM
2.2 Paratuberculosis simulation process
2.2.1 Disease progression
2.2.2 Production effects of paratuberculosis
2.2.3 Quality of Map diagnostic tests
2.3 Herdandinitia conditions
2.4 Simulated control plans and utility criterion
24.1 Studied scenarios
2.4.2 Outputs of the model
3 Restlts
3.1 Herd dynamics, production and Map prevalence when no
tests for Map are implemented
3.2 Impact of systematic detection
3.3 Impact of time spent before culling a test-positive animal

117

119
120
120
120
122
122
124
124
126
126
126
129
129
131
131
134
134

134
138
139

143

145
146
146

148
148
150
150
150
152
152
153
155
155

158
165



3.4 Impact of concomitant health disorders
4 Discussion

5 Conclusions

References

Chapter 6 Genera Discussion

1 Mgor findings

2 General approach

3 Uncertainty and variability

4 Linking epidemiological and economic models
5 Modéd validation and validity of the results
6 Implications
References

General Conclusion
Summary in French / Résumé Substantiel en Francais
Appendix List of publications

Abstract / Résumeé

165
167
171
172

179
180
181
186
188
190
193
197

201

203

205

209



List of Figures

General | ntroduction

Figure 1: Individual animal prevalence of paratubelosis infected dairy cattle in the 21

world (Guicharnaud, 2009): summary of publishedneates

Figure 2: A/ Prevalence of paratuberculosis infectairy cattle herds in Europe, B/ 21
Individual animal prevalence of paratuberculosisfeicted dairy cattle in Europe

(Guicharnaud, 2009): summary of published estimates

Figure 3: Outline of the PhD project 25

Chapter 1

Figure 1: Graphical representation of health staasand transitions iMycobacterium 37
avium paratuberculosis transmission model of A) Collins & Morgan (1991), Bouillot
(2004), C) Kudahl (2007), Groenendaal (2002), Humpt2006), and Van Roermund
(2002, 2005), and D) Mitchell (2008)

Chapter 2

Figure 1: Population dynamics in a closed dairy dheand flow diagram of 69
Mycobacterium avium subsp. paratuberculosis (Map) infection dynamics model,
representing infection states, transitions betwstates, and origin of contamination of

the local and whole farm environments.

Figure 2: Distribution of the amount dflycobacterium avium subsp .paratuberculosis 75
(Map) shed per kg of faeces of transiently infectiogs), (subclinically ) and
clinically ($,¢) infected animals used in théap infection dynamics model within a dairy
herd

Figure 3: Probability of persistence over time (postion of runs where an infected 78
animal is still present) d¥lycobacterium avium subsp paratuberculosis (Map) infection
in a dairy cattle herd after a singMap introduction {=0) in the herd

Figure 4: Mycobacterium avium subsp paratuberculosis (Map) spread in a persistently 80
infected dairy cattle herd sinddap introduction (t=0). A/ Mean prevalence over tinfe o
infected (black), infectious (dark grey), and aféelc(light grey) adults (> 30 months)
and related confidence intervals. B/ Mean annuaidance and related confidence

interval

Figure 5: Comparison of the simulated and the obsérdistributions of the prevalence 81

in Mycobacterium avium subsp paratuberculosis (Map) infected adults in infected dairy



cattle herds. The simulated distribution corresporid runs of aMap spread model
within a dairy cattle herd, the mean prevalencenfrgear 5 to year 9 sincMap
introduction in the herd (t=0) being calculated feach run still infected. The observed
distribution is based on individual life long detg@ned statuses in 59 dairy herds at
enrolment in a paratuberculosis control programFrance, before any control measure

is implemented

Figure 6: Comparison of the simulated and obserdedributions ofMycobacterium 82
avium subsp paratuberculosis (Map) infected adults per infection state in infectedrgai
cattle herds. A/ Simulated mean distribution oweretin persistently infected herds as
predicted by aviap spread model within a dairy cattle herd; B/ Mearrqemtage of
tested adults per infection states based on aldifig determined status in 59 herds at
enrolment in a paratuberculosis control programFrance, before any control measure

is implemented, according to the range of the ahiwithin-herd prevalence. Animals
tested twice or less and having negative resuksi@ed to be either resistant (state not

shown) (B1: optimistic option) or latently infect®P: Pessimistic option)

Figure 7: Mean relative contributions of the 5 temission routes dflycobacterium 83
avium subsp paratuberculosis (Map) infection in persistently infected dairy cattle ter
(118 runs out of 400). A/ over time sinbkgp introduction in the herd; B/ over

prevalence of infectious adultglap is introduced only once (t=0)

Chapter 3

Figure 1: Types of dairy calf housing systems i@ Buropean countries, before and 102

after weaning

Figure 2: Most common or maximum &gef dairy calves in individual pen in the 103

European countries

Figure 3: Number of calves per collective pen befaeaning, after weaning, and before 104

1* calving for typical dairy herds in the Europearuotries
Figure 4: Most frequent age at weaning of dairyvesl in the European countries 106

Figure 5: Minimum (1) and most common (2) agerat firazing outside for dairy calves 107

in the European countries

Figure 6: Qualitative risk assessment of housingtesy for the main infectious diseases110

of dairy calves

Chapter 4

Figure 1: Flow diagram of theMycobacterium avium subsp.paratuberculosis (Map) 121

transmission model in a dairy cattle herd, repraseninfection states (Si: susceptible;

10



Ti: transiently infectious; L: latently infecteds:l subclinically infected; Ic: clinically
affected; R: resistant), transitions between stdsedid lines), entry and exit of Map in
the environment (dashed lines), and exposure oksabMap (double line). Calves are
separated in groups (i), each having a specifi@al@nvironment Ei. Eg represents the
global environment of the farm (whole environmentaitamination resulting froriviap

shedding of T, Is and Ic cattle)

Figure 2: Contributions to the variance of the auttymain and interaction effects) of six 130
model input parameters ofMycobacterium avium subsp paratuberculosis transmission
model in a dairy cattle herd: period of time durimdnich a calf can shed the bacteria
(PShed), period of time during which a calf is suscepilSusc), period during which
grazing is allowed Graz), rate of exposure of calf to fomites contaminatgdadults
(Exp), time spent in individual housin@ifnind), and herd sizeSze). The parameter for

herd size does not contribute to the variance efahtputs

Figure 3: Mean prevalence over time of infectiodsiies (>30 months) according to the 132
exposure Exp) of calves until 1 year of age to the global eomimental contamination

with Mycobacterium avium subsp paratuberculosis (Map) by adults. Outputs of Bap
transmission model in infected dairy herds of 18@< Other parameters are at their

baseline value. The baseline scenario is shownsasid line

Figure 4: Box plots of the annual prevalence oedtibus adults in the 35year after 133
Mycobacterium avium subsp paratuberculosis (Map) introduction according to the rate

of exposure of calves to adul&xp) and to the time spent by calves in individualpen
(Timind). Outputs of aMap transmission model in infected dairy herds of ta®s. A:

Adult to calf exposure is only reduced during thgividual housing period (from birth to
moving to a group pen); B: Adult to calf exposwsedduced from birth to weaning. The
quartiles are represented by horizontal lines. Tkiskers indicate maximum and
minimum values of the simulated distributions ti&t less than 1.5 IQR lower or higher
than the first or the third quartiles, respectiveSimulated values outside the ends of the

whiskers are indicated by a dot. Mean value is espnted by a star

Figure 5: Mean prevalence over time of infectiodsilés (>30 months) according to A: 135
the percentage oMycobacterium avium subsp.paratuberculosis (Map) removed by
cleaning from the global environment every wédnBglob), B: the mean time spent in

the herd by clinically affected adult§1¢Cull) Outputs of aMap transmission model in
infected dairy herds of 110 cows. Other parametaes at their baseline value. The

baseline scenario is shown as a solid fine

Chapter 5
Figure 1: Link between the epidemiological and ¢senomic model favycobacterium 149

11



avium paratuberculosis - Concept of the metamodel

Figure 2: Evolution of the prevalence of infected animalsckHtine), infectious adults 159
(medium line) and clinically affected adults (tHine) over timein herds infected by
Mycobacterium avium subsp paratuberculosis (Map): output of the dairy herdconomic
model when no tests fdap are implemented (standard hygiene, low prevalesice

concomitant health disorders)

Figure 3: Persistence d¥lycobacterium avium subsp.paratuberculosis (Map) infection 160
in the herds (left column) (lines), prevalencerdgéctious adultgright column) (lines),

and evolution of the relative discounted gross nmanger year (left) and cumulated
(right) (compared to a herd with no paratubercuosi baseline of 100) (histograms) in

all herds: outputs over time of the dairy herds remoic model for scenarios dap
control (TO: no control, T1: test-and-cull based systematic surveillance, T2: test-and-
cull triggered by clinical surveillance) with A/estdard level of hygiene, B/ impaired

level of hygiene, C/ improved level of hygiene

Figure 4: Ratio of the cumulated discounted grosargims in all herds of two 162
surveillance scenarios compared to no control Mfycobacterium avium subsp.
paratuberculosis (Map): outputs of a dairy herd economic model simulatétth standard

(left), impaired (middle), or improved level of e (right)

Figure 5: Effect of the selection of culled animals. PersiseeofMycobacterium avium 164
subsp.paratuberculosis (Map) infection in the herds (left column) (lines), prarece of
infectious adultgright column) (lines), and evolution of the relati discounted gross
margin per year (left) and cumulated (right) (comgdh to a herd with no
paratuberculosis which has a baseline gross maafii00) (histograms) in all herds:
outputs over time of the dairy herds economic méatekcenarios in which the action
performed following a positive test varies (C1:lieg of test-positive cows, C2: culling

of test-positive cows and their 2 last calves) inith structured dairy herd with standard

level of hygiene.

Figure 6: Effect of the time to culling positiveimuals. Persistence oMycobacterium 166

avium subsp. paratuberculosis (Map) infection in the herds (left column) (lines),
prevalence of infectious adulisight column) (lines), and evolution of the relei

discounted gross margin per year (left) and cuneddtight) (compared to a herd with
no paratuberculosis which has a baseline gross mas§100) (histograms) in all herds:
outputs over time of the dairy herds economic méafekcenarios in which the delay
before culling following a positive test varies (Ddulling 2 weeks after a test is
performed, D2: culling 4 months after a test isfpened) within a structured dairy herd

with standard level of hygiene.

12



List of Tables

Chapter 1

Table |: Modelling options of eight Mycobacterium avium paratuberculosis (Map)

transmission models in cattle herds

Table Il: Mycobacterium avium paratuberculosis (Map) infection statuses and
bacterial shedding in faeces in bacteria per gram or per day or colony forming unit

(cfu) per tube as represented in eight transmission models in cattle herds

Table 1ll: Probability of infection and underlying assumptions used to model
Mycobacterium avium paratuberculosis horizontal transmission in eight models
(intrauterine infection, infection at birth and infection through milk and colostrum
excluded)

Table 1V: Transmission pathways of Mycobacterium avium paratuberculosis

considered in eight transmission modelsin cattle herds

Table V: Summary of assumptions incorporated in eight Mycobacterium avium
paratuberculosis (Map) transmission models in cattle herds (for assumptions on

transmission, see Table IV)

Chapter 2

Table |: Parameters for herd management and population dynamics used in a
Mycobacterium avium paratuberculosis infection dynamics model within a structured

dairy herd

Table II: Parameters for infection and transmission used in a Mycobacterium avium
subsp. paratuberculosis (Map) infection dynamics model within a structured dairy
herd

Table I11: Summary of published data and modelled distributions of the quantities of
Mycobacterium avium subsp. paratuberculosis (Map) shed, depending on the health
state (X) and the route of transmission (r) in a Map infection dynamics model within a
structured dairy herd

Table IV: Proportion (%) of runs having 0 to more than 3 clinically affected and/or
subclinically infected animals (Is) detected (sensitivity of 0.5 and specificity of 1 for
the tests used for |s animals detection) after 1 to 5 years of simulation in herds with

spontaneous fadeout or persistent infection

35

39

42

53

67

68

72

85

13



Chapter 3

Table I: Main characteristics of dairy calf housing systems in the European countries

(number of animals, number of pens and change of pen)

Table I1: Repartition of herds according to dairy calf housing systems after the calf is

separated fromits dam in the European countries

Table I11: Reported risk factors related to housing systems associated with occurrence

of neonatal diarrhoea and respiratory disordersin non-weaned dairy calves

Chapter 4

Table I: Outputs studied in the sensitivity analysis of the model of Mycobacterium

avium subsp. paratuberculosis (Map) transmission within a dairy cattle herd

Table II: Parameters of the model of Mycobacterium avium subsp. paratuberculosis
(Map) transmission within a dairy cattle herd used to define the factorial experiment

in the sensitivity analysis (in bold, values for the baseline scenario)

Table I11: Scenarios of calf exposure tested in the model of Mycobacterium avium

subsp. paratuberculosis (Map) transmission within a dairy cattle herd

Chapter 5

Table I: Duration in the Mycobacterium avium subsp. paratuberculosis infection

status in the dairy herd economic model

Table 1l: Production losses associated with Mycobacterium avium subsp.
paratuberculosis (Map) infection status. parameters for the dairy herd economic
model

Table I1l: Sensitivity of serum ELISA in cows in the modelled infection status for
Mycobacterium avium subsp. paratuberculosis (Map): default values for the dairy

herd from the introduction of an infected heifer economic model

Table IV: Description of the production and reproduction characteristics of the herds

studied in the economic model

Table V: Description of the scenarios of surveillance and control of Mycobacterium

avium subsp. paratuberculosis implemented in a dairy herd economic model

Table VI: Prices and costs used for production and for Mycobacterium avium subsp.

paratuberculosis control in adairy herd economic model

Table VII: Prevalence of Mycobacterium avium subsp. paratuberculosis (Map), quota

achievement, and herd characteristics: outputs of an economic model in year 15 after

99

100

109

125

127

128

149

151

151

151

154

156

157

14



the introduction of one subclinically infected heifer when no tests for Map are

implemented (mean values of the 100 iterations)

Table VIII: Direct losses, control costs and economic results with 3 different control
strategies against Mycobacterium avium subsp. paratuberculosis (Map) infection (TO:
no control, T1: test-and-cull based on systematic surveillance, T2: test-and-cull
triggered by clinical surveillance): outputs of a dairy herd economic model in year 15
after the introduction of an infected cow in a susceptible herd with standard level of
hygiene, impaired level of hygiene, or improved level of hygiene (mean values of 100

iterations)

Chapter 6: General Discussion

Table I: Differencesin terms of how variability and uncertainty are taken into account

in both models and the simulations

163

187

15



16



General introduction

17



In our modern societies, farming has transformed m business, where
farmers have to look at improving the efficiencytbéir productions. Since
they have little control on the price of the proguthey sell, one of their
principle mean of action to improve profit margissto control and reduce
costs. This can be achieved by improving animalthélaanks to the decrease
in both production losses and medicine use. Thisome significant
progression track in dairy production where thednet competitiveness is
increased by the fact that dairy cattle farmersenily have to face a decrease
in the price of milk. Animal health is all the moimportant to the farming
business that, nowadays, consumers want to eatthieproducts from
healthy animals’. There is here a large stakeHerdairy industry in order to
keep the positive image of milk as healthy foodI(ldod Vignal, 2007).

Paratuberculosis (also called Johne’s disease)dlrenic and progressive
intestinal inflammatory disease in cattle and oth@minants caused by
Mycobacterium avium subspeciesparatuberculosis (Map). It is widely
distributed in the world (Kennedy and Benedictu3)D). There is currently
no treatment for this chronic enteritis in rumirgant induces a decrease in
protein absorption which results in a decreaseiik pnoduction, weight loss,
profuse diarrhoea and death if the animal is niiédubefore (Pattersomet al.,
1967; Julian, 1975; Chiodingt al., 1984). In affected herds, the losses can be
so large that profitable farming cannot be caroed(Chiodinj et al., 1984;
Benedictuset al., 1987). There is thus a real need for the implaaigm of
adapted disease control or eradication programmes.

A modelling approach is relevant when studyinilap spread.
Epidemiological models are indeed suitable to stilmytransmission of the
bacteria within a herd and the impact of controbgpammes. Since the
development of the disease takes several yearecudst to a young animal
becoming infected, it is difficult to carry out lie studies assessing the
transmission of the disease. This is all the mdfeult as the diagnostic tests
currently available for defining infection statuseaimperfect, with a
sensitivity of either direct or indirect tests beem 0.13 and 0.94 depending
on the infection stage (Nielsen and Toft, 2008)aAlclinical signs due to
Map infection are not specific and differential diagtio has to be made in
field studies. Furthermore, several control measwan be combined and
their efficacy can differ depending on the managenoé the farm (contacts
between animals and hygiene, especially): assesstmg different
combinations of possible control measures in dffiérherd contexts would
thus require comparing many different situationsodelling enables to
perform such a task in a limited and reasonableuaitnaf time and money. A
modelling approach is helpful for decision makimgthe development of
control programmes.

In order to reach both the demand of the consummisealthy products and
on low prices, it appears pivotal to organise thestmprofitable control
programme in the industry today. The aim of thissik is to support decision
makers in the design and development of controlggammes for

18



paratuberculosis. Decisions makers can be defihdifarent levels: mainly
farmers for their own herd (management at herdljewben it comes to
paratuberculosis which is usually not regulatedd aometimes farmers’
organisation in a region. Here, the objective isisthto evaluate the
epidemiological and economic effectiveness of $etecontrol programmes

of paratuberculosis in dairy herds. Herd level oanprogrammes based on
surveillance, systematic testing and culling okotéd animals are studied.
Systematic testing in a dairy herd is especiallgeased in terms of
effectiveness to preveMap persistence and reduce prevalence. This is done
thanks to the use of modelling at a herd level.

1 Paratuberculosisin dairy cattle
1.1 Definitions

Different infection conditions can be differentidtéAs there is only limited
consistency in the literature about the definitiofighe terms employed, we
provide here a definition of terms that will be dg¢kroughout the manuscript
of the thesis. Susceptible and resistant animadsamimals who are not
infected. Susceptible animals can get the infectidrile resistant animals
cannot. When infected, cattle can be transientigctious, latently infected,
subclinically infected, or clinically affected. Trsiently infectious cattle are
infectious animals sheddintylap only during a limited period of time.
Latently infected cattle are infected but not itif@es cattle. Subclinically
infected cattle are infected and infectious animbft do not present clear
clinical signs and therefore are hard to obsenieally, clinically affected
cattle are infected, infectious and affected. Itdd¢ infectious and affected
terms are infection conditions defined by NielserT&ft (Nielsen and Toft,
2008).

1.2 Distribution of the disease

The infection has been described in most of thensive cattle production
systems around the world (Kennedy and Nielsen, 2G@ifcharnaud, 2009).
The proportion of infected herds reported by ddfdrstudies varies from 10
to 70% and the estimated prevalence of infectethalsiis generally below
5% (McNah et al., 1991; Collins et al., 1994; Thorne and Hardin, 1997;
Boelaert et al., 2000; Gasteinert al., 2000; Muskenset al., 2000; Paket
al., 2003; Van Schaiket al., 2003; Nielsen and Toft, 2009). A recent review
of paratuberculosis prevalence in Europe repor& the animal level
prevalence is around 20% (estimate based on diffstedies using different
diagnostic tests), or a minimum of 3 to 7% if basadnethods detectingap
directly or based on occurrence of pathologicalngea in tissues (Nielsen
and Toft, 2009). Another recent study aiming aineeting the true prevalence
(infected animal prevalence, herd prevalence ardirwherd prevalence) of
paratuberculosis in dairy herds in the world whitssessing the reliability of
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the results reports that true individual prevalecae be very high, especially
in America (Figure 1).

In Europe, this corrected individual prevalence agra at a medium level,
except for Sweden and Norway where it is low (alvmeso in dairy cattle)

(Figure 2). At the herd level, the corrected premak is still high in a large
number of countries in America while it is varialibeEurope. There is little

data on distribution of within-herd prevalence msties. It appears that
within-herd prevalence is on average low (1-309%) dan reach high values
in some herds (60% and more). Globally, estimatEsrevalence are
probably under-estimated as the sensitivity anaipigy of the diagnostic

tests used are low and high, respectively, forlekels of prevalence studied.
For the herd prevalence, the lack of sensitivitgasticularly compensated by
repeated testing of all the animals.

1.3 Economicimpact

Worldwide, paratuberculosis is of economic impaottarfor dairy producers.
In affected herds, economic losses result from gedumilk production,
mortality or premature culling, and lower slaughtatue of clinically affected
cows (Benedictyset al., 1987; Johnson-Ifearulundu and Kaneene, 1997;
Lombard et al., 2005). Additionally (although there is no cleaidence yet),
Map possible involvement in Crohn’s disease in humansstill under
consideration. Humans could be exposedtip via several routes such as
milk and meat products, or water contaminationh@th, et al., 2009). One
way or the other, the wholesome image of the daidustry might be
threatened by paratuberculosis. All of these patarmencrease the need for
effective and economically attractive control progmes against
paratuberculosis.

Paratuberculosis can have substantial effectseafattin, region and country
level. An economic loss of almost 95€ per cow goréed for positive herds
compared to negative herds due to reduced prodyctikis loss being up to
190€ per cow when the prevalence of clinically etiéel animal is above 10%
in the positive herds (Qtét al., 1999). Other studies reported average losses
per cow on infected farms per year varying from 88hore than 67€ in The
Netherlands (Groenendaal and Galligan, 1999), B2€anada (Tiwariet al.,
2008), 7€ for parity 1 cows, 122€ for parity 2 cowvasd 221€ for parity 3
cows in the United-States (Wilspet al., 1995). Overall estimates of the
economic loss vary widely depending on productiod pricing systems. At a
national level, a loss of 21€ to 25€ per cow or i®@34 million of euros per
year was reported for the US dairy industry (@ttal., 1999), 0.58€ million
for Canadian maritime provinces (Clat al., 2002; McKennaet al., 2006),
40€ million for The Netherlands (Kennedy and Bentdi, 2001), 8€ million
for the New Zealand (Kennedy and Benedictus, 20@hy around 2.3€
million for Australia (Kennedy and Benedictus, 2p@durrency converted to
€ values at 15 May of the year of the publicatidrih@ papers). It is likely
that these estimates are underestimated as fffisutito estimate the direct
costs of subclinical infection when available diagfic tests have a very low
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sensitivity. It is also difficult to estimate indict inapparent costs such as the
loss of genetic potential through early culling atrdding restrictions
(Kennedy and Benedictus, 2001).

2 Control of paratuberculosis

The control of a disease usually necessitatesrdiffeneasures to reduce the
persistence, prevalence or incidence of an infeabioa disease in a known
infected population. Controlling a disease can & lunderstood as reducing
the frequency ofMap infection to a level biologically or economically
justifiable (Martin et al., 1987; Dowdle, 1998). Sometimes the elimination of
the disease is targeted (no clinically affectedraté on the farms), while
sometimes even infected but not affected anima&dageted. Elimination of
the infection from the population, which is the wetion to zero of the
incidence of infection caused by a specific patinogea defined geographical
area as a result of deliberate efforts (Dowdle, 8)9% not necessarily
targeted or possible.

There is no treatment available for paratubercaldsipossible way to control
the disease is then to protect susceptible anirfnale Map-exposure by
controlling the transmission ofap and to eliminate infectious animals
(Kennedy and Benedictus, 2001; McKenegal., 2006). Several European
countries have been trying for several years tmiehte the infection based
on organized control programmes mainly using test@ull measures. But
these programmes are not sufficiently effectivediearing farms (Kennedy
and Benedictus, 2001) and are very costly for thwlev industry: their
profitability is unsatisfactory. Programmes are nanented towards control
and not eradication. These measures are for examglkeparate neonates and
dams within 12-24 hours after birth, to ensure tfeinates receive colostrum
only from their negative-tested mother or from aaignthat have tested
negative, to rear young calves in a clean envirgnjrie use milk replacer or
pasteurised / sterilised milk (Kennedy and Benedic2001). The efficacy
and effectiveness of these measures probably veperdling on herd
characteristics. However, neither their epidemimalgeffectiveness (capacity
to decrease disease frequency) nor their econofféctigeness (positive
return on investment in an acceptable amount ofeltihas yet been
thoroughly assessed in the field to provide advice.

2.1 Existing programmes

Programmes are implemented in different countrigstteir objectives differ.

Two recent studies show through questionnaire imphgation at national or
regional levels that the objectives associated #&ional or regional

programmes can be very different (large varietyndfatives) and are often
not clearly or explicitly defined (Coursaget, 2008¢elsen, 2009). Announced
objectives could be i/ to describe the situatiothef country, ii/ to control the
disease oMap transmission, iii/ to eradicatdap; iv/ as a precaution for food
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safety. The lack of a clear definition of targenditions is reported to confuse
the interpretation of the information collected ithe questionnaires
(Coursaget, 2009; Nielsen, 2009). There is aldte linformation on the
participation level in the different programmes anldck of documentation of
the results of these programmes.

In Japan, Norway, Sweden and Austria, active sllaneie programmes are
implemented as paratuberculosis is a notifiableatie. These countries have
implemented mandatory national programmes. Theyramly focusing on
animals with clinical disease. In other countriesaihich paratuberculosis is
also a notifiable disease (some countries of Basdéed Northern Europe,
Australia, New Zealand, New Caledonia, Mozambiamiéa, South Africa,
Swaziland, Mexico, Argentina, Chile, Iran, Isra€grea, Malaysia, Taiwan),
there is no obligation to test animals with clihisgns. Some countries such
as Australia, Austria, Canada, Czech Republic, DekmIltaly, Japan,
Norway, The Netherlands, Sweden, and The USA impiemcontrol
programmes in infected herds (Benedictes al., 2000; Kennedy and
Allworth, 2000; U.S.D.A., 2006; Nielsen, 2007; Farillet, et al., 2009).
These programmes are mainly voluntary and targedadnals differ
depending on the country. In France as well aspair§ such programmes
exist only at a regional level. Finally, accredaat or certification
programmes (non infected herds) are also implerdeinteseveral countries
such as Austria, Canada, France, Italy, The Nethdg, The United-
Kingdom, and The USA. In other countries, reasons16t implementing any
programmes vary: it is reported not to be a psiaritthe country (economic
issue), the diagnostic is considered too difficidhd not reliable,
paratuberculosis is not considered to be a probieene is no disease in the
country, or the prevalence is not known.

2.2 Difficulties encountered

When control programmes have been implemented, ctirapliance to
recommended measures has often been reported godogWraight et al.,
2000; Muskenset al., 2003; Ridgeet al., 2005; Coursaget, 2009; Taisne,
2009; Nielsen and Toft, 2010). Technical and matergstraints, lack of
knowledge and farmer’s perception and belief haaenlidentified as playing
a role in this lack of compliance (Coursaget, 200&8isne, 2009). Low tests
sensitivity and the difficulty of their interpretan makeMap infection control
difficult. The definition of objective criteria fothe evaluation of the
effectiveness of control programmes are lacking ahd results of
implemented control programmes cannot be expectiinna short time
frame (long time necessary for the developmenhefdisease) which can be
disheartening for the farmer or the industry ashale: Moreover, depending
on the control programme implemented, the cost@frmnplementation can be
high, with a lot of constraints due to the test-aol programme in which
culling can be too frequent to be economically sinstble.

To increase the level of compliance, communicatiand farmers’
consciousness raising should be improved (Somjeal., 2010). Vet
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practitioners should be more involved in the cdnprogrammes and advices
should be coordinated amongst all the stakeholderéarmers usually do not
implement all advised control measures but the bwdhree easiest one,
control measures should be prioritised and adaptegch farm management
(Ridge et al., 2005; Coursaget, 2009; Taisne, 2009; Benjastil., 2010;
Sorge et al., 2010).

3 Objective of thethesis

Because of the economic losses dueMap infection and food safety
concerns, the need for the development of effedive economically viable
control programmes against paratuberculosis is fEare is particularly a

need in ranking the different control measures taat be implemented in a
specific farm. The final objective of the thesis tlsus to evaluate the
epidemiological and economic effectiveness of pdmatculosis selected
control programmes in infected dairy cattle herds,in other words to

investigate potential improvements in the contifoMap infection leading to

a decrease in the losses due to the infectioneahéind level whilst keeping
the costs of such programmes at a reasonable IBystematic testing of a
herd is particularly studied in order to assessnifgact onMap persistence,

on the prevalence of infectious adults, and ongroargins and return on
investment. The increase of control costs and tberedise of production
losses can indeed be taken into account with tbetits, as well as the time
necessary to reach a definite level of prevalencanoeconomically viable

investment.

To reach this final objective, different prior obiwes are defined. They are
gathered in Figure 3.

A review of the different models dflap within-herd transmission is first
performed in order to assess whether it is necgs$sdouild a new model to
reach our final objective (Chapter 1). In orderrépresentMap indirect
transmission via the environment and -calf-to-cainsmission, a new
epidemiological model is built (Chapter 2). Thisdebis then used to better
understand the transmission\dép within a dairy herd, especially the relative
contribution of the different routes of transmisgi@nd why sometimes the
infection spontaneously fade out while sometimepeassistent infection
occurs when no control measure is implemented.pbpeilation dynamics of
a dairy herd is represented. It is indeed necessarpnsider the structure of
contact when indirect transmission via the envirentrexists. In dairy herds,
calves and adults are generally housed separaldlis results in the
separation of susceptible animals (calves) andntlaen shedding animals
(adults). The main dairy calf housing systems acrBarope are assessed
(Chapter 3). This allows validating the choices fgened in the
epidemiological model in terms of calf housing Féeis. The impact of
contact structure omMap indirect transmission is assessed with the new
epidemiological model (Chapter 4). Finally, a bioeomic model is built
from the epidemiological model and a pre-existaunemic herd simulator.
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This final model is used to assess the effectivensfs selected control
measures ofMap infection (Chapter 5). While it is expected to aibt
epidemiological results such as a decrease in theajgence when control
measures are implemented, this cannot come atrige; Both the results in
terms of prevalence and persistence, and grossm@aging simultaneously
into account the increase of control measures laadi¢crease of production
losses) of implemented control measures need &sdessed.

4 OQutlineof thethesis

Chapter 1 is a review of existing models of withierd transmission d¥lap
in dairy herds. Current scientific knowledge abddép transmission is
summarized and then used to evaluate the validitheomodels described in
the scientific literature (Margét al., 2010b).

Chapter 2 describes the development and structiir@n cepidemiological
stochastic simulation model. This model is usedhis chapter to study the
spontaneous within-herd evolution idfp infection in the absence of control
measure (Margét al., 2010c).

Chapter 3 describes dairy calf housing systemssademrope and how the
diversity of described housing systems influendes transmission of calf
infectious diseases (Margag al., 2010d).

Chapter 4 describes the effects of within-herd acingtructure oMap spread
in a persistently infected dairy herd in which nonttol measures are
implemented; these effects being studied thankthéomodel presented in
chapter 2 (Marcéet al., 2010a).

Chapter 5 describes the development and strucfuma economic stochastic
herd simulation model. In addition, the epidemiddayj and economic
effectiveness of a range of possible control sfiatebased on a Test-&-Cull
programme and/or improved hygiene are evaluated.ifiterest and impact
of active and passive surveillance on limiting ent infection and high
prevalence at a reasonable cost are indeed studied.

Finally, chapter 6 provides a general discussiotherPhD project. It presents
the main results related to the objectives of thesis and their field
application. The modelling approach chosen is dised as well as the
evaluation of the results. Prospects are also ptede

A summary of the thesis both in English and in Eteis available at the end
of the thesis.
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Abstract

Epidemiological models have been developed in otaleest hypotheses on
Mycobacterium avium subspeciegaratuberculosis (Map) transmission in a
herd, and to compare different paratuberculosistrobnstrategies and
alternatives for certification-and-surveillance agtes. They are simplified
representations of existing biological process#éeréa to the questions they
are intended to answer. Such models depend onabiaiknowledge about
the underlying processes, notably in relation tthggen transmission. All
decisions relating to integration of specific agpeaf the herd structure and
transmission mechanisms as well as modelling digetill influence model
behaviour and simulation results. This paper examiassumptions on
pathogen transmission and risk mitigation represkin 8 epidemiological
models of within-herdvap transmission in dairy cattle. We describe avadabl
models’ structure and examine them in the contéxtuwrent knowledge
about host infection and pathogen transmissiorveth. We investigate how
population structure and herd management are nsoblel regards to their
influence on contact structure and pathogen tressori. We show that
assumptions about the routes of transmission agid ¢ontribution within a
herd vary greatly among models. Gaps of knowledge&hware pivotal to
defining transmission equations and parametersh sag variation of
susceptibility with age and variability of patteoh shedding, are identified.
Quantitative estimates of this incomplete informatshould be targeted by
future research. Existing models could be improkgdconsidering indirect
transmission via the environment taking accouri¥lap survival and contact
structure between animals in a herd, and by inolpdalf-to-calf transmission
which has recently been proven as being important.

Keywords. Mycobacterium avium subspecies paratuberculosisamtyc
model, transmission, review
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1 Introduction

Paratuberculosis is of significant economic impactafor dairy producers as
it results in a decrease in milk production, magabr premature culling of
sick cattle, and reduction in slaughter value dfichlly affected cattle in
affected dairy herds (Benedictust al., 1987; Johnson-Ifearulundu and
Kaneene, 1997). Furthermore, the zoonotic impoegaoftMycobacterium
avium subspeciesparatuberculosis (Map) in the pathogenesis of Crohn’s
disease is still controversial (European Commissi®®00; Frank, 2008;
Shafran and Burgunder, 2008). These factors justiy development of
effective and economically viable control progransmeagainst
paratuberculosis. However, there is no treatmeatlable currently. Up to
now, certification and control programmes implersenin several countries
have only had limited success. A better understendf Map transmission is
required to implement appropriate measures foregtiotg susceptible cattle.

Field studies onMap transmission are difficult because infection oscur
mainly in young stock and clinical signs arise mftdong incubation period (1
to > 15 years). Such studies are further complicatethbylow and varying
sensitivity of diagnostic tests. Modelling thus epps to be an appropriate
tool to study paratuberculosis. Indeed, epidemickignodels can be used to
identify the main factors influencing pathogen seaission within a herd, and
to assessx-ante control strategies oMap spread. Relevance of model
outputs depends on the modelling approach usedassamptions made
(including parameterization) and the level of siifigdtion of the biological
mechanisms modelled.

For Map transmission, several models have been develop@diroestigate
Map spread in a herd and its economic consequences Rdéarmundet al.,
2002; Pouillot et al., 2004); ii) test transmission hypotheses such as
representing indirect transmission via the envirentmm(Humphry et al.,
2006) or considering transiently shedding youngmats (Mitchell et al.,
2008); iii) compare strategies for control Bfap spread in infected herds
(Collins and Morgan, 1991a; Kudatgt al., 2007a; Ly et al., 2008), or in
populations with infected and non-infected herdsofBendaalet al., 2002;
Van Roermund et al., 2002; Groenendaalet al., 2003); iv) compare
certification-and-surveillance programmes aimed law-risk pathogen
transmission associated with cattle trade (Kadisal., 2004; Weberet al.,
2004; Ezannpet al., 2005), or at quality assurance of dairy prodigtan
Roermund et al., 2002; Groenendaal and Zagmutt, 2008; Weleeral.,
2008).

Our objective is to describe and discuss assungptiared in Map
transmission models within dairy cattle herds wptarticular emphasis on
representation of infection status, routes of tn@asion, and exposure at the
herd level. Current scientific knowledge abolMap transmission is
summarized and then used to evaluate the validitheomodels described in

33



the scientific literature. Assumptions dealing wirtifiection at the host level,
transmission from infected to susceptible cattled gopulation structure
influencing transmission in a dairy herd are disedsin particular. As a
conclusion, we provide recommendations for futuelling studies or for
improvement of existing models.

2 Selection of relevant papers

Peer-reviewed papers and conference proceedingtingleaith Map
transmission models in dairy cattle were systeralyicselected using
electronic search engines. The search was condustied) the following
scientific literature electronic databases: CAB ECAnternational, Oxon,
UK), Medline (National Library of Medicine, Rockidl Pike, USA), ISI Web
of Knowledgé™, and one conference proceedings website: thenktienal
Colloquiums on Paratuberculosis. The search wadumiad on March 30,
2008 and regularly repeated until February 4, 2@t0dies from conference
proceedings were included if they had not beeniglubdl in peer-reviewed
journals. Search terms used were “paratub*’, “m8detcurring in titles,
abstracts, subject headings, keywords or descsip@nly articles written in
the English language and describing models thatediat representing the
transmission oMap within cattle herds were considered. Papers usiogdels
previously described in other peer-reviewed ariciere not retained unless
they represented novel approaches to the studyMab transmission.
Consequently, economic models that aimed at asgetfs cost of the disease
or cost of different control programmes without\pding any information on
the dynamics ofMap spread or without relying orMap transmission
modelling were excluded (Groenendad al., 2003; Kalis et al., 2004;
Weber et al., 2004; Dorshorstet al., 2006; Tavornpanichet al., 2008;
Weber et al., 2008).

Based on the above criteria, six models were salefrom peer-reviewed
papers (Collins and Morgan, 1991a; Groenendial., 2002; Pouillotet al.,
2004; Humphryet al., 2006; Kudahlet al., 2007a; Mitchellet al., 2008) and
two from conference proceedings (Van Roermued al., 2002; Van
Roermundet al., 2005) (Table I).

All models representlap transmission within a dairy herd, except one which
does so within a beef herd (Humphgy al., 2006). This ‘beef model has
been kept in our review because specific assungptan transmission are
used which may be relevant for models in dairyieatt

3 Technical characteristics of the selected
models

The selected models not only differed with respéztthe biological
hypotheses on which they are based, but also atioel to the technical
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characteristics of the models, such as discrete-tappreciable period of time
such as a day or a yeawgrsus continuous-time or deterministigersus
stochastic implementation (Table I). Hypotheseshenmodel system, such as
type of herd, herd structure or routes of pathagéduction are discussed
later in this review.

Four models are discrete-time stochastic modelstwhse random sampling
from input parameter distributions or binomial dmftion of event
probability to represent variability iNap transmission (models N°2, 4, 6 &
7). Three models are continuous-time determinisiilels (models N°3, 4 &
5) and one is a discrete-time deterministic modedel N°8) (links between
references and model numbers are given in all$able

In models based on a short time step or assumgantnuous time process,
representation of biological mechanisms can be moeeise than in models
based on a longer time step, since processes mgesadta time scale shorter
than the time step cannot be considered. In theeteel models, for example,
choosing a time step of six months will not all@sting different lengths of
the susceptible period (other than a multiple ®frabnths), testing different
lengths of the shedding period, or differentiatinfection during the first
weeks after birth from infection after weaning. Hmw&r, choosing a longer
time step is more convenient when studying longiteffects or year-round
management, because the model then becomes coiopalisgt more
tractable given the reduced parameter set.

Deterministic models represent the mean behavibtineo system modelled.
Such a representation is generally suited for gelgropulation. In contrast,
stochastic models take into account variability ament occurrence and
therefore allow representation of likely variatianithin small populations.

Several replications are indeed implemented baseth® same inputs and
initial conditions in order to assess the distiitnutof model outputs besides
their average.

4 Modelling theinfection in the host
4.1 Host susceptibility

Map infection is known to occur mainly in newborn @dv(Hagan, 1938). It
is generally acknowledged that calves can becoifeeted until one year of
age, especially during the first weeks after bdingh. Resistance to infection
increases up until one year, especially after orfeur months of age (Taylor,
1953; Windsor and Whittington, 2010). After one ryezattle are considered
resistant except when exposed to repeated infegtitim large amounts of
bacteria (Doyle, 1953; Taylor, 1953; Larsetal., 1975).

In the models, most authors assume that suscéptitailMap is age-related
and define a maximum age of infection at 0.5 (md¢fd) or one year of age
(models N°1, 2, 4, 5, 7 & 8) (Figure 1). Cattlettda not become infected by
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First calving

2 years of age

A 4
A 4

Islow IShigh IC

v
o
A
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1 year of age

D)
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Figure 1: Graphical representation of health statuses and transitions in Mycobacterium avium
paratuberculosis transmission model of A) Collins & Morgan (1991a), B) Pouillot (2004), C)
Kudahl (2007a), Groenendaal (2002), Humphry (2006), and Van Roermund (2002, 2005), and
D) Mitchell (2008)

Legend: S = susceptible, T = transient, L = latent, I = infected, Iy = subclinically infected, Is,,,
= subclinically infected low shedder, I, = subclinically infected high shedder, Ic = clinically
affected, R = resistant,------- = minimal age before entering the following status

37



the chosen age limit are assumed to be resistatigTl). Only one model
assumes that adults can become infected but wittuéh lower probability
(model N°6) (Figure 1). In young stock, susceptipito Map either remains
constant (models N°1, 3, 4 & 8) or varies with ggedels N°2, 6 & 7).
Model N°2 compares two different approaches for ellody the decrease of
susceptibility with age (model N°2,
http://cahpwww.vet.upenn.edu/field/johne_reportjpdf When a linear
decrease of the susceptibility of young calvesaajuberculosis is assumed,
the true prevalence is higher than when an exp@iaidcrease is assumed.
However, the difference between the true prevalemcker both assumptions
is small. Assuming an exponential decrease neagssidefining only one
parameter while a linear decrease necessitatesirdgfiwo parameters. It is
thus preferable to choose the simplest representatie exponential one.

Several experimental studies indicate genetic tranaof susceptibility
amongst cows (Koetset al., 2000; Mortensenet al., 2004; Gondaet al.,
2006; Gondaet al., 2007). This so far has not been taken into addouviap
transmission models. It is thus not possible tosmer selectively culling the
most susceptible calves based on genetic markergtlaod which could be
both an earlier and less expensive control medhkarea test-and-cull option.

4.2 Development of the disease within the
host and Map shedding

4.2.1 Infection stages

Following infection, calves are able to shed theté@a without any clinical
signs (Boltonet al., 2005; Weberet al., 2006; Van Roermundt al., 2007).
The incubation period can last from less than wvmore than ten years (Van
Roermund et al., 2007; Weberet al., 2009), during which time adult cattle
may or may not shed bacteria in their faeces (&trdnt levels of shedding)
(Chiodini, et al., 1984; Whitlock and Buergelt, 1996; Crossletyal., 2005).
Later, clinical signs are characterized by losdemilix production, significant
weight loss and diarrhoea (Smythe, 1950; Clark®7)1%ading to death, if
cattle are not culled before. During the clinickdge of the pathogenesis,
massive numbers of bacteria are excreted in treefae

In the models, infection stages taken into accaliffér (Figure 1) and are
associated with different levels of shedding. Th&psest representation
considers latently infected cattle (not sheddingysus infected cattle
shedding all the same amount of bacteria (model) NFigure 1,A). In
contrast, the most recently published models define infection stages
(models N°5, 6, 7 & 8) (Figure 1,D). This evolutionterms of number of
infection stages considered is mainly associatdtl tie progress made in
development of newlap knowledge. However, two models do not consider
explicitly clinically affected animals, while theylay a specific role in terms
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of transmission (higher load Map shed, higher risk ah utero transmission,
higher probability of being culled) (models N°1 &.8n all models, the
individual progresses through the various stageh®finfection-and-disease
process with increasing age. However, within a ijgestage of the infection-
and-disease process, shedding is considered talbpandent of age. So if an
animal shed$ap and if an appropriate test is used, detectionnoihéected
animal will occur with a constant probability.

In contrast, in the field, shedding appears to vargime for an infected
animal; a test performed one day can miss an mdeenimal which was
possibly shedding the day before and could possib&dMap the day after.
The mean probability to cull an infected animalgmiially shedding should
be equivalent in the model and in the field. Howetke variability in the
field can be expected to be more important. Siredlagicenarios are probably
more homogeneous in terms of probability of beintled, with less extreme
values. While model N°8 considers a uniform andedeinistic disease
progression with cattle progressing through theesdisease stages regardless
of the age of infection, model N°1 considers thate infected, all calves
become infectious at two years of age. Other agthesume that progress to
the next infectious stage and increase in infdgtidepend on the age of
animals (models N°3, 4, 5, 6 & 7) or the routerd&ction (n utero, at birth,
through colostrum/milk, through faeces ingestionpragimated by the
number of contacts between animals) (model N°2jmais of the same age
can shed different amounts lgfap only for this last option; and the route of
infection then has an impact on test and cull afficfor every animal. The
incubation period considered in the models variesvben models (with a
range of two to 22 years, generally around fivergedf the delay before
becoming clinically affected is long, the prevaleris expected to increase as
the direct detection (clinical signs) occurs leftsra However, the incidence
could decrease as there are fewer animals sheddirary high amount of
Map in faeces. The consequence on the achievemengérsisfence is not
known. The overall effect of the length of the ihation period is difficult to
predict without comparing the different situatidnssimulation with the same
model, everything else being constant.

4.2.2 Factorsinfluencing the course of infection

There is little information available in the sci#iot literature on factors
influencing the course of infection. Some studietidate that age at infection
is a major determinant of occurrence of clinicansi and of shedding of
detectable levels oMap : the younger that cattle are when infected, the
quicker they develop clinical signs (Rankin, 198%hitlock and Buergelt,
1996) and the more likely they shed detectableldesEMap (Kostoulas et

al., 2010). In experimental infection, a relationshgitween dose given to the
animals and occurrence of lesions and clinicalsigas demonstrated (Begg
and Whittington, 2008), with larger doses resultimg earlier disease
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development. It is also acknowledged that factoch ss stress may influence
the development of the disease (Chiodihal., 1984).

These characteristics have been integrated ditigrém the models studied
(Table II, Figure 1). Only model N°2 considers agiénfection as influencing
the course of infection (the earlier the infectioocurs, the quicker the
progression of the disease is), while the otheraato Young animals could
thus shed large dosesMfp in model N°2. This may influence the impact of
control measures. More biological studies are resgd0 assess whether this
assumption is realistic. The number of infectiousimels characterizes
exposure, and thus the probability of becomingadtee, but not the evolution
from one status to the following one when infectemdels N° 4, 5, 6 & 8).
Stressors such as calving or change of feed aentako account in one
model as factors influencing disease progressiad&nN°7). The underlying
assumption is that stress situation acceleratesdévelopment of clinical
signs for infected animals. In that model, animeés become clinically
affected and thus be detected earlier. Not consiglsuch factors implies that
only a mean behaviour is studied, with all cowsnbegxposed to the same
stressors.

4.2.3 Shedding characteristics

Shedding oMap mainly occurs in faeceMap is also found in colostrum and
milk of subclinically infected or clinically affeet! cows (Taylaret al., 1981;
Sweeneyet al., 1992a; Streetert al., 1995). Several studies have shown
inter- and intra-individual variability in the nurab of excreted bacteria
(Whitlock, et al., 2000; Crossleyet al., 2005).Map faecal shedding has also
been described in young stock (Boltahal., 2005; Antognoliet al., 2007;
Van Roermundet al., 2007) but culture data indicates that calvesateshed
as frequently or as much as adults (Rankin, 196dlsdh and Ersboll, 2006;
Van Roermunget al., 2007). High faecal shedders are more likely tedsthe
bacteria in their colostrum and milk than low fdesfgedders (Sweengst al.,
1992b; Streeteret al., 1995). Furthermore, high faecal shedders are more
likely to be detected with currently available gest

In the models, cattle are usually categorized ddipgnon their level of
shedding (Table II). Levels of shedding influenkhe tnfectiousness (models
N°2, 3, 4, 7 & 8) either because the probabilityimfection is different
depending on health status, or because the numbérfexted cattle is
balanced by allocating to the less infectious eadtlshorter time period of
Map shedding (in the same quantity) than to high sbesddmodel N°2)
(Table IIl). However, little information is genehalavailable on the quantity
of bacteria shed by animals depending on theictidie stage (Table Il). Only
one model does not consider that levels of sheddithgence the probability
of transmission (model N°1) as it only considere tevel of shedding. This
simplification does not allow studying control meaess targeting animals that
shed the highest levels bfap. Only one model assumes that calves are able
to shed the bacteria (model N°8). In that modekdsling is substantially
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lower for calves than for low-shedding adults. $ind between-caliMap
transmission is here possible as is evaluatingtiméribution of the different
routes of transmission and studying control measgpecifically targeting
young shedding cattle.

Level of shedding also influences management aondygtion parameters.
Higher levels of shedding are associated with &drigorobability of being
culled if test-and-cull is used for control. Modelistinguishing several levels
of shedding allocate sensitivity and specificitydignostic tests depending
on these levels of shedding. Finally, models aimagyuantifyingMap in
bulk tank milk as an output (bacteria per literscalrely on accurate
representation of levels of shedding in both mitkl #&aeces (Van Roermund
et al., 2005; Weberet al., 2008).

5 Modédling thetransmission of the
pathogen

Vertical or directin utero transmission from dam to calf has been reported
(Whittington and Windsor, 2009). In a meta-analysWhittington and
Windsor (2009) estimated that 9% of foetuses bawmf subclinically
infected cows and 39% from clinically affected comere infected wittMap.
Other potential sources of vertical transmissionld¢de semen, or embryo
transplants but these routes seem to be rare (KatLap, 2003).

Horizontal transmission is due to ingestion Mfp from contaminated
sources, especially from faeces (Chiodatial., 1984), but also from milk
and colostrum. ActuallyMap is shed directly in milk and colostrum and
faecal contamination of milk and colostrum occulauta and van der
Giessen, 1998). For a long time it was thought ttaismission occurs only
from adults to calves, but calf-to-calf transmisshas been reported recently
albeit at a lower level than adult-to-calf transsivos (Van Roermunget al.,
2007). It seems thaMap is unable to multiply in the environment
(Whittington, et al., 2004).Map can survive in the environment for several
months and up to 55 weeks in faeces (Lowetlal., 1994; Whittingtonet al.,
2004; Whittington et al., 2005). Soil desiccation and exposure to direct
sunlight shorten survival (Larsest al., 1956; Whittingtonet al., 2004).

In the reviewed models, the number of transmisgathways considered
varies (Table IV). Out of 5 models explicitly repemting faecal-oral
transmission, 4 assume direct contacts betweenemiiisie and infected
animals (models N°1, 2, 7 & 8) (Table lll). A fuethassumption in these
models is that animals are raised together, whichat always correct.
Furthermore, it is difficult to estimate the freqag of contacts and the
probability of infection given contact. Two typed force of infection

(transmission rate per susceptible animal) are:udedsity and frequency-
dependent (Table IIl). In the first case (densigpendent), the number of
cases is usually considered, while in the lattexgfiency-dependent), it is the
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proportion of infected cattle in the population (e, et al., 2002; Hoch et
al., 2008). The consequence of such a choice is dieduselow when the
impact of herd size is addressed. A link betweem éxtent of animal
confinement and pathogen transmission is considénedmodel N°4:
transmission is more likely if disease onset occlunsng the calving period,
assumed to always be indoors in this model, tharodcurs when animals are
kept on pastures.

The only model that does not consider faecal-arahgmission by direct
contact explicitly includes indirect transmissida the environment by taking
into account the density ®&flap and their survival in the environment (model
N°6). A constant survival rate of the bacteria k#&ol an exponential decay
model. Susceptible animals are exposed to a spdefiterial density present
in the environment, these bacteria being shed fegiious animals that are or
were present. Whatever their age, cattle are expimsthe same contact rate
with Map within a specific environment (homogeneous cos)adhfectious
areas are larger outdoor and are consequently iassbcwith a lower
exposure.

Survival of Map in the environment should be considered to acctamthe
potential delay between shedding and exposuidap that can be followed
by infection, which may change the predictions whmeadelling different
control options. AdMap transmission mainly occurs via ingestion of fagces
the probability that a contact involves a sheddaingmal is likely to under-
estimate transmission since transmission can oegen if no shedding
animals are present in the herd as the bacteriapmesyst for a long time in
the environment. Calf-to-calf transmission is gefigrnot accounted for,
except in model N°8. In this model, the sensitivfytransmission dynamics
in the herd to calves shedding is explored. Acdagnfor age-dependent
contacts, calf-to-calf transmission has been shtmmme required foMap to
persist in the herd (model N°8). Such a result ris agreement with
observations from a field study, which were beérplained by a statistical
model when including calf-to-calf transmission (V&aermund and de Jong,
2002).

6 Modédling population structure and herd
management

6.1 Typeof herd

One of the most important factors influenci@p transmission is whether it
is a dairy or a beef farm. Contacts between animtiffisr between these two
types of farm, as does transmission via calf fegdin beef cow-calf herds,
calves are raised in the same environment as dasir until at least seven
months of age, whereas separation from adults saaithin a few hours or
days after birth in most of the dairy farms. Duehe higher susceptibility of
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young calves, raising calves with adults shouldrgily influence Map
transmission. Moreover, beef cows often have a laeplacement rate than
dairy cows, therefore tending to be older at cglliAs a result, the chance for
beef cows to reach an infectious stage is higher.

Three papers investigate disease dynamics in baity énd beef herds
(model N°2 and one associated paper analyzingntbigel (Groenendaalet
al., 2003) & model N°4). However, in model N°4, ongptacement rate and
herd size differ between the two types of herdadnstructures are the same
for the two farm types in the model. Outputs oftbotodels are different and
thus cannot be directly compared. Adapting corgtrcicture to that of a beef
herd should account for both increased direct amthetween the dam and
its calf before weaning and for indirect faecaltaransmission througMap
survival in the environment.

6.2 Herd management
6.2.1 Contact structure

In a farm, animals are often grouped by age orywbton status. Therefore,
contacts between animals are not homogeneous wiahinerd. Animal
locations both influence local bacterial densitgpecially when adults are
considered, and probability of infection, espegialvhen calves are
considered. Allowing contacts between young stotkadults or even among
young stock enhancédap transmission. Furthermore, calving management,
i.e. seasonal calvingersus all-year-round calving, influences the mixing of
animals of different age groups; all-year-roundvitej increases the
likelihood of raising calves of different age inettsame pen (collective
housing facility).

In the models, age of animals is always considdrechuse it influences
infection related factors (e.g. susceptibility),t boost often not because of
preferential contacts between animals of the sagee Blodel N°8 as an
exception considers different contact rates whe#imimals are of the same
age or not, assuming a much greater intra-group thter-group rate of
contact. In this model, calf-to-calf transmissiauld therefore be higher than
adult-to-calf transmission depending on the valfieghe parameter tested.
Inter-class rate of contact appears to be alwagssdme. In model N°2, a
separation of age groups is modelled by a reductidhe contact ratk in the
formula (Table Ill). No calf-to-calf transmissios possible (i.e. no specific
intra-class rate of contact), but adult-to-calhsmission varies with the age
of the calf (different inter-class rate of contact)

Models could be improved by including a more dethicontact structure
between animals in a herd because contact structayeplay a considerable
role in pathogen transmission as has been showrsdare other cattle
diseases (Ezannet al., 2008). The number of shedding animals, the type o
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housing facilities and the management of the hetdrims of space utilization
should therefore be taken into account.

6.2.2 Herdsize

In models N°2 & 4, increasing herd size has begmorted to increase the
speed of the transmission and the infection preeal@t which equilibrium is
reached, assuming a similar herd management. FronelrN°4, authors
conclude that it is not possible to assess if ihiknked to a greater risk of
introducing infected animals into a larger herd,fdt is linked to different
within-herd disease dynamics. On the contrary, adeh N°1, increasing herd
size decreases the prevalence after the introguctimne infected animal.
The authors explain this phenomenon by the incréasthe number of
susceptible animals in larger herds, in associatigth the decreased
probability of effective contact. This finding coasts with observed data
from which the seroprevalence of paratuberculopjzears to be positively
correlated to herd size (Wells and Wagner, 2000sKRdnset al., 2003).

Herd size is likely to influence the results wheade®lling Map transmission
within a cattle herd. However, conclusions arel stdntroversial. More
precise information about the effect of herd sizevathin-herd infection
levels would thus be useful while also taking actaf transmission via the
environment. Improving our knowledge abddap density,Map survival in
the environment and the role of fomites Mep spread within a herd is
required to do so. Furthermore, results could diffeepending on the
transmission function used (Hac& al., 2008). In a frequency-dependent
model, the force of infection is indeed constanheweas the number of
infected animals increases with herd size in a idedependent model,
leading to the increase of the force of infection.

6.2.3 Control of herd size

Sales and culling can influence the spread of tithgqgen in two contrasted
ways. On the one hand, if the culling rate is higth@an the renewal rate,
farmers have to purchase animals to keep herdcsiastant. This increases
the risk of introducing infected animals. On thhesthand, if the culling rate
is low, infected but undetected animals remairhim hierd and the chance to
contaminate the environment increases.

In the selected models, either closed (models 74 & 8) or open herds
(models N°1, 2, 3 & 7) are modelled. In open heplgchased heifers are
either assumed to be uninfected (model N°4) and thwoduction does not
contribute toMap spread, or infected (models N°1, 2 & 7) resultimy i
maintainingMap in the herd. However, because of the low sensgjtiwit
diagnostic tests, it is difficult to be certain thmurchased animals are truly
uninfected. Calves born to either infected or ueditéd dams have the same
probability to be kept in the herd unless therarisactive intervention on the
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former (model N°8). Culling due to paratuberculosifection is infection

stage-dependent (models N°2, 4, 7 & 8) or age-digren(model N°1) when
represented. Model N°1 assumes that there is natiar of the infection

stage for a given age. This assumption is accepfabla simple model but
not truly realistic for paratuberculosis knowingethvariability of the

incubation period. It is furthermore known that thdling rate of clinically

affected animals is higher than for other stagesfettion. This is taken into
account in models N°2, 4, 7 & 8. In these modetimals can become
clinically diseased at any age.

6.2.4 Other routes of pathogen introduction

In addition to the purchase of infected cattle,ween-herd transmission
occurs through transfers of faeces, manure, slsoied forage and use of
soiled fields for pasture, and thus is dependeritasd management. Pathogen
introduction into a cattle herd can also originaten other farmed ruminants
such as sheep and goats, or from wildlife (Beetrdl., 2001; Manning, 2001;
Daniels et al., 2003). However, the strain &ap isolates from wildlife has
not been confirmed to be the same as in domegstiinants (Danielset al.,
2003; Andersonet al., 2007). Furthermore, the causal link and the tivac
of potential causality between environmental cormation from wildlife or
cattle, and infection in cattle or wildlife are fiililt to prove under field
conditions mainly because of the long incubationiqoeof the disease and the
resulting difficulty of excluding other potentiabsrces of infection (Daniels
et al., 2003). Moreover, even Wap transfers were possible between wildlife
and domestic cattle, under typical farm manageroemnditions, the frequency
of contacts between young susceptible animals aluife; or environments
contaminated by wildlife, are low. This is partiady the case in dairy farms
where calves are kept indoors. Moreover, the domtion of wildlife is likely

to be small once the disease becomes establishedard compared to the
challenge from infected cattle present within thme herd.

None of the reviewed models consider other sowstagection but cattle.

7 Modédling control of Map infection

One of the most important control measures is &vemt the exposure of
young animals tdVap. Both in utero transmission and ingestion bfap in
faeces, milk or colostrum have to be controllede ®hly possible control for
in utero infection is to cull infected cows that are liketyinfect their foetus.
After birth, protection of susceptible cattle ingsihygienic measures such as
preventing calf contamination by early separati@mf the dam, using milk
and colostrum from non-infected dams, milk replacerpasteurized milk,
calving in a separate pen, cleaning the calving, g@eventing contact
between cattle of different ages, improving the egah cleanliness of the
cattle and housing, using non-contaminated feeterveand pasture for rearing
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young cattle, and raising separately calves boom finfected and non-
infected cows (Gay and Sherman, 1992; RossiteBanidans, 1996).

Decreasing the number of infectious cattle in teedhin order to decrease the
contamination of the environment is an alternatovéhe control of exposure.
Therefore, possible measures are to cull detectalfdetious animals, to
purchase animals in herds known to be clear ottitfe, to cull calves born
from infected dams, or to reduce stressful evdms trigger progression of
the infection and shedding dbfap (McKenna et al., 2006). Several test-and-
cull strategies have been proposed, always acegufdr the low sensitivity
of diagnostic tests (Groenendaal al., 2003). Furthermore, culling cattle
positive to a culture-based test assumes thattisolaf Map indicates
established infection and not simple transit M&p through the gastro-
intestinal tract. It also assumes that recovergnfiofection cannot occur and
that the culture-based tests are 100% specifidSbet al., 1992).

Vaccination is also possible to reduce the numbkrfaecal shedders
(Kormendy, 1994) and the number of clinically aféet cattle in a herd
(Wentink, et al., 1994). However, the vaccine has been prohibiteseveral
countries such as Sweden, United Kingdom, andridelzecause it interferes
with diagnostic tests. Moreover, although vaccoatreduces the economic
losses of paratuberculosis (Van Schatkal., 1996), it does not reduddap
transmission (Kalis et al., 2001). Therefore, hygienic practices remain
essential in herd management.

All these measures are more or less strictly appliepending on the
constraints of the farms (such as housing fadljti§ heir effect on disease
dynamics within a herd are not known in detail. Td®sociation between
management-related risk factors and (apparent)afgree ofMap has been

studied broadly, but these studies do not take actmunt the time between
the implementation of the preventive measures #&meddisease dynamics
(Obasanjpet al., 1997; Jakobsemt al., 2000; Dieguezet al., 2008).

A modelling approach is relevant for evaluating arwmparing control
strategies oMap spread in a cattle herd. Most reviewed models Hmaen
used for such a purpose, especially for evaluagstgand-cull options when
diagnostic tests are poorly sensitive (Collins dddrgan, 1991b; 1992;
Groenendaal and Galligan, 2003; Groenendaadl., 2003; Dufour et al.,
2004; Weberet al., 2004; Kudahlet al., 2007b; Kudabhlet al., 2008; Weber
et al., 2008). The only strategies predicting a drophia prevalence are the
ones including actions targeting infection routssch as improved hygiene,
improved milk feeding management); test-and-culrategies alone
(considering imperfect tests) have no or littleeeffon the prevalence (model
N°2 & 7). In model N°2, the more management measaréarmer takes, the
more effective a control programme is. It is nosgible to rank studied
control measures according to their effectivenessresults of individual
management control measures are not given. If bestsa sensitivity of 1, the
impact of a test-&-cull option would be more imgort. The reviewed models
cannot be used to evaluate the impact of contatictsre on Map
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transmission, as contact structure is not spedyicapresented. However, it
could be of interest knowing whether limiting iretit contacts between adults
and calves or between calves would have an effebtap transmission.

8 Modd validation

Validation of a model is the step which assessehdf model accurately
represents the real system. Qualitative or quaintitaalidation is performed
by checking that appropriate assumptions have beste, by verifying that
observed behaviours can be mimicked with the mantddy comparing model
outputs with observed data. Validation is generaliytial (Oreskeset al.,
1994) as it is usually difficult to compare stryctsimilar situations. For
example it is rare to collect data for a situatiwithout any control measure
when it comes to paratuberculosis. To evaluate iMmglgaviour, a sensitivity
analysis can be performed on uncertain variablessi8vity analysis aims to
guantify how models outputs vary with a changedrameter values (Saltelli
et al., 2000). Uncertain parameters strongly influencimgdel outputs are
suitable targets for further research.

The consistency between model outputs and reakmydiehaviour was
assessed for model N°2 via the study of the trassion parameter. Model
N°2 simulates an overall transmission parameteilaino estimates from a
field study (Groenendaalet al., 2002). Moreover, the results of a
certification-and-surveillance scheme were comgarab outcomes of a
simulation with model N°2 and in a field study i Bairy herds (Webeget
al., 2004). The small number of such comparisonsdsaated with the lack
of comprehensive data aboMap dynamics. The seasonal hypothesis
(exposure differs between winter housiveysus summer grazing) made in
model N°6 was examined against data collectedhisr gurpose (Kudahdt
al., 2007a). No effect of the season of calving wamtbin field data.

In five models (N°2, 4, 6, 7 & 8), a sensitivity aysis is performed on
uncertain parameters. Studied parameters relatezkpgosure are bacterial
survival rate, density of bacteria in the faecestuddding cattle, size of the
infectious area (these 3 first parameters beingietiuin model N°6), number
of contacts to potentially infected cattle (modiR¥ & 8), and initial herd-
level prevalence (one associated paper of model &¥&yzing this model:
Weberet al., 2008). Model N°6 appears to be highly sensitvehanges in
bacterial density and to size of the exposure atgher models are also
sensitive to the parameters related to exposurg stadied. Studied
parameters related to transmission are pathogersniiasion probability
(model N°2 and one associated paper analyzingnttudel: Weberet al.,
2008 & model N°4), probability of introducing infied cattle (model N°2 and
one associated paper analyzing this model: Groemrt al., 2003), and
probability of infection (model N°6). All models arsensitive to all the
parameters related to the particular transmissi@thanism they studied.
Finally, studied parameters related to infectionnssmuences are the
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probabilities of disease onset (models N°2 & 4)aihg models are sensitive
to all the parameters related to infection consegee they studied. The
sensitivity analyses did not enable identifying grayameter related telap
transmission and consequences for which uncertiasylittle effect on the
model results.

9 Discussion

The review has shown that the models describeaeiptiblished literature are
constrained by the limitations of the epidemioladknowledge at the time of
their development. The maximum age at which catle become infected,
and the dose-response relationship between thetityuah Map organisms
and infection probability of cattle at differentemgare currently unknown.
Whether dose or age at infection has an influencelisease progression is
also unknown. It should be kept in mind that thentification of important
areas for future research is one of the purposesnanfelling. Moreover, as
new information becomes available, the diseaseegs®s implemented in
these models can be represented more preciselpamadheters can be more
accurately defined. Impact of selective cullingnedst susceptible calves or
future super-shedders can be studied when infoomaton genetic
susceptibility markers is available. However, coemplmodels are not
necessarily able to represent a biological systettebthan simpler ones. In
summary, based on current knowledd#gp transmission could be more
precisely modelled by including the recently ddsedi calf-to-calf
transmission pathway, a more detailed contact tstrecbetween animals
within a herd, and explicit incorporation of inditdransmission, representing
Map transmission in the environment. Consequences i itmproved
precision on model accuracy still would have tarbvestigated.

The number of compartments represented in the modalies. The
compartments should reflect the pathogenesis of disease and thus
susceptible, transiently infectious, latently irtést; infectious and resistant
states should be represented. Moreover, clinicaffiected animals are
specific infectious animals which all shed a higlad of Map. In utero
transmission is of greater risk for them and tipeobability of being culled
higher. Having a specific compartment thus seemsengl. Other
compartments could be added depending on the aimmaielling. For
example, super-shedders have been described anddieein the infection
dynamics needs further investigation. Two modellipgions could be used:
either considering a large variability of sheddimgthin the infectious
compartment, with a small proportion of individualkedding really high
amount of Map (to represent heterogeneity of shedding in time);
considering an extra compartment for super-sheddeiser-shedders being
considered as specific animals.

It is now acknowledged that calf-to-calf transmissoccurs, albeit at a lower
rate than adult-to-calf transmission. Furthermahés newly acknowledged

51



route of transmission appears to be necessaéprpersistence in the only
published model that takes account of calf-to-¢cedhsmission. However,
little is known on calf-to-calf transmission rate @n the contribution of this
route to total transmission in a herd. A study regmbthat in one herd, 9.5%
of the offspring of test-negative dams, not expasedther positive cows in
the calving pen, became infected (Benediottisl., 2008). Overall, a risk of
6% was not explained by exposure to a positive daqposure in the calving
area, or by being raised with a calf that latelifenbecomes a high shedder.
The difference, 3.5%, can be considered as an a&stirof the risk of
becoming infected due to calf-to-calf transmissiorthis herd. Hence, it is
important to develop models which evaluate whetladfrto-calf transmission
might be an important critical point for controlljiMiap transmission.

In all published models, it is assumed that cabsasbecome infected through
several transmission routes during the suscepgibteod prior to the age of
one year. However, the relative importance of eaxhie in Map infection
dynamics within an infected herd is poorly undesgtoTo assess more
precisely the contribution of the different routd#stransmission, the level of
shedding has to be explicitly modelled. Moreovera¢count for indirect milk
and colostrum contamination by both faeces of then cand the global
contamination of the environment around birth, &erall infectiousness of
the herd has to be considered. Information on ¢taive importance of each
route of transmission is required for defining mowst-effective preventive
measures as farmers are unlikely to implement meamagt procedures that
affect several mechanisms at the same time, bigtadswill need to prioritize
their actions. Knowing the relative importance aicle route of infection
would allow balanced decisions in relation to thestncost-effective control
measures.

Currently available models differ substantiallyr@lation to their assumptions
with respect to herd size, management and strutiaigle V). The influence
of these assumptions on the infection process iskmawn. While 3 papers
study the impact of herd size on model outputsenstudies the impact of
calf-to-calf and adult-to-calf contacts. In ordeo tdetermine which
characteristics of the herd management or herdtateihave to be accounted
for in future modelling, one would need a modell#ing to study one-at-a-
time the impact of considering or not one optiororbbver, it is currently
difficult to compare or characterize available meda terms of accuracy as
baseline scenario (acting as ‘gold standard’) antpuis of interest are
missing or not reported. It is indeed at presenhijpogsible to perform a model
comparison in achieving maintenance of infectioiwey available data on
published models. Future model simulation shoulotlpce outputs oMap
persistence in a herd so that comparisons coulghdsormed on critical
features. The impact of contact structureMap transmission has never or
partially been addressed. This would necessitateldging a new model. A
definite conclusion on the need to complicate matieicture is not currently
possible, but neglecting the contact structureigndring transmission via the
environment are likely to highly influence the mbdetputs. Direct contact
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between calves or sharing the same environmenndspm the sub-grouping
of animals of the same age and on their housingeWhodelling calf-to-calf

transmission via the environment, one should noydbto consider that
calves shed less and produce fewer faeces thatsadul

Selecting a density or frequency-dependent funatiolmansmission can have
an impact on the outputs (Hqad al., 2008). The choice of the transmission
function must be based on the biological knowledgemodelled pathogen
and host and/or an experimental data. It is diffituselect a priori one or the
other function for paratuberculosis where indireahsmission is considered.
However, the frequency-dependent function assuhagshie occupied area is
constant whatever the population size (Begml., 2002), which is usually
not the case for the size of pens and farm fagslitvhen the size of the herd
increases. Therefore, a density dependent fundemms to better reflect
exposure of susceptible animals.

Simplifications have been performed in all modalsarms of detection of the
different stages of infection. Test sensitivitiepplied for each model
compartment are specified as constant in a tim@egegnoring that intervals
between tests are often long (and up to one ygamg a constant sensitivity
during one year is questionable as there is no idathe literature on test
sensitivity when applied to up to one year befaeettue status is known. It is
thus probable that average sensitivities are ostmated in such models.

Adequate parameterization of models such as the @wiewed here is often
difficult, due to lack of data. Consequently, sevguarameters are highly
uncertain, particularly those related to pathogamdmission and between-
group rates of contact. Uncertainties can be eteduthrough sensitivity
analyses that determine which parameters haveoagsinfluence on the
results and thus should be studied in priority utufe field research. The
reviewed models have mainly been evaluated thr@auglensitivity analysis
but only for a small number of parameters, and arlg at a time. Only
model N°4 performed an analysis for several parareesimultaneously. A
more systematic sensitivity analysis taking accaafminteractions between
parameters and of all the unknown or uncertain mpaters should be
performed in order to determine where uncertaintisinbe reduced and to
evaluate whether a model can be used as a predictl or to improve our
understanding (Saltellet al., 2000).

There is a need for new models which consider éatlitransmission via the
environment taking account ®&flap survival and contact structure between
animals in a herd. Such models should provide dstpa persistence and
relative importance of the routes of transmissionrider to be able to provide
critical features on the construction of futuvap transmission models in
terms of herd management and herd structure clesistitts.
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Abstract

Epidemiological models enable to better understdre dynamics of
infectious diseases and to assess-ante control strategies. For
Mycobacterium avium subsp. paratuberculosis (Map), possible
transmission routes have been describedMiayt spread in a herd and the
relative importance of the routes are currentlyfifisiently understood to
prioritize control measures. We aim to predict yeadfter Map
introduction in a dairy cattle herd whether infeatis likely to fade out or
persist, when no control measures are implementsidg a modelling
approach. Both vertical transmission and horizotr&smission via the
ingestion of colostrum, milk, or faeces presenttlwe contaminated
environment were modelled. Calf-to-calf indirectartsmission was
possible. Six health states were represented: piilsles transiently
infectious, latently infected, subclinically infed, clinically affected, and
resistant. The model was patrtially validated by paring the simulated
prevalence with field data. Housing facilities aedntacts between
animals were specifically considered for calves &eders. After the
introduction of one infected animal in a naive hdatleout occurred in
66% of the runs. WheWap persisted, the prevalence of infected animals
increased to 88% in 25 years. The two main trarsonsroutes were via
the farm’'s environment andin utero transmission. Calf-to-calf
transmission was minor. Fadeowuersus Map persistence could be
differentiated with the number of clinically affect animals, which was
rarely above one when fadeout occurred. Therefeagly detection of
affected animals is crucial in preventiNtap persistence in dairy herds.

Keywords. stochastic model, paratuberculosis, fadeout, trzassom
route, persistent infection
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1 Introduction

In dairy herds, paratuberculosis, a worldwide disegrovokes decreases
in milk production, drops in carcass slaughter gahnd premature culling.
However, due to the long incubation period (Welstral, 2009) and the
low sensitivity of available diagnostic tests (i, 2008), studying the
infection dynamics in the field is nearly impossibTherefore, modelling
Is used to better understand the spreddyafobacterium aviursubspecies
paratuberculosigMap) within a herd.

Our objective is to predict as early as possibler&flap first introduction
in a dairy cattle herd whether infection is likety fade out or to persist
using a modelling approach. The results could themused to inform the
implementation of control methods. Indeed, we ddtermine the point of
no return after whichMap will persist and spread in the herd without
control, i.e. when control actions must ideallyitmplemented. Therefore,
we assume that no further infected animals aredoted to avoid the
possibility that persistence oMap might be due to continuous
reintroductions (i.e. no fadeout being possibla)ctEa situation will be
typical for herds with very low yearly purchaseesaie.g. dairy herds in
Brittany without any fattening activity; (Ezannet al, 2006)) or in the
context of certification, when only certified anil®are purchased (with a
very low risk of being infected; (Ezannet al, 2005)). In Europe, control
of Map introduction into cattle herds has indeed prioower control of
within-herdMap spread.

There is no published model &fap spread within a dairy herd that takes
account ofMap survival in the environment (Marcét al, 2010a). Yet, the
survival ofMap in the environment can result in a delay betwéderuding
by infectious animals and infection of susceptidiémals. As a result of
contamination of the farm environment, infection safsceptible animals
can occur in the absence of infectious animals gélwen, 1977,
Whittington, et al, 2004). Here, we explicitly model transmission tlia
environment. Furthermore, calf-to-calf transmissi@ctently has been
demonstrated (Van Roermuyndt al, 2007). Hence, transmission routes
are: vertical, horizontal via the ingestion of @minated colostrum or
milk, or horizontal via the ingestion of adult aalicfaeces. We propose a
new model that accounts for all of these transmissbutes, thus rendering
it possible to identify which routes contribute tmest toMap spread in
the modelled dairy herd.
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2 Materials and methods

We develop a model dflap spread within a dairy cattle herd initially
naive towardsMap infection, following the introduction of a single
infected cow. We use this model to preditap spontaneous fadeout or
persistence as early as possible dfap introduction, before any control
measure is implemented.

2.1 Model description

A discrete time compartmental model is developeepresenMap spread

in a dairy cattle herd. We couple a model that &ibeg the population
dynamics within a dairy herd and explicitly repmaseanimal housing
facilities with an epidemiological model dap transmission. A time step
of 1 week is chosen as the longest possible towalllbe different
transmission routes and calf exposure in housinglittes to be
represented. A stochastic model is used in ordestudy the chance of
fadeout of the diseasrsuspersistence probability. Because of the slow
progression of paratuberculosis, we choose to sheljnfection over a 25-
year period. The model is implemented with Scilab.5

2.1.1 Population dynamics

The population dynamics only considers charactesistelated toMap
transmission. Contacts between susceptible anieralsany environment
contaminated by shedding animals depends on the djpent by animals
on farm, the time spent in individual and colleetipens, and possible
shared environments. An ageing process occurs éetioe infection
process at each time step. An exit rate for maytasale, and culling is
defined per age class (Table I).

In Europe, dairy herds generally are structuredyrioups, the younger
animals being separated from the older ones (Matcal, 2010b). Here,
group definition accounts for animal housing andnagement, and the
maximal age (, Table Il) at which an animal is susceptible (Feg).
Therefore, contacts between susceptible animals eodtaminated
environments can be assessed. Calves below 1 Yemgeoare either in
individual pens (from birth ton), in collective pens before weaning (from
m to w), or in collective pens after weaning (fromto y). Calves in
individual pens have limited contacts with the feewmf calves from
contiguous pensnf). Such a calf housing facility management follows

Available on linehttp://www.scilab.ordconsulted 11 February 2010]
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Table I: Parameters for herd management and popnatynamics used in a

Mycobacterium avium paratuberculogigection dynamics model within a

structured dairy herd

Notation ~ Value Definition Source
oB 0.07 Mortality rate of calves at birth a
Om 0.206 Exit rate of male calves, weeks 2 to 4 (peeky
oc1 0.015 Death rate of female calves, weeks 1 andddv{lual housing 2
facilities) (per week)
oco 0.0035 Death rate of female calves, weeks 3 tanimgacollective 2
housing facilities) (per week)
oc3 0.00019 Death rate of heifers from weaning td fiedving (per week) b
oh 0.11 Sale rate of bred heifers 10 weeks befdreatving b
O 27, 25, 31, Yearly culling rate of cows in parity 1, 2, 3, 4daabove 5 %a
31, 62 respectively (%)
m 2 Maximal age in individual pen (weeks) Marcé et
al., 2010b
w 10 Weaning age (weeks) Marcé et
al., 2010b
y 52 Age when entering the young heifer group (weeks)
nb 2 Number of neighbours for a calf in an individpah b
h 91 Age at first artificial insemination (weeks) a
cal 130 Age at first calving (weeks) a,b
cCi 56.3 Calving-to-calving interval (weeks) a,b
b 5 Quantity of colostrum fed to calves (L/day fod&ys) b
d 7 Quantity of milk fed to calves after 3 days (Lytzlf) b
prop 0.85 Proportion of lactating cows a
e 25 Quantity of milk or colostrum produced (L/dayigo a
fi 0.5 Quantity of faeces produced by a non-weanddlagday) b
f, 5.5 Quantity of faeces produced by a weaned cglfigy) b
fy 10 Quantity of faeces produced by a heifer (kg/day) b
fa 30 Quantity of faeces produced by a cow (kg/day) b
Graz [14-46] Grazing period (1 being the first week loé tyear) b
Ke 110 Number of cows above which the heifer selliamig increases -

& Agricultural statistics

® Expert opinions

! Rio 0., Frequency and risks of mortality and Healisorders of calves in dairy cattle herds [in
French], Doctorate in Veterinary Medicine Thesignikés, France, 1999.
2 Jégou V., Porhiel J.Y., Brunschwig P., Risk mamagyet factors affecting mortality among dairy

calves herds in 80 herds in Brittany [in French}, Proc. Journées Bovines Nantaises, Nantes,
France, 2006, pp. 6.
% Beaudeau F., Review of culling and replacementtimes in dairy cattle herds [in French],
Institut Supérieur des Productions Animales, Mas$tersis, Rennes, France, 1991.
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Table II: Parameters for infection and transmissiosed in aMycobacterium avium

subspparatuberculosis (Mapfifection dynamics model within a structured ddigrd*

Notation ~ Value Definition Source
Px Probability ofin uterotransmission for cow in health sta¢e Benedictust al,
p.=0.149 X = latently infectedL() 2008;
Whittington &

Windsor, 2009
pis=0.149 X = subclinically infectedI§)
pic=0.65 X = clinically affected I¢)

u 52 Maximal age in the susceptible compartment (wgek Hagan, 1938;
Whitlock &
Buergelt, 1995
h 0.1 Susceptibility follows an exponential decreasp(-h(age-1))) Windsor &
Whittington,
2010
Vy Mean time spent in health stafgweeks)
vy =25 X = transiently infectiousT Van Roermund
et al, 2007
v =52 X = latently infectedL() Nielsen &
Ersboll, 2006;
Nielsen, 2008
vis =104 X = subclinically infectedl§) Matthews, 1947
Vi =26 X = clinically affected i) a
shg Probability of shedding in colostrum or milk focaw in Streeter et al.,
health stateX 1995; Sweeney
sh=0 X = latently infectedL() et al, 1992
sh=0.4 X = subclinically infectedl|§)
sh.=0.9 X = clinically affected i)
o 10° Map infectious dose Begg et al., 2008
o 5x10%x7 Transmission rate if ingestion of an infectidiese (per b
week)
Be 5x10°x7 Transmission rate if one infectious dose isgmée the local Van Roermund
environment (per week) et al, 2007
By 9.5x10'x7 Transmission rate if one infectious dose is gmes the Van Roermund
global environment (per week) et al, 2007
Bo 5x10°x7 Transmission rate if one infectious dose isgméesn pasture b
(per week)
Ox Decrease in milk production for cattle in healthitsX (per 4
week)

Os = 2.5x7 X =subclinically infectedI)
Oic = 4x7 X = clinically affected Ic)

i Removal rate oMap from environmenk Jorgensen, 1977,
Mg =0.4 all the environments (per week) Whittington et
Hip = 0.67 individual pens (when empty) al., 2004
Mep = 0.17 collective pens (when empty)

"The values of the parameters in the epidemiologizalel (Tab. Il) are estimates based
on experimental data reported in the literature.
2Expert opinions

P Parameters’ values are assumed

4 Nielsen S.S., Enevoldsen C., Toft N., Milk prodactlosses associated with bovine paratuberculosis
diagnosed from repeated testing, in: Prod" Iriternational Symposia of Veterinary Epidemiologyd
Economics, Cairns, Australia, 2006. pp. 619.
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Figurel: Population dynamics in a cI'E)sed dairy herd and flow diagram of
Mycobacterium aviumsubsp. paratuberculosis (Mapinfection dynamics model,
representing infection states, transitions between states, and origin of contamination
of the local and whole farm environments

Legend: R
Health statesS = susceptible, = resistarfs transiently infectioud; = latently infected] =

subclinically infected|c= clinically affected
E, : indoor environment in housidgwith | = 1 to 6 (1 for calves in individual pens, 2 foives in

collective pens before weaning, 3 for calves ifemtive pens after weaning before 6 months of age o
during winter season, 4 for young heifers duringtesi season, 5 for heifers during winter seasod, an

6 for adults during winter seasorEg : environment of the whole farnEE°" : outdoor environment

of calves when they are grazing; n: number of iislial pens; the population dynamics has to be read
vertically; 9; to 9s: transmission functions for horizontal infectidntime; G: grazing season; ®@ws

in parity i; dotted arrows: contribution to the environmenmntemination. Exit rates of each
compartment are not represented.
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European recommendations concerning animal welfagesocial contacts
and reflects the most common calf management iogeutMarcé et al,
2010b). After 1 year of age, the heifers are digidgo 2 groups: from 1
year of age to®lartificial insemination (Al) at agk, and from I Al to 1
calving at agecal. Cows are all gathered in the same batch assutiniyg
are not susceptible. Parities are considered asulling rate is higher for
older cows and to account for age in the progréssap infection.

X(a,t) represents the number of animals in health 3ated agen at time

t. Age is given in weeks until first calvingdl) and in paritiesdal+1 to
cal+5) after calving. An individual-based model is digmtil agem, when
calves move to collective pens. Then, a compartahenbddel is used. &
<m, an indexk indicates in which individual pen the calf }§a,t,K = 0 or

1 depending on the occupancy of gerMhe total number of calves of age
aat timet is:

X(@,) = z X (a,t,Kk) | with n the number of individual pens.
k=1

The herd model is calibrated by integrating knowkdrom various
sources, from published data to experts’ knowleduge,realistically
represent a French dairy cattle herd (Table I). rAdlle calves (half the
calves) exit the herd during th&" 2o 4" week after birth (rate;). Closed
herds are modelled: there is no purchase of heiterseplacement. All
female calves are thus kept to give flexibility regulate the number of
cows. Herd size is assumed to be stable over titaders can be sold but
only 10 weeks before the first calving (ra%). Above a given number of
cows K,), the heifer sale rate increases. Under this flolds the sale rate
decreases. An all-year round calving is modelleth & mean calving-to-
calving intervalcci. Animals older than 6 months of age graze fromilApr
to November Graz).

2.1.2 Infection processand Map transmission

The progression of individual animals through dif® Map infection
states is a complex continuous process which ivarted into discrete
phasedo enable the model parameterization based onrdukreowledge.
Animals are classified into mutually exclusive hieadtates: susceptible
(9), resistant R), transiently infectiousT) (infectious only for a limited
period of time), latently infected.) (infected not infectious), subclinically
infected (s) (infected and infectious but not affected), arlohically
affected [c) (infected, infectious, and affected) (Nielsen, 02D
Parameters are displayed in Tables | (herd dynamids (infection

2 Council Directive 97/2/EC of 20 January 1997 adieg Directive
91/629/EEC laying down minimum standards for thetgxetion of calves
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process), and lll (shedding characteristics). Agtions are based on
current knowledge oMap.

Vertical transmission occurs with probability (T calf born to an infected
cow). Horizontal transmission occurs by ingestidrcaostrum, milk, or
faeces. It depends on animal susceptibility, varyiith age (maximal the
first week of age and decreasing exponentidd)yuftil 1 year of ageu)).
Under field conditions, animals older than one yehrage have a low
susceptibility toMap infection (Hagan, 1938; Windsor and Whittington,
2010) and in the current model are therefore asduimebe resistant to
infection. If infected, there is no possible reagveWe assume an
exponential distribution of the durations in infeat statesT, L, Is, andlc.

A transiently infectious state is assumed as ieféatalves have been
reported to sheMap (Van Roermundet al, 2007). The transition frorm
to L either is modelled using a binomial distributidnpeobability 1/v, v¢
being the mean duration of the transiently infactigperiod, or occurs at
the latest when the age at first calviroglf is reached. A latent state is
assumed because, if the absence of shedding haleeat proven, the
detection of infectious adults and heifers is hapbssible before animals
reach one to two years of age, indicating at legste a low level of
shedding (Whitlocket al, 2000; Nielsen and Ersboll, 2006; Weletral,
2010). Latent animals are assumed not to $hal since shedding can be
considered to be negligible compared with that thfeo infected adults.
The transition fromL to Is is possible only after the®1Al (at ageh).
Subclinical animals are assumed to shed sufficjeantities ofMap to be
detectable and to contribute Meap spread within the herd, without having
any obvious clinical signs. The transitions franto Is, Is to Ic, andlic to
exit of the herd are modelled using binomial disttions of probabilities
1Ny (X =L, Is, orlc), vx being the mean time spent in stXteThere is no
additional mortality forls and Ic cattle, butv,, accounts for additional
culling.

Depending on their age$ calves are not all exposed to the same
transmission routes. Calves born to infected daars lme infected via
colostrum ingestion in the first week of age. Dgrithe first 2 weeks,
calves are housed in individual pens. They can rifecied via milk
ingestion, exposure to the environment of the whtdem (global
environment), or indirect transmission from infettecalves of
neighbouring pens. Before weaning, calves housdiéctively can be
infected via milk ingestion, exposure to the loesvironment of their
pens, or exposure to the global environment. Ingidiering winter),
weaned calves can be infected via exposure todite br to the global
environment. On pasture, they can only be infect@dexposure to the
local environment shared with young heifers.

Colostrum and milk contamination occurs becausei@fct shedding or
indirect faecal contamination. A calf ingests tlwostrum of its dam. A
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Table Ill: Summary of published data and modelléstrihutions of the quantities of
Mycobacterium aviunsubsp. paratuberculosis (Map3hed, depending on the health
state (X) and the route of transmission (r) iMap infection dynamics model within a

structured dairy herd

Route of Health state Literature Model
transmission  (X) Minimal Maximal Mean  Source FX,r)
(n value  value value
Map direct Subclinically 2.2x1d 8.8x1d 5x1d0  Sweeneyet 10°xbeta(8,8)
shedding in infected al., 1992
g:g;pﬁm Clinically - - 5x10  Giese & 10°xbeta(8,8)
(MaplL) affected Ahrens,
2000
Mapindirect ~ Subclinically 0 2x13° 40 Magnusson 1+10xbeta(1,25)
shedding in infected et al, 2006;
milk and Visserset
colostrum al., 2006
(faecal Clinically 700 2x16°  14x1d Magnusson 10f3+10xbeta(50,200))
contamination) affected et al, 2006;
(Map/L) Visserset
al.,2006
Mapshedding Transiently 6x10 6.3x10 3x10 Van 10°xbeta(8.8,19)
in faeces infectious Roermund
(Mapkg) et al, 2007
Subclinically 10 10" 2.6x16 Rossiter & 10(4+10xbeta(2.65.17))
infected Burhans,
1996
Clinically 10° 10" 10 Jorgensen, 10(&+10xbeta(2.17))
affected 1982;
Whittington
et al, 2000

Table IV: Proportion (%) of runs having 0 to moteah 3 clinically affected and/or

subclinically infected animalds) detected (sensitivity of 0.5 and specificity dbrlthe

tests used fols animals detection) after 1 to 5 years of simulatin herds with

spontaneous fadeout or persistent infection

Cumulated % of runs withnr % of runs withnr clinically
number of clinically affected affected & detected
animals animals subclinically infected animals
(nn)

Time (in years) Time (in years)
1 2 3 4 5 1 2 3 4 5

Proportion among 0O 75 67 64 62 62 40 37 37 35 35
herds with fadeout 1 25 33 36 36 35 50 48 45 45 44
(282 runs) 2 o o o 1 2 10 14 17 17 17
>3 0O 0 0 1 1 oO 0 1 3 4
Proportion among 0 48 23 9 5 2 24 8 2 1 1
persistently infected 1 52 75 67 40 18 46 51 30 14 3
herds (118 runs) 2 0O 2 15 15 19 60 34 25 22 8
>3 0O 0 9 40 61 O 7 43 63 88
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calf k born to a cow in stat¥ 0 {Is.Ic} ingests at timé the following
amount of bacteria:

q* = Bernouilli (sh, )[ f (X, indirect) + f (X, direct)]b (Eq. 1)

with f(X,r) the quantity of bacteria per litre shed by amadiin stateX
through router (f(X,r) ~ &(Xr)), shy the probability of shedding in
colostrum for cows in staté, and b the quantity of colostrum fed to calf.
The number of calves infected via colostrum ingests then:

inf(c,t) = ZEI[S(L k,t)Bernouilli (1— exp(—%)ﬂ (Eq. 2)

with (1 kt) = 1 if there is a susceptible calf of one weelag@é in perk at
timet and O otherwisgf the transmission rate if ingestion of an infecsiou
dose, andx the infectious dose. Similarly, the number of ealnfected
via milk ingestion is:

inf(m,t) = Zx,v[ Bin(S(a,t),1- exp(-exp[-h(a -1)] %))] (Eq. 3)

with S(at) the number of susceptible calves of agat timet, q the
guantity of bacteria ingested per calf via milkesgon.q depends on the
quantity of milk drank per calfdj and the quantity of bacteria in the tank,
which depends on the proportionlofandls lactating prop) and shedding
(shy) cows, these cows either directly shedding in nf(,direct)) or
because of faecal contamination of the mi(X,{ndirect)), and the quantity
of milk they producee(- gx).

Faecal-oral transmission is indirect, occurring ibhgestion of bacteria
present in the environment. Two types of environmame modelled to
differentiate indirect adult-to-calf from indirectlf-to-calf transmissions
(Figure 1). E; is the quantity ofMap in the global environment,
contaminated by all of the shedding animals. lssumed that all calves
are equally exposed to the farm’s environment,acobunting for possible
variation in distribution oMap. E; to E; are the quantities d¥lap in the
calves’ local environments, exclusively contamidabg T animals housed
in the associated facilities (Figure 1YWe assume a homogeneous
distribution of calves’ faeces in a local enviromter that all calves in a
contaminated pen have the same probability of thggdMap during a
week. Susceptible animals are exposellap in the global and their local
environments. The global environment is the sum tbé local
environments for calves and adults. All infectimagtle shedMap in their
faeces. We assume shedding varies with the infectiate, but also over
time for a given infectious animal. We assuimanimals shed on average
almost as much bacteria per kg of faeces$samimals but with a lower
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variability, Ic animals shedding much more (Figure 2). To modeh sa
heterogeneity in shedding between animals andsstate fit distribution
laws &(X,faeces) (Figure 2) oMap quantities shed at time per
kilogramme of faeces by a given animal of stéte published observed
data (Table Ill). At time, the quantity oMap per environment is updated,
according to the removal rate(mortality of Map, cleaning of the barn,
straw management) arddap shed by infectious animals. We assume no
bacterium survives on pasture during winter; pastuare free oMap at
next turn-out. In individual pek, a susceptible calf of ageis infected at
timet because dfap residuals in the pen with probability:

Py (1) = 1- exp(-exp(-h(a-1) £ELE) (g 4

with S the indirect calf-to-calf transmission rate.

Calves also can be infected because of their ioigxt neighbours
(randomly sampled among calves). In collective ipsnsceptible calves of
age a are infected at time via calf-to-calf indirect transmission with
probability:

P (@)= 1-exp-exp(-h(a-) 252 (Eq.5)

with Ni(t) the number of animals in local environmentat time t.
Susceptible calves of aga are infected at timet via the global
environment with probability:

B Eq (1)

P (a,t)=1- exp(-exp(-h(a - 1)) N

) (Eq.6)

with g4 the indirect transmission rate from this environmandN(t) the
herd size.

2.1.3 Initial conditions

All animals younger tham are initially susceptible, other animals being
resistant to infection. A subclinically infectedripa 1 cow is introduced
once in the herd with no further introduction. Feach run, the date of
introduction corresponds to the first week of Japuee. 3 months before
grazing starts. No specific measure is implemeinettie herd to prevent
or controlMap infection. No change in herd management is impieat
over time. Studied herds have on average of 27/madsi(118 calves and
young heifers, 45 bred heifers, and 114 cows).
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Figure2: Distribution of the amount of Mycobacterium avium subsp.
paratuberculosis (Mapyhed per kg of faeces of transiently infectious (&),
subclinically infected (&s) and clinically affected (&) animals used in the Map
spread model within a dairy herd’

"Distributions are here in loitap)/kg of faeces (and not iMap/animal/day).
Transiently infectious animals produce from 0.8.@okg of faeces per day during
25 weeks on averag8,(f,, fy), whereads andlc animals are cows producing 30
kg of faeces per dayfaj for a longer period of time (Tab. | and II). Athil
contribution to totaMap shed is thus more important than the one of tratigie

infectious animals.
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2.1.4 Model outputs

Results are obtained from 400 runs over 25 years. ridnitored the
stability of means and variances of model outputh mcreasing number
of runs and stopped simulations when further ordgulted in small
changes of these estimates. Therefore, runs arerousenough to obtain
stable simulated results. The first output is thiedtion persistence over
time, i.e. the percentage of runs with the infectstill present. We can
deduce from this output the proportion of runs egdiith fadeout. Other
outputs then are studied separately for runs wétisiptent infection or runs
with fadeout. The second output is the prevalerigafected T+L+Ist+lc),
infectious T+lstlc) and affected animaldd) over time, these categories
being defined by Nielsen & Toft (Nielsen and T&Q08). For runs with
persistent infection, the pseudo-equilibrium of ghevalence is estimated.
Among the two types of runs, the proportion of aaigthat becomé: or
detected with a systematic test (sensitivity of arldl specificity of 1)
during the early infection dynamics is studied. Tthe&ed output is the
relative contribution of the transmission routestite number of newly
infected animals.

2.2 Modd evaluation

First, model outputs are compared with published dad field data from
infected herds (Guicharnaud, 2009; Nielsen and, PO®9). The simulated
proportion of infected adults is compared to theineged baseline
prevalence of infected adults on farms that voluiytgarticipated in a
control program based in Brittany (France) (Taisr&§09). Data
corresponds to 59 herds enrolled in the prograrwdsat 2002 and 2005
and in which more than 20 adults per herd wereedest the year of
enrolment. All adults older than 24 months of agerevtested annually
using both ELISA and either PCR or faecal culturgilu2007, and
systematic ELISA and PCR in faeces of ELISA positanimals in 2008.
Ziehl-Neelsen tests were performed when suspeaoicali signs were
observed. Individual statuses of adults duringfitst year of the program
implementation (i.e. before any control measure wesoduced) are
retrospectively attributed based on a maximum cédlsuccessive annual
results. These statuses are defined as: clinidflscted (Ziehl-Neelsen
positive test in the first year), subclinically éated (PCR or faecal culture
positive in the first year but Ziehl-Neelsen negaltif performed), latently
infected (seropositive in the first year but PCRamcal culture negative or
negative in all tests in the first year with a pesi test later, whatever the
test), and resistant (testing negative in all Je§tsr animals always testing
negative but with only one or two tests (insteadhoée), we assume that
they are either resistant (optimistic option whiokay under-estimate
infection) or latently infected (pessimistic optianich may over-estimate
infection). Based on these optimistic and pessimidistributions, we
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estimate the distribution of animals per infectgtate at the start of the
program and the within-herd prevalence at enrolm&atcompare model
outputs with field data, we assume farmers usudghgct the disease from
5 to 9 years afteMap introduction (time needed for clinical cases to
occur). We calculate the distribution of the meanuated prevalence in
infected adults in infected herds over this timaquk

Second, a hypothesis-testing approach is used lidai@ the model,
assuming a constant herd structure. We verify ¢iither our conclusions
are robust to variation in model parameters, ot gamameter variation
induces unrealistic within-herd prevalence and dafm¥e cannot be
retained. A one-at-a-time sensitivity analysis &fprmed for uncertain
parametersi, u, h, g, sh, 8, G By B 3(T,faeces)). Variations af50%
from reference values are tested where applicalaleu; h, p, sh, 4,
G, By o). For &(T,faeces), the worst plausible case is testednimals
shedding (per kilogram of faeces) as mucHsaanimals, with the same
variability.

Third, to evaluate how the conclusions change Wwiéhd management, a
model evaluation is performed as regards to vanatiof parameters
managed on farmy(, K., V., Graz. Variations of+50% from nominal
values are tested foi, and v.. For K, (closely related to herd size), limits
of 50 vs. 500 cows are tested. Lastly, a delapénstart of grazing (same
duration but starts in the wedRkap is introduced vs. ends in the week
before Map is introduced) and a variation in its durationnfsastart but
duration of 28 vs. 37 weeks) are tested.

3 Reaults

3.1 Spontaneous fadeout of Map infection
without control measure

Spontaneous fadeout occurred in 66% of the rurgi(€i3). In 43% of the
runs, it occurred within the first 2 years (earkirction), while it occurred
less quickly in the remaining 23%. Herds still ictied 7 years afteflap
introduction had thereafter a fadeout probabil#jolv 6%. When shedding
animals were no longer present on the farm, neectidn of cattle from
residualMap in the environment was rare, with a mean weekhbabdity
of 3%.

The probability of fadeout only slightly varied wiuncertain parameters
(from 62 to 71%). It decreased to 51% when the ntieaa spent in statie
increased by 50%, and to 58% whé&fap removal from the global
environment decreased by 50%. Other parameterdingeldao herd
management only had little influence on the fadeoabability.
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Figure 3: Probability of persistence over time (proportion of runs where an
infected animal is still present) of Mycobacterium aviunsubsp. paratuberculosis
(Map) infection in a dairy cattle herd after a single Map introduction (t=0) in the

herd
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It needs to be emphasized that yearly single intttidn of Map would
lead to a decrease in the cumulative probabilityspdéntaneous fadeout,
which can be calculated foryears using 0.66e.g. 66% the first year as
in the present study, 44% the second year, 29%hitteyear, etc.).

3.2 Map spread within persistently infected
herds

Prevalence of infection reached a pseudo-equilibriwhen accounting
only for runs in which infection persisted) 23 yeafterMap introduction
when no control measure was implemented (Figuré\éjhe end of the
simulation period, the prevalence of infected, dtifus, and affected
animals reached 88%, 44%, and 6%, respectivelgdindts, prevalence of
infected, infectious, and affected animals was 8®8%%, and 15%,
respectively. Annual incidence reached 15% (Figjre

Comparing the simulated and the observed distohatiof prevalence in
infected herds indicated that the model over-ed@thadhe cases when
infected herds had a low prevalence (more than dD%e infected runs
had a prevalence in infected adults less than 386r& 5). For other levels
of prevalence, simulated and observed distributiesie similar.

Varying uncertain parameters produced in most c@ses, pc, sh, G 4,
G, S(T,faecey prevalence distributions similar the reference scenario
and therefore these parameters cannot be moresgiyeestimated from the
sensitivity analysis. For others, (., £,), a variation oft50% resulted in a
simulated prevalence not consistent with the oleskmprevalence, thus
indicating that the true value of these uncertaimmeters is likely to be
within a smaller interval thag50% of their reference value.

Among infected adults, the model provided mean qutigns ofL, Is, and

Ic animals 25 years aftdap introduction of 60, 32, and 8%, respectively
(Figure 6A). These proportions slightly varied ouene, except in the
transient period when prevalence was very low.didfdata (Figure 6B),
the proportion of animals per infection state dejgehon the option: the
pessimistic option resulted as expected in a |gngportion of latently
infected animals. The mean proportion of subclihjcanfected animals
varied from 17 to 40% in the optimistic option, d@ndm 3 to 22% in the
pessimistic option. Simulation values were in bemvéhe 2 assumptions
(Figure 6).

At the herd level, the main transmission routesewradirect transmission
via the contaminated global environment, thenutero transmission.
Transmission via colostrum or milk ingestion andf-tacalf indirect

transmission appeared to be minor routes (Figur&af) high within-herd
prevalence, the two main transmission routes egualhtributed to new
infections (Figure 7B). For parameter variationsuléng in plausible
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Figure4: Mycobacterium aviumsubsp. paratuberculosis (Map¥pread in a
persistently infected dairy cattle herd since Map introduction (t=0). A/ Mean
prevalence over time of infected (black), infectious (dark grey), and affected (light
grey) adults (> 30 months) and related confidence intervals. B/ Mean annual

incidence and related confidence interval.
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Figure5: Comparison of the simulated and the observed distributions of the
prevalence in Mycobacterium aviumsubsp. paratuberculosis (Map)nfected
adults in infected dairy cattle herds. The simulated distribution corresponds to
runs of a Map spread model within a dairy cattle herd, the mean prevalence from
year 5 to year 9 since Map introduction in the herd (t=0) being calculated for
each run dtill infected. The observed distribution is based on individual life long
determined statuses in 59 dairy herds at enrolment in a paratuberculosis control

program in France, before any control measure is implemented.
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Figure 6: Comparison of the simulated and observed distributions of
Mycobacterium aviunsubsp. paratuberculosis (Mapjfected adults per infection
state in infected dairy cattle herds. A/ Smulated mean distribution over timein
persistently infected herds as predicted by a Map spread model within a dairy
cattle herd; B/ Mean percentage of tested adults per infection states based on a
life long determined statusin 59 herds at enrolment in a paratuberculosis control
program in France, before any control measure is implemented, according to the
range of the initial within-herd prevalence. Animals tested twice or less and
having negative results assumed to be either resistant (state not shown) (B1:

optimistic option) or latently infected (B2: Pessimistic option).
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results, these conclusions remained unchanged. &vércrease of one log
(*10) of the indirect transmission rate in the calfivironment barely
changed the contribution of calf-to-calf indireatarismission, which
slightly increased for a low within-herd prevalenéessumingT animals
shed as much als animals (per kg of faeces) resulted in calf-td-cal
indirect transmission contributing as muchimasutero transmission for a
very low within-herd prevalence, the contributiorecteasing for a
prevalence higher than 5%.

3.3 Characteristics of therunsendingin
fadeout vs. persistent infection

No secondary infection (on top of the first introdd case) was observed
in 75% of the runs with fadeout, contrary to hepdssistently infected.
Only 3% of the runs ending with fadeout had attl@aslinically affected
animals (simultaneously or successively) over Fgjeampared to 80% of
the persistently infected runs (Table IV). When bormg clinical
surveillance and systematic testing of cows, mbant2 animals were
detectable after 3 years in 18% of the runs witteéat and in 68% of the
runs with persistent infection (21% and 96%, retipely after 5 years).

Based on the model outputs in Table IV, we canipted the herd level
the probability ofMap persistence when below a given detection threshold
versusthe probability of spontaneous fadeout when ovisrthreshold. If a
control programme based on clinical surveillancariglemented when at
least one affected animal is observed in 5 yedrs, grogramme is
unnecessarily implemented (fadeout would have sp@uusly occurred)
in 48% of the cases (i.e. the number of runs dwverthireshold ending with
fadeout over the total number of runs over thestho). If no control
programme is implemented (no affected animals ige&rs afterMap
introduction), a persistent infection occurs in 1% the cases. For a
threshold of 2 affected animals, these proportiame 9% and 8%,
respectively. For a threshold of 3, they are 4% a&deb, respectively.
However, only 24% of the persistently infected Isefthd at least 2
affected animals within 3 years aft®tap introduction, 80% within 5
years. If the control programme is based on bdtficell surveillance and
imperfect tests (assuming a sensitivity of 0.5 andpecificity of 1)
targeting adults, the proportions become 61% and f@Poat least 1
detected animal in 3 years aftetap introduction, 39% and 14% for a
threshold of 2, and 5% and 19% for a threshold 0f68% of the
persistently infected herds had at least 2 deteatetials within 3 years
afterMap introduction, 96% within 5 years.
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Table IV: Proportion (%) of runs having 0 to moreah 3 clinically affected
and/or subclinically infected animalsls] detected (sensitivity of 0.5 and
specificity of 1 for the tests used fieranimals detection) after 1 to 5 years of

simulation in herds with spontaneous fadeout osigéent infection

Cumulated % of runs withnr % of runs withnr clinically

number of clinically affected affected & detected

animals animals subclinically infected

(nr) animals

Time (in years) Time (in years)
1 2 3 4 5 1 2 3 4 5

Proportion among 0 75 67 64 62 62 40 37 37 35 35
herds with fadeout 1 25 33 36 36 35 50 48 45 45 44
(282 runs) 2 o o 0 1 2 10 14 17 17 17

>3 0O 0 0 1 1 O 0 1 3 4
Proportion among 0 48 23 9 5 2 24 8 2 1 1
persistently 1 52 75 67 40 18 46 51 30 14 3
infected herds 2 0 2 15 15 19 60 34 25 22 8
(118 runs) >3 0O 0O 9 40 61 0 7 43 63 88
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4 Discussion

The results from model experimentation have impdabe understanding
of Map spread within a dairy herd. Fadeout could occuwnewithout

implementation otontrol measures in an infected herd. This dematestr
the usefulness of a modelling approach, since dadeout cannot be
observed in the field given the low prevalence wofie¢tion and low
likelihood of detection using available diagnostiethods.

The cumulated number of clinically affected animegpears to be a good
indicator of the progression oMap infection dynamics towards
persistence. Furthermore, it is very easy to uskarfield. A threshold of 2
affected cows seems adequate to trigger controlsunea in a herd.
However, a farmer may miss th8 dlinical case and be unaware that there
already have been 2 casedis herd. An earlier indicator would be useful.
Combining clinical surveillance with an imperfeest implemented on all
potentially infected adults could reduce the tinemded for detection. In
that case, a threshold of 3 detected animals saedewuate. To assess the
economic advantage of such surveillance, both tstscand benefits of
early detection need to be analyzed.

In the absence of control measures, the simulatednnprevalence in
infected cattle increased to 90% after 25 yeathénmodel, as previously
published models also have shown (Groenenddal, 2002; Pouillof et
al., 2004; Kudahl et al, 2007; Mitchel] et al, 2008). These levels of
prevalence are not expected with field data asrebnteasures will be
implemented long before such levels are reachedveder, herds with
high apparent prevalence are found, which corredpan these levels of
true prevalence. Moreover, simulated prevalencevdest 5 and 9 years
after Map introduction was lower than levels observed omgaprior to
enrolment in a control programme. This suggeststiigarange of observed
prevalence at control programnerolment typicallycorresponds to a
more advanced stage of within-hekthp dynamics, when without any
control measure fadeout would rarely occur.

With this new model, it was possible to assessreletive importance of
transmission routes oMlap spread in a dairy herd. This model accounts
not only for vertical transmission and horizontensmission via the
ingestion ofMap in milk and colostrum, as has been done in prekou
published models (Marg¢éet al, 2010a), but also for indirect contacts
between animals of different ages raised in diffegroups, and horizontal
transmission via the ingestion of faeces presenthin contaminated
environment. Possible exposure of calves to adult®o other calves is
modelled and the level of exposure varies dependingalf age and calf
housing facilities. In persistently infected herdgntamination of the
environment by adults was the main transmissionteroin utero
transmission being the second. Calf-to-calf trassman appeared to be a
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minor route of transmission. However, in this modeilk and colostrum
routes of transmission correspond to liquid contetion by the dam
(direct shedding or faecal contamination), not aombation through the
environment. On the other hand, possible faecaapaination of buckets
used to give milk to calves is considered to beelment of global
environment contamination, not the milk route ocdnsmission. As a
priority, exposure of calves to any environment taaninated by adult
faeces should be reduced, particularly at andgftetr birth when calves
are the most susceptible.

The model has been evaluated and provides quaditptiedictions such as
ranking routes and the description of possible dyos. . The model
validation has been performed by comparing modgduds with field data.
A hypothesis-testing approach has been used alijpusnto conclude that
our findings are robust to variation in uncertairodel parameters.
However, only a partial validation has been possillecause the
introduction date oMap in a herd was not known in the observed data.
Furthermore, we assumed here herds are closed ngle sMap
introduction), whereas data may concern open hevidh multiple
introduction of potentially infected cattle. Fingllin practice, when
paratuberculosis is diagnosed, farmers are lilkelghtange their routines to
ensure their animals’ welfare and protect theimeooic interests. It would
be unethical to recommend that they do nothingolntrast, we can model
herds in which no control measures are implemented.

In the model, we neglected some processes anddattat may interfere
with Map spread but that are not yet sufficiently descrildédst, we did
not represent passive or intermittent shedding lie imodel. The
intermittent shedding sometimes noticed (Whittimytet al, 2000) indeed
could be explained by the low sensitivity of diagho tests or by
heterogeneity of faeces or milk samplings (Pradieral, 2009) which
lead to an intermittent detection of infectiousnaais. If such intermittent
shedding were to be shown, a different modellingragch would have to
be used, where a given probability of sheddindhanlatent state according
to age or to the physiological status (in gestatinractation, etc) would
have to be assumed. However, given the current latge such a model
cannot be parameterized. Moreover, such interniigbadders would not
be directly in contact with susceptible calves bet raised with other
adults, their contribution to the environment comtzation thus being
diluted by the one of subclinical and clinical aalm Second, super-
shedders have been described (Hovimglal, 2006; Whitlocket al, 2005)
but it is unknown whether they are specific animalsf shedding of all
infectious animals varies highly over time. Therefave assumed here any
animal can shed a high amount &ap at random time. Third,
experimental animal models suggest there could beetie factors
responsible for resistance or susceptibilityvtap infection (Koets et al,
2000). Several genes have been identified to ddtavever, current
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knowledge is insufficient to include such genetictbrs in modelling.

Lastly, the incubation period is inversely relatedthe challenge dose,
clinical signs occurring sooner under experimetitah natural conditions
(Whittington and Sergeant, 2001). However, the raa@m of the dose-
response effect, the potential cumulative exposare the minimum

infection dose are still uncertain. Therefore, thés not been included in
the model.

The model could be adapted to open dairy herdsused to evaluate
control measures in both open and closed herdshdéramore, this model
could be used for herds of different sizes havinglar herd structure and
management. Herd management is driven by a numbgrammmeters
which gives flexibility to the model. However, theodel would need to be
modified if the structure of the herd is markedlifedent as exposure to
the contaminated environment would differ.
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Abstract

Enteric and respiratory diseases are the most drdgbealth disorders of
calves. They are associated with death or lowetrarate and induce
treatment costs. Enteric and respiratory pathogems be transmitted via
contacts between calves which depend on calf hguspstems and
management. This study aimed at describing the malinhousing systems
across Europe and at assessing the consequensgshdfiousing facilities in
terms of risk for calf infectious diseases. Thisswd@ne through the use of a
questionnaire distributed to experts in epidemiglagnd cattle farming
systems in each European country. A literatureergwvas performed on the
risk factors associated with disease transmissiod targeted in the
guestionnaire. Answers from 14 countries were abthi A wide range of
housing systems were described. However, four nsgstems could be
identified and ranked in ascending order of risk rieonatal diarrhoea and
respiratory infectious diseases: individual peniluméaning, individual pen
for four weeks, individual pen for two weeks, amll@ctive pen from the
separation of the calf with its dam. Although thamusing systems are known
to play a role in disease transmission, they areently not fully described in
literature concerning risk factors for calf diseask a given farm, the risk
assessment for calf infectious diseases shouldidemelassical risk factors
such as hygiene, feeding practices and air comditip on top of a precise
description of the housing system.

Keywords. Calf diseasescalf housing, dairy herd, Europe, qualitativek ris
assessment

Implications

Calf diseases and mortality have short-term and-tenm detrimental

effects on performance of a dairy farm. Risk fagtfar calf infectious

diseases associated with design and managememiusinly facilities

have been demonstrated in different surveys. lerotd assess if calf
health can been improved in Europe, it is necessaunderstand how
calves are currently raised and to identify consegas in terms of risk
factors of transmissible calf diseases. Differerfmetsveen countries in
terms of calf management can result in differemtticd measures used
in each country.
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1 Introduction

Infectious diseases such as diarrhoea and regspirdiseases are the most
frequent health disorders of calves during thenedhfirst months of life
(Olsson et al., 1993, Virtalaet al., 1996, Svenssomt al., 2006a, Gulliksen
et al., 2009d). They impair both growth rate and replaseihtapacity of the
herd. For other diseases such as paratuberculmdig,young animals are
susceptible to the pathogen; therefore their exgoso the pathogen at a
young age is critical (Doyle, 1953). Lastly for semoonotic pathogens such
as high shiga toxin-producingscherichia coli, a high prevalence can be
found more specifically in calves (Garbetral., 1995). In all these examples,
direct contacts between calves or their exposureatocontaminated
environment enable the transmission of the patheg@alf housing systems
result in variable risk for direct contacts andkrier transmission via the
equipment or the environment.

Dairy calves are raised under a wide variety ofdiray systems, defined by
the facilities (number of calf pens, group sizell dmeir use at different ages.
Calf management takes into account several factach as practicality,
animal welfare, regulations, and existing faciitien a farm. Nowadays, the
European Union (EU) regulations set a maximal agé (eight weeks) for
raising calves in individual pens and the necedsitycalves to have social
contact with other animals (Council Directive 91982EC and Council
Directive 97/2/EC). Individual pens for calves mumit have solid walls
(except those for isolating sick animals), but peafed walls which allow the
calves to have direct visual and tactile contattthis general framework,
very different housing systems can be chosen, wtdlmplying with EU
regulations. When comparing calf disease incideinceifferent areas, or
when summarising known risk factors of calf dissasedefine control plans,
one should be aware of the differences in calf imgusystems.

The objective of this study was to describe thenmdairy calf housing
systems across Europe, to identify differencesuanfting the exposure of
calves to pathogens and to assess the risk fomgatitious diseases for each
reported type of calf housing system.

2 Material and method

The study was conducted through a country-levektiprnaire on dominant
housing systems and through a qualitative risksassent for the transmission
of the most frequent pathogens involved in diarehaed respiratory diseases
of dairy calves.

95



2.1 Questionnaire conception and
distribution

Thirty seven questionnaires were distributed te@es with experience in the
field of calf raising and infectious diseases. Ehg@ersons were collected
from or through the participants of the SocietyMdterinary Epidemiology
and Preventive Medicine (SVEPM) conference, heldlandon from 1 to 3
April, 2009, which is attended by epidemiologistsonare aware of disease
transmission and risk assessment. Answers weregwithin a month by
mail, fax, or email. The questionnaire had beenviptsly tested on
veterinarians of the National veterinary schoolN#ntes, France, and on
professionals or people working regularly in conbtadth dairy herds in
France, the Netherlands and the United Kingdom (UK)

2.2 Study population

European countries holding more than 300,000 dairys were targeted in
this study. It was however not possible to collgctestionnaires from

Bulgaria, Czech Republic, Hungary, Lithuania, PdlanPortugal and

Romania, in absence of relevant contacts. Greeseadded and at the end,
14 countries were included holding 73% of the dawws in the EU for 84%

of the milk delivery (EUROSTAT, 2009).

2.3 Questionnaire design

The questionnaire aimed at identifying the most mmm practice, or two
main practices in terms of dairy calf housing fiie$ (and in terms of dairy
herd size).

It was subdivided into five parts. In the first panformation on the country,
on the person’s background to check for experiégmagiry farming systems
and the mean number of cows on dairy farm weredaskeame and email
address were facultative. The following four pas&ed for housing facilities
and management from birth to weaning, after weariiedore first calving,

and on pastures. Finally, additional information cammments or remarks
could be added at the end of the document.

The questionnaire was composed of 25 closed questmd two open
guestions to specify the answer of a closed questio

Vocabulary linked to housing facilities was usecchsuas individual or

collective pens. When really specific, a brief digfon was added after the
word. For example igloos and huts were definednavidual pens with

complete separation from other pens in contradt imdividual pens where a
calf can have at least one neighbour with which#res the wall of its pen.

The questionnaire can be available from the fuish@r on request.
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2.4 Assessment of the relevance of the
answers

On top of the fact that only experienced personsevasked to answer,
experience was assessed via a question on the nwhidairy farms they

visited during the last 12 months. When resultsawastained from more than
one expert for a country, similar answers were egaged. When answers
differed, all the information on specific areas bagn kept.

2.5 Review of risk factors and qualitative risk
assessment

A literature review of the main risk factors foramatal diarrhoea and calf
respiratory diseases complex (BRD: Bovine Respiyaftisease) linked to
housing facilities was performed (mainly on Pubnewi CAB abstract
databases). Only studies from 1990 to present wersidered as being
relevant. The search terms were: bovine respiratigorders, bovine
respiratory diseases, bovine respiratory diseasaplex and/or neonatal
diarrhoea, enteric infectious diseases and dalficabves combined with risk
factors. Information relative to hygiene practicgsemoving litter,
disinfection, straw quantity) and air conditioniadnile being recognized as
main risk factors for calf diseases (Svenssbial., 2003, Lagoet al., 2006,
Svenssonet al., 2006b) were not investigated through the questor
because these practices and data are very diffieetween farms even within
the same calf housing system.

Finally, a qualitative risk assessment of the défe reported calf housing
systems for neonatal diarrhoea and BRD complexpea®rmed. A level of
risk was assigned to each system based on identik factors for calf-to-
calf pathogen transmission from birth to weaning age of occurrence of
these diseases. Therefore, for neonatal diarrhvired, bacterial and parasitic
diseases were distinguished. Five risk factors veeresidered. Three were
directly linked to housing facilities as contacetween calves are likely to
increase the transmission of the pathogen (indalighens, hutches and pen
size). Two were linked to the management perforrmed were factors
enhancing pathogen transmission (automatic milklifeg variable age of
calves in a same pen).

3 Results

3.1 Global analysis of theanswers

Among the 37 questionnaires distributed, 24 wenmpteted either by the
person contacted (10) or by a contact of that pe(éd). If no answer was
received within two months, a reminder email wast.sAt the end, answers
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from Austria (6), Belgium (1), Denmark (1), Finlafl), France (1), Germany
(2), Greece (1), Ireland (1), Italy (1), Spain (3yeden (1), Switzerland (3),
The Netherlands (1), and UK (South East and Sou#istVEngland, Wales)
(2) were collected. When it was not possible tostder one most common
practice in terms of calf housing system, severatfixes were kept for a
country, one for each region using certain housigjem.

Apart from the numeric answers, there were genefell comments added in
the questionnaire. One of the main comments was ttiexe was huge
variation between farms in terms of calf rearinggbices (France, Ireland,
Switzerland, Spain, Sweden); the answer given vaaseimes an interval
instead of a number.

3.2 Description of housing systems

Reported results include description of housingtesys and figures
describing the typical system they rely on.

3.2.1 Assessment of theredevance of the answers

Answers were given generally by vets and / or mebess working in a
university (herd health management department),cloricians, or vets
working with large animals. Their answers were dasm their own
observations in 2008 with more than 50 farm obgema for 8 out of 24
guestionnaires, between 10 and 50 observationtsX@uestionnaires and on
10 observations (but around 400 in the last 10s)efar one questionnaire.
One questionnaire was based on a previous survey do 96 dairy farms
(Austria), one was based on statistics (Denmankg, @ne was based on a
report of the Swiss federal office of agriculture.

3.2.2 Mean sizeof thedairy herds

Mean size of dairy herds was reported to vary fesound 10 to around 120
cows that had calved at least once (Table 1). imdeof mean size, the
smallest farms were found in some regions of Swdpd (Alpine and central

regions) and Austria (Alps). The biggest farms wienend in Denmark and

South East and South West England. A rapid increaiee average herd size
was reported in the Netherlands.

3.2.3 Housing system from birth to weaning

All countries but Belgium, Germany and Sweden dbsdrhaving both types
of systems with calves either housed in indivicaets before being moved to
collective pens or directly housed in collectivapalfter birth (Table 2).
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Table 1I: Repartition of herds according to dairglthousing systems after the calf is

separated from its dam in the European countries

% of herdswhere % of herdswhere newborn
newborn calvesare calvesaredirectly housed in
housed in individual pens  collective pens
Austria (Alps) 50 50
Austria (non Alps) 70 30
Belgium (Flanders) 100 0
Denmark 80 20
Finland 80 20
France 85 15
Germany 100 0
Greece 35 65
Ireland 10 90
Italy 90 10
Netherlands 80 20
Spain 40 60
Sweden 100 for 2 first weeks 0
60-65 after first two weeks
Switzerland (Central) 100 0
Switzerland (East) 60 40
Switzerland (Alpineregion) 25 75
United Kingdom (Wales) 75 25
United-Kingdom 60 40
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Depending on the country, the variability in hogssystems differed (Figure
1), as well as the percentage of each type of ipmctn Germany and
Belgium, calves were described to always be hoirsgdlividual pens before
moving to collective pens. In Sweden, all calveseandescribed to be housed
in individual housing for two weeks before eithéaying in individual pens
(60-65% of the calves) or being moved to collectpens. Most common
maximum age in individual pens varied from 2 tovigkeks with a median at
eight weeks (Figure 2). During this period, caleeslld be housed either in
huts (individual covered pens with complete sepamafrom other pens,
generally outside) or in individual pens with pb$si contact with
neighbouring calves. In order to comply with the-E&dulation on social
contact, Denmark kept calves in pairs with a lonctebetween single pens.

The use of individual pens after birth was repotiede the most frequent
system in 11 out of 14 countries (Table 2). In widlial pens, possible
contacts with neighbours were reported to be préaamh The proportion of
each individual housing facility varied dependingtbe country. One region
of Austria (Alps) with small holdings reported ugirhuts only. On the
contrary, huts were reported being rare in Swedlss (than 1-3% of herds
using huts). The most frequent number of individueths (whatever the type)
varied with average herd size, but not proportignat one individual calf
pen was available for 1 to 13 cows (calculated fibable 1). This number
was reported to vary largely with herd size in Saredvith a general lack of
pens. During period with numerous calving, farmgeserally have to use
other solutions such as group pens in premiseswitenot used for calves.

Before weaning, three main types of collective pemdd be identified: pens
with less than five calves (five countries), penthuess than 10 calves (eight
countries), and pens with more than 10 calves (12QG calves) in two
countries (Table 1, Figure 3). The different gr@iges of the collective pens
were observed in herds of different size (Tableli)most of the countries,
several collective pens (two or more) were usedvéier, in three countries,
only one collective pen was available per herdy Itgith a large herd size
was one of these three countries; the two othentdes having a small mean
herd size. Mean size of collective pens has beportexd to decrease over
time in Sweden, decreasing from 20-25 calves 10syago, if automatic
feeders were used, to mainly groups of 15 nowadéyaever, the number of
collective pens was stated not being sufficientlyimg too large group sizes
notably before weaning. Still in Sweden, fixed grewere reported, at least
in larger herds (>160 cows) for the period beforeaming; calves being
generally mixed together with other calves afteamieg.

3.2.4 Housing system after weaning

From the questionnaires it was found that the charfdiousing system could
occur either at weaning or 1 week to 10 days afiegining in order to limit
the stress already caused by the change of feagpilcal dairy herds within
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Exclusive individual housing facilities before weaning

Just weaned Just weaned
Austria (non Alps) l
Denmark
Sweden
Exclusive collective housing facilities
Just weaned Just weaned
Denmark
Switzerland
(East)
Austria (Alps)
Mixed housing facilities
Just weaned Just weaned

Denmark

Switzerland
(East)
Austria (Alps)

Time of weaning is represented by a vertical arrow

: individual pens; : collective pen

Figure 1: Types of dairy calf housing systems im Buropean countries, before and

after weaning

Austria (non Alps)

Denmark
Greece
Spain
Sweden
UK

Finland
France
Greece
Ireland

Italy
Netherlands
Spain
Switzerland
(South, East)
UK

Belgium
Finland
France
Germany
Greece
Ireland

Italy
Netherlands
Spain

Sweden
Switzerland
(South, central
and West, East)
UK
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AT1: Austria (Alps); AT2: Austria (non Alps); BE: égium; CH1: Switzerland (Alpine
region); CH2: Switzerland (Central, West); CH3: &wiland (East); DE: Germany; DK:
Denmark; Fl: Finland; FR: France; GB: Great Brité@outh East, South West); GB(W): Wales;
GR: Greece; IT: Italy; NL: The Netherlands; SE: Seme; SP(B): Basque country; SP(O): Spain
(other than Basque country)

G
CH2 SP(0)
CH3 G
N "l eBW) SPE)
o Fi R B Pk || B e e
1 2 ‘ 3 ‘ 4 ‘ 5 6 ‘ 7 8 9 ‘ 10 ‘ 11 ‘ 12 13 ‘ 14‘

Age (in weeks)

T Maximal age is represented when information on nmmstmon age is not provided in
questionnaires (Spain, and Sweden). No informatiailable for Ireland

Figure 2: Most common or maximum agef dairy calves in individual pen in the
European countries
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cHal — I ccfore weaning
CH2 i ! L1 After weaning
T ¥ i (S Before 1st calving
GB(W)
GB- '
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DE =
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Number of calves per pen

AT1: Austria (Alps); AT2: Austria (non Alps); BE: édgium; CH1: Switzerland (Alpine
region); CH2: Switzerland (Central, West); CH3: &weiland (East); DE: Germany; DK:
Denmark; Fl: Finland; FR: France; GB: Great Brité@outh East, South West); GB(W): Wales;
GR: Greece; IR: Ireland; IT: Italy; NL: The Netheands; SE: Sweden; SP: Spain

Countries are ordered depending on the number leésger pen before weaning (increasing
number). Different areas of the same countries baea grouped together.

Figure 3: Number of calves per collective pen befeeaning, after weaning, and

before £ calving for typical dairy herds in the Europearuotries
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Europe, the most frequent age at weaning variegddast 6 and 12 weeks of
age, with a mean and a median at nine weeks (Fijure

Calves could be changed from one collective peantather one at weaning
(Figure 1). Additionally, during this change of paralves could either be
mainly maintained and raised as a group (Alpindoregf Austria, Italy,
Spain, Alpine region of Switzerland, UK) or mairghifted and mixed with
another group (Belgium, Denmark, France, Greeatand, Eastern, central
and Western Sweden, Switzerland), or a mix of b@hstria, Finland,
Germany, Sweden). The size of the new collective yaried from 2 to 30
calves depending on available space; the most éreéquase being either
between 5 and 10 for five countries or between rifd 20 for six countries
(Figure 3). Only one region out of the 14 countrétisdied declared never
moving their calves around weaning (East Switzellan

3.25 Housing system beforefirst calving

Except for Denmark, young animals were grouped inew pen between
weaning and first calving. This could occur earReil weaning, around
artificial insemination or natural mating, closecalving (around three weeks
before), during summer for pasturing, after highumtain pasturing (around
10-12 months of age), or depending on space avdia\t that relocation,
permanent groups were generally maintained anddas a group (Finland,
France, Italy, East and Alpine region of SwitzedadK).

The size of the new pen (in terms of number of atgjrvaried between 2 and
40, the most frequent case being between 5 andFigiré 2). Size was

reported to depend on the type of pen in Swedenergly 6-8 animals in

slatted floor pen, 10-20 animals in litter pengj &0-40 animals if housed in
loose house systems with cubicles.

3.2.6 Grazing of calves

Reported age at first possible grazing varied florth to six months (Figure
5.1). Age limit varied in Denmark depending on wWestherds were organic
(one day as a minimum age for grazing for 10-15%rganic herds) or non-
organic (six months as a minimum). Most common aiggrazing could be
very early (less than three months) to quite lateré than 10 months) (Figure
5.2). Frequency of grazing varied with age of atdm&alves and heifers
above six months of age were almost always alloiweglo outside; grazing
depending on season, with the exception of then&lpegion of Switzerland.
In Sweden, it is mandatory that young stock andydaows should be kept on
pasture during summer time. Calves were almostrrmwside between 0 and
6 weeks of age; however it was sometimes possibléreland, Central,

Eastern and Western Switzerland. Weaning couldhkeperiod of time at

which grazing was allowed (UK, Finland, Germanyj).the Netherlands, an
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SE AT2
CH3  |NL DE
DK BE|  |ATH
GR SP FR
ﬁgw GB Fi I CHi kH1
E & 7 & 9 o 1 12

Age (in weeks)

AT1: Austria (Alps); AT2: Austria (non Alps); BE:dgium; CH1: Switzerland (Alpine region);
CH2: Switzerland (Central, West); CH3: Switzerlgst); DE: Germany; DK: Denmark; FI:
Finland; FR: France; GB: Great Britain (South E&stuth West); GB(W): Wales; GR: Greece;
IR: Ireland; IT: ltaly; NL: The Netherlands; SE: 8den; SP: Spain. No information available

for Wales

Figure 4. Most frequent age at weaning of dairyvesl in the European countries
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AT1: Austria (Alps); AT2: Austria (non Alps); BE: é8gium; CHL1: Switzerland (Alpine

region); CH2: Switzerland (Central, West); CH3: &weiland (East); DE: Germany; DK:

Denmark; Fl: Finland; FR: France; GB: Great Brité@outh East, South West); GB(W): Wales;
GR: Greece; IR: Ireland; IT: Italy; NL: The Nethembds; SE: Sweden; SP: Spain. No
information available for (1) Finland, (2) IrelanGermany and Switzerland (Alpine, Central
and West regions)

Figure 5: Minimum (1) and most common (2) age et fgrazing outside for dairy

calves in the European countries
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increasing proportion of farmers (including most hlefrds with automated
milking system) were reported not grazing any eadtl all anymore. Grazing
was also not common in Greece and Spain (exceyth$main).

3.3 Qualitativerisk assessment

Reported risk factors related to housing facilities respiratory and enteric
infectious diseases of calves have been listedainleT 3. Risk factors are
likely not to be independent because the numbeabfes within a pen, the
age differences within a pen, the herd size andcHieing season pattern
interact. The pens of calves located near theirsdane also at risk for
pathogen transmission such @syptosporidium parvum (Silverlas et al.,
2009).

Individual housing was reported to be at lower tis&n collective housing
both for enteric and respiratory diseases. The foskboth type of diseases
decreased if hutches were used. Collective housicilities were associated
with a higher risk for enteric and respiratory dises. The risk was increased
when the size of the collective pen increased aitid age variability within a
pen if automated milk feeders were used. The rieguttverall estimated risk
for enteric and respiratory diseases in the mostneon housing systems
described is displayed in Figure 6.

4 Discussion

This study aimed at describing the most common ihgusystem for calves
used in the main dairy production countries of perdt confirms that a wide
range of practices exists with variations both leetw and within-countries. It
appeared that many risk factors for calf morbidi#ported in literature are
linked to the housing systems described in thidysttiousing systems have
also been reported to have an effect on morta8tyessonet al., 2006b,
Gulliksen et al., 2009c). Risk factors are associated to charatitesi of
housing systems that vary a lot in our study, paldrly when it comes to
collective rearing at young age. Moreover, we cssume that for a given
herd size, larger groups are associated with higberdifferences which also
increase the risk. Control measure selection shbaldlone after a specific
risk assessment for each farm.

Expert data collected in this study fit with thessm known by the experts
and thus cannot be considered as mean data. Baefing the expert’s
reported data, we checked that they had sufficlkembwledge on the
epidemiology of calf diseases and on cattle farnsygjems. However, it has
to be reminded that experts usually are personsatieaaware of the systems
of the main production areas of their country. bme countries, experts
spontaneously made mention of variability dependimgthe areas. Other
experts only captured the most frequent systemh &wgystem can sometimes
not be representative of the whole country, notablyjountainous areas.
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Table 1ll: Reported risk factors related to housing systemsoaated with occurrence of

neonatal diarrhoea and respiratory disorders in reaaned dairy calves

References for Neonatal

Risk factors diarrhoea

Referencesfor Bovine
Respiratory Disease complex

Increased herd size

(>50_70 Cow_year) GU”|ksen, et al, 2009a)a

Group housingsindividual
housing

(Barrington et al, 2002,
Svensson and Linberg,
2006, Svenssoret al,
2006b, Gulliksenet al,
2009a)a

Individual penvs hutches -

Housing in presence of adult-
cattlevshutches

Large group size (>10-12 -
calves)

Large age variability within  (Svenssonet al, 2006b)
a batch

Sharing housing with dams (Svenssonet al, 2003,

during the first week of life  Svenssopet al, 20063,
Svenssonet al, 2006b,
Silverlas et al, 2009)

Placing the calf pens along (Svenssonet al, 2003,
an exit or outer wall Lundborg et al, 2005)

Placing young stock in (Silverlas et al, 2009)

proximity to calves and cows

Automatic milk feeding -
system

(Frank and Kaneene, 1993(Norstrom et al, 2000, Gulliksen

et al, 2009b)b

(Svenssonet al, 2003, Lagoet
al., 2006, Svensson and Linberg,
2006)

(Waltner-Toewset al, 1986)

(Virtala, et al, 1999)

(Maatje et al, 1993, Losinger and
Heinrichs, 1996, Svensspoet al,
2003, Svensson and Linberg,
2006)

(Maddox-Hyttelet al, 2006,
Gulliksen et al, 2009b)b

(Svenssonet al, 2003, Svensson
et al, 2006b, Gulliksepet al,
2009b)b

(Maatje et al, 1993, Svenssomet
al., 2003)

">6 calves prior to weaning
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Four different types of calf housing systems ccgddentified (Figure 6) on
the basis of reported calf management before wgahinst of all, calves can
be raised in individual housing until weaning, wighminimum of eight

weeks. This housing system is predominant in Aasttienmark, Finland,

Sweden, and UK and frequently used in Greece amihSBuch a housing
system minimises the risk for pathogen transmisbitmeen young animals.
Furthermore, raising calves in individual pens Ifeates the surveillance for
the farmer. However, the work load is increasedalply when it comes to
feed distribution and cleaning). This system absgquires a sufficient number
of individual pens in the farm, condition that cha costly notably when
calvings are grouped. Calves should be able to kagml contacts with their
herdmates according to the European regulations.

While individual pens until weaning seem to be thest relevant system to
decrease the risk for pathogen transmission, thedgulation does not allow
such a system after eight weeks of age. To circamnteis rule, some

countries such as Denmark gather calves in paisuah “individual pens”.

Furthermore, the decrease of the risk for pathdg@ersmission in individual

pen can be limited if difficulties are encountenedhe cleaning of individual

pens between successive calves. Lastly, sanitaky isi postponed to the
period after weaning when calves enter a collecpee. In this housing
system where calves can be housed in individuasihguntil weaning, with

a minimum of eight weeks, respiratory disorders tage main problem and
risk assessment needs to be concentrated on thwl pdrchanges around
weaning when calves enter collective pens.

The second housing system that can be identifigdeisone in which calves
can be housed in individual pen for a minimum afrfaveeks. This system is
used in Austria (Alps), Belgium and Italy. The nwenlof pens needed on a
farm is more flexible than for the first describeousing system. The risk in
terms of disease transmission is linked to the ttaat calves are mixed into
collective pens 3 to 6 weeks before weaning. Tts &ollective pen can be
used either solely until weaning or also after viegynmeaning that calves of
different ages can be mixed. Large age differerinesease the risk for
disease transmission, notably for respiratory diee which are more
important in such housing systems (Svenssnal., 2003). The age of
occurrence of neonatal diarrhoea due to the maitebal and viral pathogens
(E. cali, rotavirus and coronavirus) being comprised witthie first three
weeks of life (Bartelset al., 2010), we can therefore assume that gathering
within a same pen calves aged of more than onehmisrdt a lower risk for
occurrence of diarrhoea (except for cryptosporidicand coccidiosis for
which shedding occurs in later ages) compared tbegag calves of two
weeks of age for which shedding of enteric pathegeffrequent.

The third housing system consists in housing calves individual pen for a
short period of 2 to 3 weeks after separation ftbendam before changing
them to a collective pen. This system is predontiirafrance, Germany, the
Netherlands and Switzerland. It is also frequenSireden. The number of
individual pens is reduced, decreasing the workl lobthe farmer. Risk for
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disease transmission is mainly linked to the mixidgcalves with different
ages in the collective pens. If weaning occurs, |#te difference of age
between the non-weaned calves becomes importaht really young calves
being housed with older ones.

Finally, calves can be housed just after birthdliective pens. This system is
predominant in Greece, Ireland, Spain, and then&lpegion of Switzerland.
It is also frequent in the Alpine region of Austrdenmark, Finland, France,
the Netherlands, and UK. This system is particulazbnvenient when
automatic milk feeders are used. However, it iDregul to be associated with
an increased risk of both neonatal diarrhoea aspiraory diseases (Maatje
et al., 1993, Svenssoret al., 2003). The size of the collective pens varies
depending of the country, from small pens of 2 toabses (two calves for
Denmark) to larger pens. In Sweden, pen size tendscrease nowadays. In
order to decrease the high risk for infectious ases in this kind of system,
supplementary preventive measures such as vaainafti cows can be
advised.

After weaning, the risk for disease transmissiomes from the number of
calves per pen (pen size), which has been repaotegary largely in our
study. Calves of different age can be mixed eitdfear first service (limited
risk) or really early, depending on the country.

Age at first grazing varies a lot depending on teintry. No data are
available on the sanitary risk linked to age azug, except for parasites, for
which exposure of calves also depends on the wstyis are used.

5 Conclusion

This study provides a first description of majoffetiences in calf housing
systems across the main dairy countries of Eurbper different types of
calves housing facilities were identified. The teasky in terms of enteric
and respiratory infectious diseases is housingesain individual pens until
weaning or at least eight weeks before moving thencollective pens.
Housing calves in collective pens directly from separation from the dam
after birth is the most risky housing system. Hogsialves in individual pens
prevents contact between calves and cleaning oatoirs often as individual
pens are more often empty. However, collective mguiacilities still exist as
they are more convenient and necessitate less Wirork the farmer.
Differences in housing systems have to be acknay@@édwhen using
thresholds for analysis of disease incidence andnwdesigning calf health
control plans. For a specific herd, one should #ulept the risk assessment to
the housing system used, while considering in teamtime other factors not
studied here such as hygiene, feeding practicesaiarconditioning.
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Abstract

Within-herd transmission of pathogens occurs eitwgrdirect or indirect
contact between susceptible and infected animaldairy herds that are
structured into groups, the way in which animalscemter each other and
share an environment can affect pathogen trangmisddairy cattle are
heterogeneous in terms of susceptibility and infdgt with respect to
Mycobacterium avium subspecieparatuberculosis (Map) transmission. It is
mainly young animals that are susceptible and adhdéit are infectious. Both
vertical and horizontal transmission through thgestion ofMap shed into
the environment by adults and transiently infectadves can occur. Our
objective was to assess the effect of contact tstre@nMap transmission in
persistently infected dairy herds and to examiredffiect of isolating calves
from other calves or from adults before weaning. #égeloped a stochastic
compartmental model dflap transmission in a closed dairy herd. The model
reflects theMap infection process and herd management charadterist
Indirect transmission via the environment was miedelexplicitly. Six
infection states (susceptible, resistant, tranlsiéntectious, latently infected,
subclinically infected, and clinically affected)datwo contaminated farm area
environments (whole farm and calf area) were medelCalves were housed
in hutches, individual indoor pens, or group indpens. Two different levels
of exposure of calves to a farm environment comated by adults were
possible: no exposure and indirect exposure thréoigiites. Three herd sizes
were studied. We found that contacts between cddeézre weaning did not
influenceMap transmission in a herd, whereas the level of exmosf calves
to an environment contaminated by adults and theirsg) age of exposure of
calves to adults were pivotal. Early culling ohdatially affected adults led to a
lower prevalence of infectious adults over timee Tasults were independent
of herd size. Despite the many transmission rotitas are known, the best
control approach is to limit the exposure of caliesdult faeces through the
systematic separation of adults and calves in coation with hygiene
measures. Reducing contact between calves doeppeér effective.

Keywords. Cattle housingdairy cattle, herd-level, Mycobacterium avium
subspecies paratuberculosis, modelling, transnmissio
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1 Introduction

Paratuberculosis has a significant economic impaatiairy cattle producers
around the world (Kennedy and Benedictus, 2001;ni€dy and Nielsen,
2007). Eradication programmes have been implemeéntethny countries for
>20 years, but their success has been limited ¢bligl2009). Programmes
aiming to reduce transmission, rather than eraglittet disease, consequently
have been organized. They are based on controlumsasuch as test-and-
cull, hygiene and feed management. To date, fevaaihpssessments of these
control measures have been carried out (Niels€ig)20

Mycobacterium avium subspeciesparatuberculosis (Map) is transmitted
indirectly through the ingestion of contaminatededes (faecal-oral
transmission), contaminated milk, and colostrumy(@aet al., 1981; Streeter
et al., 1995). Mainly calves are susceptible. Alijio it was once thought that
only adults could shed the bacteria in their fag€sodiniet al., 1984),Map
faecal shedding now has been described in yourtlf s®well (Bolton et al.,
2005; Antognoli et al., 2007). Calf-to-calf transsibn has also been shown
(Van Roermunckt al., 2007). The importance of this transmission roore
within-herd infection dynamics has not yet beenlwtgd. The impact of
reducing calf exposure either kdap shed by other calves or kap present
in the farm environment, by the setting and theidryg of the housing
facilities is not known.

Dairy herds are typically organised into groupsictiired by age. Therefore,
housing and management influence how animals icttereferred to as the
herd contact structure. Calf-to-calf transmissioan coccur via the
contamination of a shared pen environment, whereasilt-to-calf
transmission is contingent on calves being expdsgdmites contaminated
by adult faeces.

The influence of herd structure on disease trarsamiscan be assessed
through a modelling approach because changes éhdercture can be tested
with everything else being held constant (Turnealet2003; Ezanno et al.,
2008). In contrast, field studies investigatikigp transmission are difficult
and expensive because paratuberculosis infectieur®cmainly in young
stock and is characterised by a long incubatiorogdd to> 15 years) before
any clinical signs arise. Field studies are furtbemplicated by the low and
varying sensitivity of diagnostic tests. SeveMbp transmission models
already exist but they do not considdap persistence in the environment or
its indirect transmission (Marcé et al., 2010aY)tf@rmore, the effect of dairy
herds being managed as multiple sub-groups hasr men studied. The
objective of this study was to assess the effeutitin-herd contact structure
on Map transmission in persistently infected dairy herpecifically, we
aimed to assess the effect of preventing contaetdsn calves and between
calves and adults before weaning, while expliaitigdellingthe persistence
of Map in the environment.
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We focused on the impact of decreasing the expasiuoalves to different
contaminated environments on the prevalence otfioigs adults, specifically
through the use of different housing facilitiesaring and culling clinically
affected adults.

2 Materialsand methods

2.1 Model of within-herd Map transmission

2.1.1 General characteristics of the model

We developed a new mathematical compartmental muudsl explicitly
represents indirect calf-to-calf and adult-to-cadnsmission to studivap
transmission in a dairy herd (detailed descriptibthe full model in (Marcé
et al., Submitted). We used the model here to sitaulariations in the
contact structure. Unlike other published model®lving dairy herds, which
consider faecal-oral transmission as being linkiedctly to the presence of
infectious animals (Marcé et al., 2010a), the preseand persistence bfap

in the environment was considered in our study kglieitly modelling
environmental contamination. Both the local contation of the
environment (i.e. calf housing facilities;) Bnd the global contamination of
the environment of the whole farmgjEpecifically were represented (Figure
1). In our model, both adults and calves were dwmred to be potentially
infectious, i.e. could sheap in their faeces and thus contaminate the
environment. However, the quantity Mfap organisms shed varied depending
on the age of the animal and its infection status.

This stochastic model was run in discrete timessteph a time interval of 1
week, which made it possible to represent the mifferoutes of transmission
and take into account calf housing facilities befaveaning. Both herd
dynamics and the infection process were modelled.

We decided to model closed dairy herds (no purcbésmimals) so that the
effect of within-herd contact structure could bederstood separately from
the effect ofMap introduction. Closed dairy herds are fairly comniorthe
main dairy areas of Europe (e.g. 50% of specialiaidy herds in western
France and northern Netherlands) (van Schaik et2802; Ezanno et al.,
2006). The simulation process was based on pamistafected herds, in
which no Map control measures were implemented. These persisten
infected herds were generated by introducing alesimgected heifer into a
susceptible herd, and by selecting the simulationty with herds still
infected after 25 years of simulation. Each simatatwas run 400 times.
With this number of runs, it was possible to obtairstable distribution of
simulated outputs. In the baseline scenario, 33%hefruns resulted in the
herd being persistently infected.
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Figure 1: Flow diagram of th®lycobacterium avium subsp. paratuberculosis (Map)

transmission model in a dairy cattle herd, reprisgrinfection states (Ssusceptible;
Ti: transiently infectious; L: latently infected; Isubclinically infected; Ic: clinically
affected; R: resistant), transitions between stégekd lines), entry and exit dflap in

the environment (dashed lines), and exposure eesdabMap (double line). Calves are
separated in groups (i), each having a specifialleavironment E Ej represents the
global environment of the farm (whole environmemntahtamination resulting from

Map shedding of T, Is and Ic cattl&).

2 y: survival rate ofMap in the environmentRemBInd: % of Map removed in hutch or
individual pen (per week);RemBCol: % of Map removed in group pen (per week);
RemBglob: % of Map removed in the farm (per week); probability of Map vertical
transmissionyr, y., 715 71 Mean time spent in compartment T, L, Is, anddspectively;xa:
mean culling rate of aduli®emBi = RemBind or RemBcol depending on the pen tydeemBi is

applied when the pen is emptied.
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To assess whether the conclusions would be the szgaedless of herd size,
three different herd sizes were studied: the fgatall herd) with around 35
adults; the second a large herd with around 11Gsadhe third an even larger
herd with around 500 adults. In the model, we asguthat the larger the
herd, the larger the size of the group pen, and tha larger the number of
possible indirect contacts via the same environment

The model was implemented with Scilab'5.1

2.1.2 Population dynamics

In the model, only the characteristics requirecataurately represeriiap
transmission were considered in the population ayos The demographics
and management of a typical Western European herd depicted. Calving
occurred year round; all male calves were sold eemthe 2' and 4" week
after birth while all female calves remained in therd. Animals were
organized into five age-based groups: unweanedesalfemale cattle <10
weeks of age), weaned calves (female cattle frommnimg to 1 year of age),
young heifers (female cattle from 1 year to fiestvice), heifers (female cattle
from first service to first calving), and cows (#demales). Each group could
shedMap in their faeces and contaminate associated emeatis.

Following separation from the dam, individual calweere housed alone for 2
weeks before being moved to group pens. They resdaim the same group
pen until weaning at 10 weeks of age, when theyeweoved to a different
group pen. Cattle <1 year of age could not be hbiusethe same pen as
adults.

Heifers could be sold before their first calvingégulate herd size. The mean
culling rate of adults was 35.5%xirrespective of the reason for culling,
and varied between parities (the culling rate wassen based on the opinion
of three experts who regularly analyse French natidatabases on culling).
Deaths were included in this culling rate.

Animals >6 months of age grazed from April to Nowem Outdoors, calves
and heifers which have not yet calved were groupegeéther because they
often used the same pasture. Adults grazed sepyarate

2.1.3 Infection process

Animals were classified into mutually exclusive liestates: susceptible (S),
resistant R), transiently infectious (T) (infectious only farlimited period of

1 Available on line:http://www.scilab.org[consulted 11 February 2010],
Scilab is trademark of INRIA, France.
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time), latently infected (L) (infected not infeati®), subclinically infected (Is)
(infected and infectious but not affected), andichlly affected (Ic) (infected,
infectious, and affected) (Nielsen, 2008) (FiguyeThe probability of culling
increased for clinically affected animals becauseytcould be identified
directly as infected. Infectious adults were ddfifeere by the sum of both
subclinically infected and clinically affected databove 30 months of age.
The assumptions developed below were based onntlmewledge orMap
transmission and on standard calf housing managemen

In the model, transmission occurred verticallp (tero transmission) or
horizontally (ingestion oMap). Mycobacterium avium paratuberculosis was
shed in the colostrum, milk, and faeces of infatiocattle. Vertical
transmission resulted in the birth of transienthfected calves, with a
probability A of 0.149 for latently and subclinically infectedves, and 0.65
for clinically affected cows (Benedictus et al.,,08) Whittington and
Windsor, 2009).. We assumed that only animals <&r yef age were
susceptible to infection. The susceptibility withthat age group was
modelled as exponentially decreasing (Windsor amitfifgton, 2010). If not
infected before 1 year of age, animals were assumdxd resistant tdlap
infection.

A susceptible calf could be infected by ingestiogtaminated colostrum (of
the dam) or milk (from the tank) or through contagth a contaminated
environment. The probability of being infected deged on the quantity of
faeces or liquid ingested and the numbeMap infectious doses present in
that quantity. Contamination of colostrum and nolécurred either directly
(direct shedding of an infected cow) or indiredgyesence of faeces in the
liquid). Indirect horizontal transmission via a taminated environment
either occurred locally (calf-to-calf transmission)y ingestion of
contaminated calf faeces, or globally by ingestibfomites contaminated by
the faeces of adults present on the farm (adutatbtransmission) (Van
Roermund et al.,, 2007). The mixing of animals witlgub-groups was
considered to be homogeneous.

Transitions between states were modelled basecmmmential distributions.
A transiently infectious calf sheldlap consistently for 25 weeks+{ before
becoming latently infected (Van Roermuedal., 2007). A latently infected
cattle did not shetlap for on average 52 weeksg_ ) (Nielsen and Ersboll,
2006; Nielsen, 2008) until becoming subclinicafifeicted for on average 104
weeks ) (Matthews, 1947). There was no additional -cullirigr
subclinically infected cows. Unculled animals thmrtame clinically affected,
i.e. presented symptoms such as diarrhoea and teigh The mean time
spent by a clinically affected adult on the farmsw@é months ). No
recovery from the infection was possible.

All transiently infected calves in a calf group trduted to the contamination
of their housing facility (B. All infectious cattle (whatever their age)
contributed to the contamination of the global emwiment of the farm (£
Each calf group housing facility represented a asknfection for the calves
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present in the same housing facility, whereas thelevfarm area represented
a risk of infection for all groups of animals. Eyaveek, 60% of the bacteria
persisted in the barn (with standard cleaning) @8% on pastureyj (expert
opiniorf). Additional cleaning and mulching practices fertldecreased the
number of bacteria in calf housing facilities. Tkgsactices were carried out
whenever a pen was empty, with an efficacy of Qrbtdividual housing
(concrete floor with the possibility of clearingtdhe pens and washing them
with high pressure) and 0.17 in group pens (ongylitber removed). Efficacy
was defined as a percentageMap removed from the environment.

2.1.4 Mode outputs

The model generated data on the mean annual irc@dennewly infected

animals (Incid25), the mean prevalence of infediaows (subclinically

infected and clinically affected cows >30 monthsagg) (Prev25), and the
mean contribution of calf-to-calf horizontal trarission (CalfContr) and

cow-to-calf (AdultContr) horizontal transmission ttotal transmission

(proportion of newly infected cattle per route @rismission), in the last year
of the 25-year simulation (Table 1). The prevalenténfectious cows was

also studied over the 25 years of simulation.

2.1.5 Modd evaluation

The parameters for herd management and infectiore tva@sed on published
data and expert knowledge to obtain a simplifiegresentation of a dairy
herd infected withMap. To calibrate unknown parameters (transmission
parameters), model outputs (prevalence over timejewcompared with
published field data on apparent prevalence cadeftr test characteristics.
Two parameters that were very uncertain and ableftoence the results
linked to the contact structure were the periodimie during which a calf
could shedMap (PShed), and the period of time during which cattle are
susceptible toMap (PSusc). The sensitivity of the model to these two
parameters therefore was assessed (see below. ZBel)nfection dynamics
described by the proportion of animals in the défé infection categories
was consistent with published data (excluding miigd study data used to
calibrate the model) and previously published miotgktudies.

2 Two veterinary experts working on dairy cattleeqoractitioner in cattle practice,

one academic teaching dairy herd health
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Table 1: Outputs studied in the sensitivity analysf the model ofMycobacterium

avium subsp paratuberculosis (Map) transmission within a dairy cattle herd

Name Definition

Incid25 Mean annual incidence of newly infectedhaads during the last year of
the 25-year simulation

Prev25 Mean prevalence of infectious adults (arsr¥@0 months) during the
last year of the 25-year simulation

CalfContr  Mean contributidnof calf-to-calf transmission to total transmission
during the last year of the 25-year simulation

AdultContr Mean contributichof adult-to-calf transmission to total transmissio

during the last year of the 25-year simulation

! proportion of newly infected cattle by route afrismission
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2.2 Within-herd contact structure scenarios

2.2.1 Senditivity analysis for contact structure
parameters

A sensitivity analysis aiming to identify the pareters related to the contact
structure that influence the transmissionMdp in a dairy herd was carried
out. We studied the sensitivity of model outputsl@parameters describing
calf housing and contacts, exposure of calvesrtotés (contaminated by calf
and adult faeces), and reduction of environmenteitamination through
cleaning and through grazing (Table 2). To evaluag contributions of
parameters and their first-order interactions ofpwivariance, we performed
a partial factorial design (Saltelli et al., 2000his sensitivity method suffices
when many simulations cannot be performed and veloeme parameters are
qualitative (such asGraz period during which grazing is allowed). This
design resulted in 81 scenarios, accounting foeethpossible values per
parameter. The studied values included most likeliypimum, and maximal
values which were derived from expert opinionsgdew of the literature,
and published experimental data. Each scenaricuva400 times.

For each output, a linear regression analysis wtedfusing the 10
parameters as factors. A minimum variance critevias defined and factors
accounting for >4% of the variance were retainedhim model. The global
contribution of factor i to the wvariance in output y is

C’= (SSV +1/ ZZJ SS, )/ SS) , with S§?; the total sum of squares of the

ot !
regression model for outpyt SS” the sum of squares related to the principal

effect of factorn for outputy (nil if factori is not retained in the modeISS}’j

the sum of squares related to the interaction etvactori and factorj for
outputy (nil if this interaction is not retained in the nmedd The sum of the
contributions for outputy equals the coefficient of determination of the
regression mode¥.

2.2.2 Scenarios mimicking farm management

The contact structure within a herd has an impacbath the local (calf-to-
calf) and the global (adult-to-calf) indirect harigal transmission. Scenarios
were thus defined based on possible calf housiygjehe, and management,
and the implications of these on the contact atinectvithin a herd (Table 3).
Good hygiene included preventing calves from be&irgosed to fomites and
weekly cleaning to remove bacteria from the envitent.

Our first step was to study the impact of adultédi-contact. Several levels
of exposure of susceptible calves to an environmentaminated by adults
(Exp) were studied. Situations from zero exposure (@ogsible when calves
are reared off-site) to an exposure mimicking tih@ason when adults and
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Table 2: Parameters of the model Mf/cobacterium avium subsp.paratuberculosis

(Map) transmission within a dairy cattle herd used éfiree the factorial experiment in

the sensitivity analysis (in bold, values for tteséline scenario)

Name Definition Range of value Source
Timind Time spent in individual housing[0; 2; 8] 91/629/EEC
(in weeks) and 97/2/EC
Nn Number of neighbouring calves 5] (Marcé et al.,
2010b)
Exp Rate of exposure to fomites [0; 0.5;1] User defined
contaminated bilap shed by
adults whatever the housing
facility of the calf
RemBInd % of Map bacteria removed from [33;67; 100] Expert
individual hutch or pen housing opinion”™
(per week)
RemBCol % of removed bacteria in group [0; 17; 33] Expert
housing (per week) opinion”
Graz Period during which animals over [Never; May- (Marcé et al.,
6 months graze Sept;April-Nov] 2010b)
MinGraz Minimal age for grazing (weeks) [106; 35] (Marcé et al.,
2010b)
Sze Herd size (number of adults) [3510; 500] (Marcé et al.,
2010b)
PShed Period of time during which a calf [10; 25; 70] (Rankin,
can shedMap (in weeks) 1961; Van
Roermund et
al., 2007)
PSusc Period of time during which cattle [13; 26;52] (Windsor and
are susceptible thlap (in weeks) Whittington,
2010)

"Same mean susceptibility of calvesMap infection for all scenarios but distributed across

different periods of time (same area under theeofsusceptibility according to age).

“Two experts working on dairy cattle
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calves are housed in the same barn but in diffepemts were modelled.
Factors influencing environmental contaminationaolylts were studied. The
impact of cleaning measures was studied throughreéngoval of 20% to

100% ofMap from the global farm environment at the end ofhetime step

(RemBglob).

Our second step was to study the impact of calfsimgu which could
influence both adult-to-calf and calf-to-calf carttatructures. In the scenarios
studied, the time spent in individual housingniind) varied from 0 to 8
weeks to comply with European regulations (Coubiiective 91/629/EEC
and Council Directive 97/2/EC). Two different types individual housing
could be used: individual hutches and individualpe

Housing of calves in individual hutches combineé¢hcontrol measures: no
exposure of calves to adults until calves are mdwegtoup pens, no contact
with neighbouring calves while in individual huteheand highly effective
cleaning of hutches between the occupancy of sameesalves.

On the contrary, in individual pens, contacts witinites contaminated by
adults could occur but could be reduced (or nothmared to group pens
(particularly through hygiene management practiceésgveral levels of
exposure of calves in individual or group pens to anvironment
contaminated by adult&xXp) were studied. The time during which a calf was
less exposed to an environment contaminated bytsadatied, either until
moving in a group pen at 0, 2, or 8 weeks, or uméhning at 10 weeks of
age.

Calf-to-calf indirect contact in individual pensud occur through contact
with calves from contiguous pens (with a maximum2oheighbours) and
imperfect cleaning between two successive calResnBInd). Calf-to-calf
indirect contact in a group pen could occur throaghtact with other calves
in the pen and imperfect cleaning between succesgroups of calves
(RemBCaol).

Finally, the effect of different times until the tdetion and culling of
clinically affected animalsT{cCull) shedding a high quantity dflap was
studied (from 3 to 9 months spent by a clinicaffieeted animal on the farm
before being culled).

3 Reaults

3.1 Model parameters contributing to
variancein model outputs

Depending on the output, the studied parametestheg explained 25 to 67%
of output variances (Figure 2). They explained @896 of the variance in the
contribution to infection of the calf-to-calf tramgssion (CalfContr, in Table
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Figure 2: Contributions to the variance of the atittmain and interaction effects) of
six model input parameters of Blycobacterium avium subsp. paratuberculosis
transmission model in a dairy cattle herd: peribdirne during which a calf can shed
the bacteriaRShed), period of time during which a calf is suscemilfSusc), period
during which grazing is allowedGfaz), rate of exposure of calf to fomites
contaminated by adult&xp), time spent in individual housingdifnind), and herd size

(Size). The parameter for herd size does not contrituthe variance of the outputs.

® Incid25: mean annual incidence of newly infectedmels; Prev25: mean prevalence of
infectious adults; CalfContr: mean contributionocaff-to-calf transmission; AdultContr: mean
contribution of adult-to-calf transmission. All uits are calculated in the last year of the 25-

year simulation in infected herds
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1). This output did not appear to be sensitive mdained low whatever the
values of the parameters tested (from 0 to 1%lf@canarios).

The parameters contributing the most to model duyjamiance were those
related to the exposure of calves to adlg( in Table 2), the time spent by
calves in individual pensT{mind), and the interaction of these two parameters
(Figure 2). The grazing periodsfaz) also influenced adult-to-calf contact
because calves <6 months of age always were kapbia and therefore were
less exposed when adults were grazing. The pefididne during which an
animal was susceptible tdap (PSusc) only contributed to variance in the
mean prevalence in the 2§ear after infection (Prev25). The period of time
during which a calf could shddap (PShed) only contributed to variance in
the mean contribution of the calf-to-calf transntasin the 28 year after
infection (CalfContr). For the range of values ¢dstherd size had no effect
on model outputs.

3.2 Adult-to-calf indirect contacts

A reduction in the exposure of susceptible calvesaty environment
contaminated by adults led to a sharp decreadéamprevalence and could
lead to the fadeout of infection if exposure wasrdased by >90% (Figure
3). When calves were not exposed to adults untiinivey, the prevalence of
infectious adults in the 35year afteMap introduction was lower (Figure 4B,
Hutch or individual pen withExp = 0) compared to when exposure was
possible prior to weaning (Figure 4B, individuahpeith Exp > 0).

3.3 Calf-to-calf contacts

The annual prevalence of infectious adults in tH Zear after Map
introduction was lower when calves stayed longendividual pens as long
as calves were not exposed to adults before theyedhanto a group pen
(Figures 4A,Hutch or individual pen withExp = 0). However, even a
moderate exposure of calves to adults before calees moved into a group
pen strongly reduced or corrected this effect (FigtA, individual pen with
Exp=0.2 and 0.5).

When calves were not exposed to adults until wegrime duration of the
time spent in an individual pen no longer influethqgaevalence, indicating
that preventing calf-to-calf contacts had no addgi protective effect even
when adult-to-calf contacts are prevented completeigure 4B,Hutch or
individual pen withExp = 0).

The longer the time period that calves spent iividdal hutches (from 1 to 8
weeks), the lower was the mean annual prevalenodeaftious adults during
the last year of simulation (Figure 4Mutch). Housing calves in hutches
added no significant decrease in prevalence comdp@réousing calves in
individual pens when no exposure of calves to adwhs possible (Figures
4A and B,Hutch & or individual pen withExp = 0).
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Figure 3: Mean prevalence over time of infectiodal&s (>30 months) according to the
exposure Exp) of calves until 1 year of age to the global eormental contamination
with Mycobacterium avium subsp paratuberculosis (Map) by adults. Outputs of lap
transmission model in infected dairy herds of 1d@& Other parameters are at their

baseline value. The baseline scenario is showrsaldaline

132



Individual pen

Prevalence A Prevalence B
0.8 | H é 0.8 |
Hutch 0.6 - i ; @ 0.6 : : H
0.4 2 = ; 0.4 A H E .
0.2 : 02 | | § :
o ] H i ]
0 A o a 0 A & & +
0 weeks 2 weeks 8 weeks 0 weeks 2 weeks 8 weeks
[ o8 I+ . 08 |
06 - g . @ 06 4 - 1 |
Exp=0 " 04 ] - : : 0.4 - H : i
02 - v 02 4 | iR
0 A - i 0 - 8 :
0 weeks 2 weeks 8 weeks 0 weeks 2 weeks 8 weeks
0.8 | $ é . 0.8 4 - H
06 4 & L E 06 { # : f
Exp = 0.2 = B i | :
P 04 8 & 04 4 = s £
0.2 - 02 4 = g -
0 > 0 - &
0 weeks 2 weeks 8 weeks 0 weeks 2 weeks 8 weeks
0.8 | . 5 & 0.8 | . - T
o6 | ¥ ¥ I 06| ¥ # ®
Exp=05 4 | & . - 04 4 : >
02 | . . 02 4 : s
\ 0 - 3 oL~ . =

0 weeks 2 weeks 8 weeks 0 weeks 2 weeks 8 weeks

Figure 4: Box plots of the annual prevalence oédtibus adults in the 35year after
Mycobacterium avium subsp paratuberculosis (Map) introduction according to the rate
of exposure of calves to adul&xp) and to the time spent by calves in individualpen
(Timind). Outputs of aMap transmission model in infected dairy herds of ta@s. A:
Adult to calf exposure is only reduced during thdividual housing period (from birth
to moving to a group pen); B: Adult to calf expasis reduced from birth to weaning.
The quartiles are represented by horizontal lifiée whiskers indicate maximum and
minimum values of the simulated distributions tlaa¢ less than 1.5 IQR lower or
higher than the first or the third quartiles, regpely. Simulated values outside the

ends of the whiskers are indicated by a dot. Mednevis represented by a star
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3.3.1 Reduction of exposure by cleaning

As expected, increasing the percentage of bacterioved from the farm
environment every week led to a decreasdlap prevalence (Figure 5A).
The lower the quantity oMap in the farm environment, the less infection
occurred. However, even a cleaning leading to t@%d removal ofMap
every week Rembglob = 100%) had less impact on prevalence than
preventing the exposure of calves to fomites coimtatad by adult faeces (via
housing and management practices).

Increasing the percentageMép removed from individual or group pens had
no impact orMap prevalence (results not shown).

3.3.2 Reduction of exposure by eiminating
clinically affected adults

Decreasing the mean time spent on the farm ofcdlilyi affected adults
decreased the prevalence of infectious adults asyafteMap introduction
in the herd (Figure 5B).

With regards to all of the results presented inageaphs 3.2 to 3.5, our
findings were similar for all herd sizes.

4 Discussion

The mathematical model used here is novel becawkmws us to explicitly
specify the exposure of calves to contamination thre whole farm
environment and in calf housing facilities. It tefre was possible to study
the effect of different calf management (individwalsus group pens) and
herd management (hygiene, grazing, herd siz&jamtransmission.

To develop this model, we integrated the most ugati@ knowledge to define
the model compartments, the sojourn time in eacmpestment, the
transmission routes, and the sheddingM#p according to the infection
status. Nevertheless, relevant experimental datalibrate the transmission
parameters linking the exposure in the environnjgaéntity of bacteria) and
the probability of a new infection were scarce (\Romermundet al., 2007).
While it is widely acknowledged thdflap is indirectly transmitted through
the ingestion of contaminated faeces, only a feldfstudies have quantified
the risk ofMap infection from environmental contamination (Berotds et
al., 2008; Windsor and Whittington, 2010). Furthere) in these studies, the
details of herd management and exposure often wespecified or were
incomplete. Therefore, we calibrated the transmisgparameters of our
baseline model by comparing model outputs and gbdetata on within-herd

134



Prevalence

0.8 |
0.7
0.6 1
0.5 -
0.4 |
0.3 1
0.2 |
0.1 |

0

..100%
----60%
— 40%
- = m20%

0 2 4 6

8 10 12 14 16 18 20 2224
Time (in vears)

Prevalence

0.8 T
0.7 1
0.6 1
0.5 |
0.4
0.3 -
0.2 |
0.1 |

0

g wiereeee: 9 Months
v —— 6 months
-----3 months

0

2 4 6 8 10 12 14 16 18 20 22 24
Time (in vears)

Figure 5: Mean prevalence over time of infectiodsles (>30 months) according to A:

the percentage dflycobacterium avium subsp.paratuberculosis (Map) removed by

cleaning from the global environment every weRkn(Bglob), B: the mean time spent

in the herd by clinically affected adulf§l€¢Cull) Outputs of aviap transmission model

in infected dairy herds of 110 cows. Other paramsetee at their baseline value. The

baseline scenario is shown as a solid line
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prevalence ofMap infection. In so doing, we assumed that the nedati

contribution of an infectious animal to the exp@asaf calves depended on the
guantity of bacteria it sheds. We also assumed dllatalves in the same

housing were exposed in a similar fashion, accgrdinthe quantity oMap

in the environment. Although these assumptionssehdor parsimony, do

not account for heterogeneity of exposure, we telithat they do not

influence the major conclusions of this study.

Duration of susceptible state for calves is anotbarameter with major
uncertainty. our assumptions of a long duratiothf state (one year), and of
an exponential decrease of susceptibility with agight explain in part the
absence of effect of contacts between calves irresuits. Nevertheless, the
sensitivity analysis explored a range of plausidéues that were based on
available knowledge, with a very low minimal ducetiof the susceptible
state (13 weeks). The parameter was related ndithttre incidence ofap
infection when the herd was endemically infected @lear 25 after
introduction), nor to the relative contributiona#lves taMap transmission in
the herd. We therefore believe that our main cmichs are robust with
regards to this uncertainty.

Preventing the exposure of calves to adult fae@sagsential for controlling
Map transmission within a dairy herd. First, the pterae of infectious cattle
was sensitive to parameters involved in transmissim an environment
contaminated by adults (rate of exposure of caiweindividual pens to
fomites contaminated by adults, time spent in imdial housing, period
during which grazing occurred). Second, the prewadeof infectious cattle
decreased when the exposure of calves to adults deksyed. Third, it
decreased when there was early detection and gudlirclinically affected
cattle. In contrast, calf-to-calf contact prionteaning, assuming no exposure
to adults, did not play a significant roleNrep prevalence within the herd.

With the model simulations, it was possible to stigate a wide range of
values describing reduction of calf exposure. Sfesicenarios have been
chosen here, all of which cannot be achieved byaathers, particularly full
prevention of calf exposure. It effectively can difficult to strictly separate
calves from adults (especially for economic or téchl reasons linked to
increased workloads or to the design of the bamrgy ensure that calves are
not exposed to any environment contaminated bytadviét protecting calves
from exposure to a contaminated environment apgddarbe inefficient if the
separation is imperfect. Furthermore, farmers nma&jep to keep a calf and
dam together for a longer period because theytfirgleasier to manage, they
wish to satisfy public concern regarding the prcof immediate separation
of cow and calf in commercial milk production (Gdahl et al., 2007), or for
the associated health advantages for the calf W\agadl Chua, 2000). A calf
also might be raised with its dam to meet orgaarmfng requirements. Our
results reinforce the recommendation to strictlyesate calves from dams in
Map infected herds, a practice that often is not feld (Nielsen and Toft,
2010).
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Group housing for preweaned calves was associaittdNap infection in
one field study (Wells and Wagner, 2000). For otpathogens, such as
Bovine Viral Diarrhoea Virus (BVDV), the influenad the contact structure
on virus persistence in the herd was shown, aitlgtseparating adults from
calves was advised (Ezanmebal., 2008). However, in the latter study, the
rationale was to prevent the exposure of susceptdults to infectious
calves. The novel feature of our work was that tafising facilities and
different calf management strategies were modebed, that we modelled
both the local pen environment (contaminated byesgland the whole farm
environment (contaminated by all shedding animdlsjs approach increased
our understanding of the respective roles of aalfdlf and adult-to-calf
contacts foMap transmission. The basic model structure of henlfation
dynamics and contacts also could be adapted toy stuithin-herd
transmission of other diseases, particularly thésewhich calves are
susceptible.

Practical solutions for farmers to limiting calfposure tdMap could be off-
site rearing (provided the location is kept biosectrom cow facilities),
raising calves on a part of the farm segregatesttigt biosecurity measures
(as in poultry and pig farms), always moving froleamer to less clean areas
(as applied in the food industry, although this mapend on the pathogen,
e.g. BVDV), or using individual calf hutches fom&eks in association with
strict hygiene measures.

Early culling of clinically affected animals wasather key point in reducing
Map transmission. In practice, detecting such aniroafs be difficult or take

a long time. The delay prior to detection can dftbe impact of removing

these animals from the herd. Furthermore, culliiigaally affected animals

has a cost and is not always done by farmers imatedgj even when advised,
especially when these cows have a high genetict,neerivhen the herd milk

production objectives are not reached.

The scenarios investigated in this study cover dewange of calf housing
and therefore apply to most major European dairy feaming systems
(Marcé et al, 2010b). Increasing herd size withobanging calf contact
structure led to the same conclusions. Howevelaripe herds, calves can be
raised in several smaller group pens instead ofgroap pen as modelled
here. Nevertheless, because adult-to-calf indiracsmission was by far the
most important transmission route, we expect thathér modifying calf
contact structures would lead to similar conclusioflthough we chose to
model closed herds, given the major effect of attuttalf contacts found
here, we assume that our results also could béedppl open herds to reduce
calf exposure. Finally, we assumed that no specdittrol measure favap
was applied (except culling clinically affected #duwvithin a few months).
This actually is frequent in many infected herdsrdbver, even when control
programmes based on test-and-cull in adult aniragdsimplemented, our
conclusions regarding the main effect of adultdtf-contacts still apply. This
is particularly because, despite testing, adultldbes are likely to remain in
an infected herd, due to the poor sensitivity afgtiostic tests and to the delay
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before a farmer decides to cull infected animaldciwvhare not clinically
affected (Nielsen and Toft, 2010).

5 Conclusion

In persistentlyMap infected dairy herds, calf-to-calf transmissiopegred to
be a minor route of transmission, whereas exposti@lves to adults was
pivotal. The longer this exposure was delayed, nfare Map prevalence
decreased. Early culling of clinically affectedraais resulted in a decrease in
the prevalence of infectious adults in persisteirifected dairy herds. This
conclusion held for each of the three herd sizediest.
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Abstract

Paratuberculosis is terminal disease of ruminarésgmt all over the world
that results in a decrease of milk production anslaughter value. However,
on dairy farms with low prevalence, producers dd necessarily see
paratuberculosis as a problem although it can intman endemic infection
of their herd. Control programmes result in slowd alimited success.
Although it is necessary to decide how to managatpberculosis, there is
little information on the combined costs of conirg the disease. Limiting
the persistence dffycobacterium avium subsp. pratuberculosis infection
and preventing for reaching levels of infectionttiae difficult to control
could be a good option. The objective of this stu@s to compare the cost-
effectiveness of implementing in a dairy cattle nfara test-and-cull
programme based on systematic testing of the heot alinical surveillance
where screening is triggered by the occurrence ages. A dynamic,
stochastic bioeconomic model was developed, simnglatan initially
susceptible herd in which an infected heifer isadticed. Scenarios with an
annual ELISA test performed on cows either syst@ali or based on
clinical surveillance were simulated. The actioticiwing a positive test and
the delay before action varied. Three differentls\of hygiene were studied.
Herds with paratuberculosis and with either lowhah prevalence of other
concomitant health disorders were investigated. €p&lemiological and
economic outputs were both considered. Dependindp@targeted objective,
there was an advantage to implement a systematdiecatel-cull from the
introduction of an infected heifer in a susceptitbed compared to a test-and-
cull programme triggered by clinical surveillancey to no control
programme. There was no added value of delayinguhimg of test-positive
cows or culling their two last calves. It was alwdetter to implement a test
programme than doing nothing in infected herds fram epidemiological
perspective and when looking at the long term ptspes. Return on
investment could be expected from minimum 7 yediesr dhe start of the
programme, depending on the hygiene level in thel laad the scenario
studied.

Keywords. Mycobacterium avium subspecieparatuberculosis, surveillance,
control, bioeconomic dynamic model, cost-effecteen
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1 Introduction

Paratuberculosis is of economic importance forydpioducers around the
world as it results in a decrease in milk produgticeduction in slaughter
value, and mortality or premature culling of sickitte or their offspring in
affected dairy herds (Benedictust al., 1987; Johnson-Ifearulundu and
Kaneene, 1997; Kudahl and Nielsen, 2009; Raizregal., 2009). In herds
with a low prevalence oMycobacterium avium subsp. paratuberculosis
(Map) infection or with no clinically affected cows,qutucers usually do not
see paratuberculosis as a problem for their harbagh some think they
have possibly experienced some economic impaca@tpberculosis (Sorge
et al., 2010). There is no treatment available. In Can#ua majority of the
farmers enrolled in a voluntary disease controgpmme because they were
concerned thatlap could be perceived by consumers as a cause fam&ro
disease in humans, which could lead to a decrefsuilk consumption
(Sorge et al.,, 2010). The need for the development of effectard
economically viable control programmes againstto@erculosis is thus real.

For more than 20 years eradication and control naraghes have been
implemented in many countries. Up till now, theseogpammes have
demonstrated only limited success (Sockett, 1986p Jand Galvin, 2004;
Nielsen, 2009). It is indeed patrticularly difficult clear the infection once a
farm is infected notably when test-and-cull programmes only are
implemented. Modelling studies reported that test-eull strategies are not
effective in reducing significantly within-herd pradence, at least under
profitable conditions, but that hygienic calf reariis critical (Groenendaal
and Galligan, 1999; Groenendaal and Wolf, 2008; afjdet al., 2008).
Another recent modelling study reported that cgllonly high shedders did
not achieve to eradicat®dap infection within 50 years, although the
prevalence was still decreased (lat al., 2008). In practice, the control
programmes implemented are rarely only based dratescull strategies
(Taisne, 2009; Nielsen and Toft, 2010). Variousls\wof success in terms of
reduction of the prevalence in infected or affea@adnals have been reported
(Jubb and Galvin, 2004; Wella al., 2008; Ferrouilletet al., 2009; Lombard
et al., 2009; Nielsen and Toft, 2010). However, it is gegfed that measures
associated to test-and-cull actions such as remuctif environmental
contamination of heifers up to a year of age, alfimanagement especially
could improve the success of the programmes.

Modelling studies showed that the introduction dflap infected cattle in an
initially susceptible herd could be followed eith®y persistent infection of
the herd (state in which the number of animalscitefé withMap is positive
over a relatively long term), or by spontaneousetad of the infection
(prevalence of infected animals equal to zerotaha point) (Ly et al., 2010;
Marcé et al., 2010). No early difference could be found betwdbn
simulations to predict their different evolutionythin the number of clinically
affected animals present (simultaneously or suoeags in the herd 5 years
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after the introduction of Blap infected cattle. Indeed, from the moment when
two or more clinically affected animals were prdsésimultaneously or
successively),Map infection generally persisted over the 25 years of
simulation (Marceéet al., 2010).

In this context, we wonder whether a systematidyeaction would limit the
persistence oMap infection or maintain low within-herd prevalence a
reasonable cost. The present study is based onewdopsly developed
bioeconomic model ECOMAM/ECOMAST (Seegegsal., 2004), in which
the paratuberculosis components have been addésl.niddel reflects both
direct and indirect effects of paratuberculosisatedd to effects on herd
dynamics and herd demographics. It allows evalgatite herd effects of
various control strategies againglap. The objective of the study is to
compare the effectiveness of implementing eitheystematic test-and-cull
programme or to trigger a test-and-cull programnesed on clinical
surveillance (start of the programme when the nunabelinically affected
animals is above or equal to 2), in order to lithie persistence dilap
infection. Factors likely to influence the effeaiess and the cost of the
programme especially with regard to culling aresidered. Expected results
can depend i/ on transmission: the comparisoruis prerformed in herds with
standard hygiene level, in herds with improved aggi (lower transmission
of Map), and in herds with impaired hygiene (higher traission ofMap).
Several delays between test results and cullingalse simulated and the
culling can affect different categories of animdls;on the cost of culling
which depends on the delay before culling and encidftegories of animals
culled. In the study, a positive test can resuldiffierent actions, such as
culling the positive animal only, or culling thegitive animal and its last calf;
i/ on the impact of culling on economic outputstably when other health
disorders are concomitant to paratuberculosis fitiecA low prevalence of
other health disorders is considered in a firsp.sfe scenario with a high
prevalence of other health disorders (also regpitinculling) is studied in a
second time. The different scenarios are classiiesed on epidemiological
and economic criteria such as persistencéVap infection, prevalence of
infectious animals, and annual and cumulated gneasgins over variable
costs.

2 Materialsand methods

2.1 General description of the simulation
model ECOMAST/ECOMAM

ECOMAST/ECOMAM is a dairy herd-simulation modeln(silating a dairy
herd including young stock) that enables ex-antenemic assessment of
disease control programmes. This simulator wasgallyit built to study
mastitis control strategies (Seegees al., 2004) and has been further
developed to study the spread of paratuberculoglscansecutive production
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losses in a closed dairy herd. This individual dbaseodel is dynamic,
mechanistic and stochastic with a time step ofdae

Each cow and heifer is characterized by age, reptoe status (oestrus,
insemination, gestation), parity, days in milk, g&n merit for milk yield,
milk yield, fat and protein contents, probabilitf @ulling, health status for
paratuberculosis and for other simulated diseaseh as udder disorders
(mastitis, somatic cell counts), reproductive dispss, and ongoing
treatments. Herd-level state variables are definetcumulate the individual
simulated events and performances.

ECOMAST/ECOMAM drives reproduction and lactationtioé animals in the
herd and mimics practices and decision rules of fdmener regarding
reproduction, feeding, culling and replacement, qnota management. Daily
milk, protein and fat yield are determined by tle@etic potential of the cows,
their lactation number and lactation stage andbmfimited by the feeding
plan. The effect of mastitis and other health dlsos is then subtracted to
calculate the actual yield. More details on theredpctive, milk production
and mastitis control strategies can be found iwiptes publications (Hortet
et al.,, 1997; Hortet, 1999; Seegerst al., 2000). Demography and
management of a typical French dairy herd is dediéh the model. While
events are simulated at the cow level, managenetisidns are defined at
the herd level.

A context with milk quota is simulated. Each monthe annual expected
production of the herd during a yearly quota cagpas calculated based on
the expected milk yield of lactating cows, pregnamws and heifers from the
beginning of the annual production campaign toetgl. The difference

between the expected production and the quotaadeiis then calculated.
No specific decision regarding quota managemenimigsiemented if the

difference is small (below a threshold defined by tuser). If an over-

production is anticipated, earlier drying off, @) or sales of cows or heifers
are decided. On the opposite, if an under-prodadsoexpected, culling or
sales are lowered and no purchases are allowed:easork here on closed
dairy herds.

Culling is mainly based on production and reprohecperformance of the
cows but also takes into account the individual atiercell count and health
status such as paratuberculosis. It is triggeretidsyl size limits, cumulated
milk sales within the quota campaign compared te thilk quota, and

forecasted calving and drying-off events. Such siens occur once a month.
In addition, death and involuntary culling randorolycur. Heifers born from

the 10% cows with the highest or lowest productmrel are systematically
kept or sold, respectively. Then, a sufficient nembf heifers are kept to
meet the required replacement rate. All male cawessold.
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2.2 Paratuberculosis simulation process

2.2.1 Disease progression

Each animal has one of the five infection statesdetied towards
paratuberculosis: susceptible, resistant (if né¢died at one year of age),
latently infected (not shedding), subclinically énfed (shedding but no
clinical signs) and clinically affected (shedding).

The risk of getting infected during the first yedrlife is based on the results
of an epidemiological model describing the transiois of Map within a
dairy herd (Marcget al., 2010). The prevalences of infectious subclinicall
infected adults (previs), of infectious clinicaliffected adults (previc), and
the incidence of the infection in calves below gear of age are followed
over time in this epidemiological model and savdélve routes of
transmission are considereéd:utero transmission, transmission via colostrum
or milk ingestion, and transmission via ingestidriaeces of calves or faeces
of adults. A metamodel has been built, aiming gilaring the incidence
(horizontal transmission only) dflap infection in animals below one year of
age by previs and previc a time t (Figure 1) Thseparate models are
estimated for 3 age categories: 0 to 4 months, & toonths, and 8 to 12
months in order to take into account the decreasigceptibility with age.
As a result of the metamodels, the following eduredi calculated from the
epidemiological model are used as inputs in theneeic model for herds
with standard hygiene:

InCidence .4 monts(t) = 2.983 previs(t) + 12.007 previc(tf & 0.98)
INCidence, s months(t) = 1.926 previs(t) — 4.632 previc(tf & 0.58)
Incidence 12 montsft) = -0.120 previs(t) + 1.860 previc(tf & 0.36)

For herds with improved hygiene, calculated incaders divided by 2. For
herds with impaired hygiene, calculated inciderscmiltiplied by 2.

In the economic model, every 4 weeks, the truectida state of each animal
below one year of age is updated depending on fieajences previls and
previc at the same time.

Infection can also occun utero. The probabilities for subclinically infected
cows and clinically affected cows to give birthao infected calf are 0.149
and 0.65, respectively (Benedictwes al., 2008; Whittington and Windsor,
2009).

The time spent in each infection compartment isdesd in Table I.

In the model, both the true infection status areddiagnosed status (results of
tests) of each animal are known.
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Definition of
scenarios

parameters Outputs to evalue costs

l User defined
and effectiveness of control

N strategies:
Epidemiological Probability of _ = Margin/1000L of milk
model being infected Economic model produced

through horizontal
transmission

(metamodel) I

Milk production
Income

Costs
Prevalence
Persistence

OtherMap specific parameter:
= |nutero transmission
= Time spent per status
=  Production losses

Figure 1. Link between the epidemiological and the economic mode for

Mycobacterium avium paratuberculosi€oncept of the metamodel

Table I: Duration in the Mycobacterium aviunsubsp. paratuberculosigfection status

in the dairy herd economic model

Infection status Mean time Standard deviation Sources
spent (days) (days)

Latent 539 96 (Nielsen and Ersboll, 2006;
Van Roermunget al .,
2007; Nielsen, 2008)

Is 728 192 (Matthews, 1947)

Ic 182 28 Variable (Expert opinion
on time before culling)
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2.2.2 Production effects of paratuberculosis

Estimates of reduced milk yield associated withp infection are abundant
(Johnsonet al., 2001; Kudahlet al., 2004; Hendricket al., 2005b; Nielsen
et al., 2006; Beaudealet al., 2007; Gondaet al., 2007; Raizmanet al.,
2007; Nielsenet al., 2009; Raizmayet al., 2009; Smithet al., 2009; Aly, et
al., 2010). The decrease of mean milk yield is esechdietween 500 and
1400 kg per cow in the lactation when the infectimmletected and between
400 and 800 kg for the lactation preceding theustadetermination. A
decrease is sometimes noticed as early as thddutsttion (Kudahlet al.,
2004; Nielsenet al., 2006). Conversely, there are only few studiesyairay
the effect ofMap infection on fertility. They describe effects oifferent
criteria (calving-to-calving or calving-to-conceti intervals, calving rate)
and their results are contradictory (Abpetsal., 1983; McNabet al., 1991;
Johnson-Ifearulundwt al., 2000; Haddagkt al., 2003; Lombardet al., 2005;
Kostoulas et al., 2006; Gondaet al., 2007; Raizmapet al., 2007; Marcéet
al., 2009). Slaughter value has also been found tedeced mainly among
clinically affected animals, or shedding animalseiiBdictus et al., 1987;
Hutchinson, 1996; Kudahl and Nielsen, 2009).

In ECOMAM/ECOMAST, infected animals have a decredse milk
production, depending on their infection statusniirly a loss of slaughter
value is modelled. No impact d¥lap infection on fertility is considered.
Parameters for production losses are describedbieT!.

2.2.3 Quality of Map diagnostic tests

The default diagnostic test chosen is a serum EM®#h sensitivity values
are described in Table Ill. These values of comrakkits sensitivity are in

accordance with available literature (Nielsen arudt,T2007) and are here
considered credible for our study in which only l&lare tested. Infection
status influences test-quality. A specificity ofisl applied as we work in
infected herds.

2.3 Herd and initial conditions

We here study herds with a milk quota of 750,0@di (annual delivery)
composed of around 100 cows plus additional yotioagks The initial herd is
calibrated by simulation to define every statealale for each animal.

The initial herd designed for the simulation preésegood reproductive
performance and a good level of control for uddsalth in a first step (Table
IV, herd with low prevalence of concomitant heatfisorders). In a second
step, occurrences of mastitis and reproductionrdéss are increased (Table
IV, herd with high prevalence of concomitant healiborders). These health
disorders are indeed frequent in a large numbéedds. They influence both
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Table II: Production losses associated with Mycobacterium avium subsp.

paratuberculosis (Maphfection status: parameters for the dairy herd economic model

Affected characteristic Infection state

Latent Subclinically  Clinically

infected affected

Milk Min 0 5 15
production Max 6 15 35
(reduction in %) Mode 2 8 20
Slaughter valuie Mean 3 25 41
(reduction in %) Standard 15 2.5 5

deviation

- beta distribution?: normal distribution

Table Ill: Sensitivity of serum ELISA in cows in the modelled infection status for
Mycobacterium aviunsubsp. paratuberculosis (Mapjtefault values for the dairy herd

from the introduction of an infected heifessonomic model

Infection state
Latent  Subclinically infectious  Clinically affected Resistant

Test-quality

Sensitivity 0.1 0.5 1 NA

" Test sensitivity is considered to be equal to Icfmically affected animals since it is assumed
that when a clinical suspicion results in a negatast result, then a second test (Ziehl Neelsen
faecal staining) is performed. This second tegsed for 15% of the clinically affected animals.
Clinical suspicions that occur outside the scregmiariod are all to be confirmed with a Ziehl
Neelsen faecal staining. NA: not applicable.

Table IV: Description of the production and reproduction characteristics of the herds
studied in the economic model

Production and reproduction Herds with low Herds with high
herd characteristics prevalence of concomitantprevalence of concomitant
health disorders health disorders
Mean  Standard Mean Standard
Deviation Deviation
Days to conception (days) 81 28 104 40
Expected mature milk 9,000 350 10,800 158
production (Kg/305-day/cow)
Fat (g/L) 38.3 3.3 45.3 1.8
Protein (g/L) 29.1 2.1 34.5 0.5
Incidence of detected clinical 13.9 4.8 76.1 27.4
mastitis
Bulk Milk Somatic Cell 94 15.2 421.9 129.1
Count
Culling rate (%) 37.2 7.9 31.7 6.0

Parity 2.7 2.6
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culling decisions and herd production. Such disara®n thus interact with
culling rules for paratuberculosis and their comnsgges. The main
characteristics of the initial herd in terms of naghuction, milk production,
and culling are described in Table IV.

There is no option to buy or lease extra quotaoAtke closed dairy herd
modelled is fairly common (Ezanpet al., 2006). Calving occurs between
July and October for the heifers and between August December for the
Cows.

An infected heifer, already in the subclinicallfeéaoted status since 100 days
is introduced once. This heifer is expected to eabne month after the
introduction in the herd. Its expected 305-day meatmilk production is
9400kg.

A 15-year simulation horizon is studied and 10dicegions are run for each
scenario.

24 Simulated control plans and utility
criterion

241 Studied scenarios

A control plan is characterised by one or moreoastj a definition of cows to
be acted upon, a time or combination of circumsarat which the actions
are to be carried out, and the events consecutigepbsitive test. Actions are
here categorized into a test-and-cull strategy.|&Vthie same test scheme is
selected, the moment of its implementation diffeas well as the
consequences linked to a positive result.

The implementation of the test-and-cull strateggithe either as soon as a
positive animal is introduced (Scenario T1) or ldasa results of clinical
surveillance (Scenario T2). If the clinical surleaiice is chosen, the test-and-
cull strategy implementation occurs one month after second clinically
affected animal is detected in the herd. For séesdrl and T2, the default
mean time of 6 months spent by clinically affectgimals on the premises
(Table I) is reduced to 2 months from the thirchicll case as culling gets
quicker usually when farmers become aware of tkeadie in their farm. A
baseline scenario does not consider any test-alhdtcategy (Scenario T0).
In fact, we chose to select a specific optimal adibn for this study:
systematic test-and-cull is indeed implemented fribra day an infected
animal is introduced. In reality, the tests haveally been implemented since
a certain period of time (possibly years) befor&oducing an infected
animal.
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The test scheme selected is the following: annesting in September (van
Schaik et al., 2009) of all cows (parity 1 and more) with an BRltest which
sensitivity depends on the infection status (Télbhie

After the annual test of the herd, a positive tesult can end either in the
‘immediate’ or delayed (4 months) culling of 1/ thest-positive cow only
(C1) or 2/ the test-positive cow and its two laalves if kept in herd (C2).
Depending on the age of such female offspring;titing occurs more or less
rapidly to account for adaptation of the farmermstigion to the market (if the
tests occur when the calf is below 2 months, tHénguof the calf occurs at
150 days of age, otherwise, it occurs between 202@&nmonths of age). The
‘immediate’ culling occurs two weeks after the té31). One week is indeed
needed to get the result and the farmer has onk teegecide and organise
the departure of the animal from the farm (expguinion). A delay of 4
months (D2) has been chosen for a comparisonigseported to be the mean
time recommended for the elimination of an ELISAsiige asymptomatic
infected animal in France (Coursaget, 2009). Cglohheavy faecal shedding
cows is also reported to occur at a median timé months after sampling in
a study based on American herds following a comgrogramme (Ferrouillet
et al., 2009). The different types of culling followingoasitive test have been
chosen in order to take into account the fact dénithals can shebllap before
being detected and that calves are mainly susdeatibirth when they are in
the same area as their dam.

Finally, the scenarios are implemented in herdsh vdifferent levels of
hygiene resulting in different levels dap transmission: standard, low and
high.

All the scenarios are gathered in Table V.

2.4.2 Outputsof the model

Both epidemiological criteria and economic critedee considered in this
study. Indeed, focusing on these criteria separately not always lead to the
optimal interpretation notably if there is a traufé-between economic
attractiveness and epidemiological effectiveness.

Regarding the epidemiological criteria, the meaavalence of infectious
adults (Is+lc) and the persistence of the infectioa here studied. Mean
values are based on the 100 iterations indeperydehthe persistence of the
infection (unless specified it is a mean calculateitifected herds only).

To assess the direct economic impact of paratulwesisy costs (i.e. extra-
resources used) and losses (i.e. reduced revehaes)to be quantified and
aggregated. Control costs linked Ntap infection correspond mainly to test
costs, preventive measures (especially hygieneysé® correspond to the
economic impact of the reduced milk production ofvs (which differs
depending on whether the quota is reached or that)impact of mortality or
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Table V: Description of the scenarios of surveillance and control of Mycobacterium

aviumsubsp. paratuberculosismnplemented in a dairy herd economic model

Surveillance Action in case ofa  Level of hygiene and scenario
positive test number
Animals  Delay Standard Impaired Improved
culled before
culling

None (T0) NA NA 1 2 3
Active (systematic animalC1 D1 4 5 6
testing) (T1) C1 D2 7 8 9

Cc2 D1 10 11 12

C2 D2 13 14 15
Clinical (systematic annualC1 D1 16 17 18
testing triggered after2  C1 D2 19 20 21
clinical cases) (T2) C2 D1 22 23 24

C2 D2 25 26 27

C1: culling of test-positive cows, C2: culling @fst-positive cows and their 2 last calves, D1:
culling 2 weeks after the test, D2: culling 4 manétiter the test, NA: not applicable.
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additional culling, and the resulting decreasehefgenetic progress. To allow
a comparison of decisions for health management,use a marginal
approach, based on the comparison of the output/igpio; the better control
programme being the one that has larger lossesledotompared to the
additional costs. Control measures studied her¢hereicall the general
structure of the farm into question nor the feedaygtem, the milk quota
production, or the management options of the hiri thus assumed that
fixed costs are not significantly modified. In EC@GM®T/ECOMAM,
economic results are expressed by calculation ofean discounted gross
margin produced for each simulated year, as we#l asmulated discounted
gross margin. These two outputs are presentedr éitheuros (€) or in € for
1000 litres of milk produced. In situations wherdknmguota is the main
production constraint, these outputs are relevaegsures of financial
performance because of the extra costs of produtiage or less than the
milk quota (Kristensenet al., 2008). The gross margin is calculated as
follows: Gross Margin = Total revenues — Total able costs (excepted
roughage production costs).

Revenues are composed of the profits due to shledllqg calves, heifers, and
culled cows. Variable costs are related to: i) flegd(concentrates, milk
powder), ii) mastitis control, iii) reproduction r{ficial inseminations,

treatments associated with reproductive disordérs)ither health disorders
control, and v) diverse variable costs (bedding emals, dairy herd

improvement association fees, ...).

An annual discount rate (r) of 3% is applied onsgrmargins. A set of typical
2009-2010 French prices and costs are used inalwelations (Table VI).
Total costs of the tests and losses of milk are eddculated.

In the figures, relative discounted (annual or clatad) gross margins are
presented. The discounted (annual or cumulatedsgrargins of a herd with
no paratuberculosis are calculated each year andetras a baseline value of
100. Gross margins of all scenarios with paratudesis (whatever the
control programme) are compared to these basedihes and transformed in
the scale 0-100.

3 Reaults

3.1 Herd dynamics, production and Map
prevalence when no tests for Map are
implemented

After 15 years of simulation, a decrease of themmaamber of cows kept to
consistently achieve the milk quota was observedherds with no

paratuberculosis (Table VII). This decrease in thenber of adults was
related to the simulated genetic improvement inhtbied. Replacement cows
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Table VI: Prices and costs used for production and for Mycobacterium aviunsubsp.

paratuberculosisontrol in adairy herd economic model

Element Value Unit
Milk ™ Min: 252.97 €/1000L
Max: 296.55
Mean: 279.52
Cow sale Random culling: 600 €

Sale for breeding:1200
Other culling: 860

Slaughter culled heifers Not pregnhant: 800 €

Pregnant heifers < 6 months: 1050 €
> 6 months: 1350

Males calves 150 €

Female calves 8 days: 120 €

<15 days: 120
15-184 days: 350
185-365 days: 650

Dead cow 0 €
Paratuberculosis annual test (veterinatyl.5 €ltest
cost, laboratory cost)
Test used to confirm a clinicall5 €/animal
suspicion
Increase in genetic merit for milk yield  Mean: 2800.2 kg milk; g/l fat; g/l
Standard deviation: protein
100; 0.2;0.1

Rearing costs €

Male calf (8 days) 20 (alive), 10 (dead)

Female calf (8 days) 25

Heifer below 1 year 23

Heifer between 1 and 2 years 30

Heifer above 2 years 40

Cow 65

Artificial insemination forfeiting 40
Feed costs 221.6 €/tonne
Milk powder 0.26 €/kg
Veterinarian  costs  intra-mammary €
infection costs excluded

Cow 12

Random culling 50

Random death 55

Infertility treatment cost 25
Intra-mammary infection costs

Annual mastitis treatment cOst 80 €/cowlyear

Annual mastitis prevention cost 23 €/cowlyear

Systematic treatment at drying 12.5 €/treatment
Annual increase in prices 1 %

" milk price varies according to seasénpther mastitis treatment costs depend on the
level of production of the cow.
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Table VII: Prevalence of Mycobacterium aviunsubsp. paratuberculosigMap), quota

achievement, and herd characteristics: outputs of an economic model in year 15 after

the introduction of one subclinically infected heifer when no tests for Map are

implemented (mean values of the 100 iterations)

Health Output in year NotMap Map infected herds
characteristics of 15 infected  Standard Impaired Improved
the herds herds hygiene hygiene hygiene
Herd with low Prevalence of 0 0.59 0.86 0.10
prevalence of infectious
concomitant health adults
disorders Quota 101.2 96.2 86.2 100.7
achievement
(%)
Herd size 94.1 95.9 90.7 94.8
(mean number
of adults)
Replacement  37.7 39.5 42.3 38.7
rate
Herd with high Prevalence of 0 0.54 0.86 0.12
prevalence of infectious
concomitant health adults
disorders Quota 97.3 88.0 64.6 99.7
achievement
(%)
Herd size 99.4 94.1 72.2 96.9
(mean number
of adults)
Replacement  32.0 34.6 40.4 37.3
rate
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were indeed producing more milk over time and tlemger cows were needed
to reach the same milk production. An average ogpteent rate of 37.7% was
observed in such herds.

In herds with low prevalence of other health digosd at a similar level of
mean prevalence of infectious adults after 15 y&dlewing the introduction
of one subclinically infected heifer in standarddse the mean number of
adults stayed above the one of herds without plaeatulosis. However the
milk guota was still close to be achieved (Tablé).Mh herds with impaired
hygiene, culling due to paratuberculosis led teerdase of herd size and the
milk quota was frequently not reached. The situativpa herd with improved
hygiene was close to the one of a herd withouttpbesiculosis. In these herds
(improved hygiene), after 15 years of simulatiome tmean prevalence of
infectious adults reached 10%. The hightap prevalence was in a herd, the
higher the replacement rate was.

In herds with a high prevalence of reproduction arastitis disorders and no
paratuberculosis, a higher number of adults waslewedo fulfil the milk
quota. After 15 years of simulation, average quatélment only reached
97% and the replacement rate was lower than inra Wwéh limited health
disorders. In herds with paratuberculosis on topepfoduction and mastitis
disorders, while a similar mean prevalence of itideis adults after 15 years
was reached, the milk quota fulfilment, the meamber of adults, and the
replacement rates were lower, whatever the levehygfiene compared to
similar herds with no health disorders but paratoliesis. In herds with
improved hygiene, the differences were smaller.

The evolution of the prevalence of infected anim@lsis+Ic), infectious
(Istlc) and affected adults (Ic) of a standard hwith no other health
disorder than paratuberculosis and in which no robnmeasure is
implemented is given in Figure 2.

3.2 Impact of systematic detection

Systematic test-and-cull reduced dramatically hbéhpersistence dflap (%
of infected herds) and the within-herd prevalengure 3). By contrast,
clinical surveillance resulted in a drop in prevale but in no or little
reduction in persistence. In herds with impairedjioge, persistence and
prevalence were higher, with little change in th#etences between the
scenarios. In herds with improved hygiene, penst#ewas even more
reduced with systematic surveillance, and prevaemas low, whatever the
scenario.

The difference between scenarios was all the mopmitant that the control
strategy (no test, systematic test implementatorest implementation based
on clinical surveillance) was implemented for aggeriod of time.

Cumulated discounted gross margin decreased cothgarberds with no
paratuberculosis, whatever the scenario implememteblerds with standard
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Figure 2: Evolution of the prevalence of infected animals (thick line), infectious adults
(medium line) and clinically affected adults (thin line) over time in herds infected by
Mycobacterium aviumsubsp. paratuberculosis(Map): output of the dairy herd
economic model when no tests for Map are implemented (standard hygiene, low

prevalence of concomitant health disorders)
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Figure 3: Persistence of Mycobacterium aviunsubsp. paratuberculosis (Mapipfection
in the herds (left column) (lines), prevalence of infectious adults (right column) (lines),
and evolution of the relative discounted gross margin per year (left) and cumulated
(right) (compared to a herd with no paratuberculosis = baseline of 100) (histograms) in
all herds: outputs over time of the dairy herds economic model for scenarios of Map
control (TO: no control, T1: test-and-cull based on systematic surveillance, T2: test-
and-cull triggered by clinical surveillance) with A/ standard level of hygiene, B/

impaired level of hygiene, C/ improved level of hygiene

A E Surveillance TO A Surveillance T1 “A-- Surveillance T2
(scenarios 1to 3) (scenarios 4 to 6) (scenarios 16 to 18)
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hygiene, when systematic surveillance was impleatenthe gross margin
was sometimes slightly below at the beginning,dways ranked first of the
different surveillance implemented after 15 yednsplementing a test-and-
cull based on clinical surveillance appeared betten doing nothing in year
15 only. After 15 years, the relative mean grossgingoroduced decreased in
infected herds from 1 to 15% depending on the lefidlygiene. Differences
between scenarios were small when hygiene was iradro

Implementing systematic test-and-cull was more cidfit than clinical
surveillance or doing nothing after 7 to 13 yeafgyire 4). Return on
investment (ROI) of systematic surveillance washhigand earlier when
hygiene was impaired (higher risk idfap transmission). The differences were
small when hygiene was improved.

Direct losses due tMap and components of the gross margin in year 15 are
displayed in Table VIII. The number of cows cullied paratuberculosis was
lower in herds with systematic testing. Milk andwughter value losses were
dramatically reduced with both surveillance scessadompared to no control.
Decrease in losses was higher in herds with sysientast and cull
implementation, whatever the level of hygiene & kierd. As a consequence
of systematic testing, most of the cows culleddaratuberculosis were test-
positive cows and not clinically affected animdisyear 15, test costs were
similar in scenarios T1 and T2 (slightly lower f62) and low compared to
differences in losses. The costs were lower in sievith impaired hygiene.
When no control was implemented, the number oficdinculling was high.
Such cullings were lower when systematic surveiéanor clinical
surveillance was implemented. The differences wdpction losses and test
costs did not add directly into a difference ofggranargin especially because
milk losses are partly compensated by herd managiemées to reach the
quota.

Impact of the action following a positive test @ietdetection of clinically
affected cattle

When the last two calves of a test-positive animrak clinically affected
animal were culled instead of culling only the piesi animal, the impact on
both the prevalence and the persistence was almdktFigure 5). Both
criteria were slightly higher whatever the levehgfiene.

Mean discounted gross margins (annual or cumuldiedame lower over

time than for similar scenarios in which only tpssitive animals and

clinically affected animals were culled. Differescleetween scenarios were
smaller if hygiene is improved (results not showRyom year 10, the

difference of gross margin reported is againstapigon ‘culling test-positive

animal and the last two calves’, whatever the slianee implemented.
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Ratio of the cumulated discounted
gross margin
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Figure 4: Ratio of the cumulated discounted gross margins in all herds of two

surveillance scenarios compared to no control of Mycobacterium aviumsubsp.
paratuberculosigMap): outputs of a dairy herd economic model simulated with

standard (left), impaired (middle), or improved level of hygiene (right)

TO: no control, T1: test-and-cull based on systematic surveillance, T2: test-and-cull
triggered by clinical surveillance
—A—Scenario TO (no control); —/— Scenario T1 (test-and-based on systematic

surveillance); --/\-- Scenario T2 (test-and-cull triggered by clinical surveillance)
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Discounted gross margin Persistence Discounted cumulated Prevalence of
gross margin infectious adults
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Figure5: Effect of the selection of culled animals. Persistence of Mycobacterium avium
subsp. paratuberculosis (Maphfection in the herds (left column) (lines), prevalence of
infectious adults (right column) (lines), and evolution of the relative discounted gross
margin per year (left) and cumulated (right) (compared to a herd with no
paratuberculosis which has a baseline gross margin of 100) (histograms) in all herds:
outputs over time of the dairy herds economic model for scenarios in which the action
performed following a positive test varies (C1: culling of test-positive cows, C2: culling
of test-positive cows and their 2 last calves) within a structured dairy herd with

standard level of hygiene

TO: no control, T1: test-and-cull based on systematic surveillance, T2: test-and-cull

triggered by clinical surveillance

—h— E Scenario 1 (TO); —A—HIH Scenario 4 (T1 C1); --A»- Scenario 10
(TLC2); --A-- % Scenario 16 (T2 C1); - A Scenario 22 (T2C2)
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3.3 Impact of time spent before culling a test-
positive animal

Increasing the delay before culling (from 2 weeksdtmonths) limited the

decrease of both the prevalence and the persistemen test-and-cull

programmes are implemented compared to doing rp{ffilgure 6). This was

observed from year 5, whatever the level of hygi@gasults not shown). The
higher the level of hygiene was, the smaller thifedinces. Even when

delaying the decision of culling test-positive gtimplementing a test-and
cull programme (whatever the surveillance impleredphtwas always better
than doing nothing in terms of prevalence. In teohgersistence, the same
conclusion applies, except for herds with improvedjiene. In these last
herds, the persistence was similar or even hidtar the one for the scenario
with no control programme.

Mean discounted gross margins (annual or cumuldtedame lower over

time than for similar scenarios in which cullingcacred after 2 weeks. The
differences between scenarios were smaller if mgyie improved (results not
shown). From year 10, the difference of gross nmargported was against the
option ‘delaying the culling’, whatever the sunlailce implemented.

3.4 Impact of concomitant health disorders

When other health disorders were present in heiitts impaired hygiene,
milk quota was not reached over time and the sizéhe herd decreased
dramatically (results not shown).

Similar results on ranking scenarios than beforeeweund in herds with a
high prevalence of concomitant health disorderstexe the level of hygiene
implemented but for herd with impaired hygiene. &h®n epidemiological
criteria, implementing a systematic test-and-cutbhgpamme led to lower
persistence and prevalence than implementing thme saest-and-cull
programme based on clinical surveillance. Both-aest-cull programmes led
to lower prevalence and persistence over time thdmen nothing is
implemented. However, the decrease in prevalenck parsistence were
lower here (high prevalence of concomitant healgorders) than in herd
with low prevalence of concomitant herd disorders.

The decrease of relative discounted gross margies time of scenarios
implementing control programmaesrsus doing nothing was higher when the
prevalence of concomitant health disorders incika&e before, this decrease
of gross margin was lower when the level of hygien¢he herd increased.
Differences between scenarios were higher when phevalence of
concomitant health disorders increased and werestlmull for herds with
improved hygiene. Implementing a control programrfwehatever the
surveillance used) was never profitable in econotaitns for herds with
impaired hygiene. It was profitable for herds wstiandard hygiene by year
15.
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grossmargin infectious adults
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Figure 6: Effect of the time to culling positive animals. Persistence of Mycobacterium

0 0 0

avium subsp. paratuberculosis (Mapinfection in the herds (left column) (lines),
prevalence of infectious adults (right column) (lines), and evolution of the relative
discounted gross margin per year (left) and cumulated (right) (compared to a herd with
no paratuberculosis which has a baseline gross margin of 100) (histograms) in all
herds: outputs over time of the dairy herds economic model for scenarios in which the
delay before culling following a positive test varies (D1: culling 2 weeks after a test is
performed, D2: culling 4 months after a test is performed) within a structured dairy
herd with standard level of hygiene

TO: no control, T1: test-and-cull based on systematic surveillance, T2: test-and-cull

triggered by clinical surveillance

—A— E Scenario 1 (T0); —/\— |:|:|:|] Scenario 4 (T1 D1);--A-- Scenario 7

(TLD2); --/5- % Scenario 16 (T2 D1); -/\- Scenario 19 (T2 D2)
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In terms of relative discounted gross margins, thierences between
implementing a test-and-cull programme (whateverdtrveillance) or doing
nothing were even less important. It was not bettevorst to implement test-
and-cull programmes in economic term. Differencesveen scenarios were
smaller if hygiene is improved.

In standard herds, the impact in terms of milk geoand herd size was
smaller when a high prevalence of concomitant healisorders was
simulated. The fulfilment of the milk quota wasteefor T1, than for TO and
even more than for T2. Herd size varied betweeartiD105 adults. In herds
with improved hygiene, the quota was fulfilled, ¥ehthe number of adults
varied between 94 and 104.

Return of investment occurred later in herds witbhnaomitant health
disorders than in herds with paratuberculosis omhplementing systematic
test-and-cull became economically viable from 18rgeafter the introduction
of an infected heifer in an initially susceptiblerti with impaired level of
hygiene. Within the time frame of 15 years, it vi@ser economically viable
to implement the test-and-cull control programmesedda on clinical
surveillance in these herds.

4 Discussion

With our model, it was possible to compare sim@tarsly the impact of
selected control measures on the persistenceMap, the within-herd
prevalence of infectious adults and the discoumgiesds margins (annual or
cumulated). In an infected herd, implementing &aesl-cull programme was
better than doing nothing in epidemiological ternrs.an infected herd,
implementing a systematic test-and-cull programrmenfthe introduction of
one infected cattle in an initially susceptible chelecreased the prevalence
(from year 5) and persistence (from year 1) overeticompared to doing
nothing. The differences in persistence and prexcalebetween scenarios
increased when the level of hygiene of the herdem®ed and decreased,
respectively. A test-and-cull programme triggergcatlinical surveillance also
resulted in a drop in prevalence but in no orditttduction in persistence.
Implementing a control programme did not improvenapair the situation in
economic terms. Implementing a systematic surveiba became
economically viable when the level of hygiene of terd decreased. If the
culling was also implemented on the last 2 calvies @am tested as infected,
systematic  test-and-cull implementation was stillendficial in
epidemiological terms, but even less than beforeegonomic terms.
Similarly, if the delay before culling was incredssystematic test-and-cull
implementation was still beneficial (but less thzefore) in epidemiological
terms, but, again, less than before in economimgetn herds with a high
prevalence of concomitant health disorders, simianclusions could be
drawn in epidemiological terms. The economic impaets even smaller
(longer return on investment when existing). Finalhe differences between
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scenarios remained small (in %). This could beeddft if an impact of
paratuberculosis (health status of the herd) orptloe of the milk sold or of
the animals sold for breeding was simulated.

According to the criteria (epidemiological or ecorio) chosen to rank the
scenarios studied, results were obtained at diffdime horizons. The return
of implementing a test-and-cull programme was fafte epidemiological
outputs than for economic ones. However, whatdveraim targeted by the
farmer, paratuberculosis control needs a long invesst, measurable in years.
It appeared that 5 years were necessary for tmeefato notice a result in
epidemiological terms versus 7 to 15 years forétern on investment, in the
conditions simulated here. A farmer should thusvktioat no returns can be
expected before several years if he decided toemeht a control programme
such as the ones studied here. The higher thefistap transmission (poor
hygiene), the higher and earlier return on investise

The hygiene level of studied herds had an impacthengross margin: the
higher the level of hygiene, the higher the reltiiscounted gross margin
was. Knowing the cost of one hour of work, and aseg that the model

represents well the link between hygiene level @sidof transmission, a next
step in this research could be to assess the lafdiime a farmer can spend
cleaning in order to improve hygiene and thus desethe risk of

transmission, while remaining profitable. The siatidn model did not take
into account for the reduction of economic losseg do other diseases
resulting from improved herd hygiene. Whateverléwel of hygiene studied,

other health disorders were considered at a sirelaal. However, the global

costs associated with an improved hygiene were auotsidered either.

Additional work of the farmer linked tap infection that could benefit the
prevention or treatment of other conditions wase alst considered.

An analysis of the complex relation between repcotidn, replacement,
health disorders such as paratuberculosis, and quititas especially at herd
level requires a model representing a realistidirgulistrategy, a production
function and its interaction with paratuberculasifection. Such qualities are
available in ECOMAM/ECOMAST after its adaptation itcorporateMap
infection. This is here all the more important thiz management of milk
quota has an influence on the culling strategy @afpe. If the gross margin
for 1000 litres of milk produced is studied, thése risk of under-estimating
the impact of a control strategy if the quota i$ m@ached. In herds with high
prevalence of concomitant health disorders sucmastitis and reproduction
disorders, it becomes less relevant to control tphesculosis in economic
terms compared to a similar herd with no paratublesis. Because of the
culling rules, more culling for other reasons tipanatuberculosis occur and it
is therefore more difficult to produce enough mtitkreach the milk quota.
Infected but not detected animals are not prefetigntculled because a
decrease of milk production as other health digsrdeunt more in terms of
culling priority. Herd size is affected, while theplacement rate does not
increase (and is even lower) as we work here irsedodairy herds.
Decreasing replacement rate increases the avergge o the herd.
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Furthermore, we work here in a really specific aliton: the one of the French
milk quotas (no purchase of quota possible dutirgyear and penalties if the
gquota is exceeded). In order to maintain herd aiwkto fulfil the milk quota,

it could be relevant in a future study to change ¢blling or purchase rules.
This could have an impact also on the gross mangghother studied outputs.

Such a complex model working over very long timerigoks cannot
realistically be validated by comparing simulatedtpoits with field data.
Here, we could check that the range of value optlegalence of subclinically
infected adults and clinically affected adults iaerds with the 3 levels of
hygiene studied is within the range of value ofdlaga found in the literature.
The true within-herd prevalence of infected animaigectious and affected
adults reached 80%, 70%, and 10%, respectively, ydars after the
introduction of one infected heifer in a herd watandard hygiene in which
no control measures are implemented. Even if sabeg can be considered
to be high, field studies usually report appareeialence not accounting for
the low sensitivity of the tests available. Evemubh, some field studies
report high individual apparent within-herd prevale such as 60% before the
start of a control programme (VanLeeuwehal., 2001; Hendricket al.,
2005a; VanLeeuwenet al., 2006; Benedictyset al., 2008; Guicharnaud,
2009; Woodbinget al., 2009; Guattecet al., 2010).

The study we present here is the first one presgnti the mean time
epidemiological and economic outputs of the immdidilap control measures
from the introduction of one infected cattle in iaitially susceptible dairy
herd. The fact that doing nothing is worst than lengenting any control
measures in epidemiological terms has been obsenvede field (Pillarset
al., 2009), as well as in othafiap transmission models (Chet al., 2010). It

is reported that culling of infectious animals waHonger culling interval is
less effective (epidemiologically) to contréflap (Lu, et al., 2008). By
modelling, Collinset al. showed that farms with poor hygiene (higher
effective contact rate) would economically benefitre from a test-and-cull
programme than herds with management that dimitiighrisk of disease
transmission from cows to calves (Collins and Marde091). However, most
of the studies dealt with infected herds at différevels of prevalence and
not at the introduction of an infected animal iswsceptible herd. They did
not consider the persistence Map in the herds or did not consider in the
mean time economic and epidemiological outputs4dp infected herds, test-
and-cull programmes are usually reported to dte l{r insufficient results)
to reduce prevalence and not to reduce total costisa 10-year period, while
improved calf hygiene strategies are found to béically important
(Groenendaal and Galligan, 2003; Groenendaadl., 2003; Kudahlet al.,
2007a; Kudahlet al., 2007b; Kudahlet al., 2008; Benneftet al., 2009). In
our study, while the total costs are not reducethlémenting a systematic
test-and-cull programme decreased the prevaleheepersistence, and the
economic impact ofMap on gross margins. However, the test-and-cull
programme is implemented from the introductionrofrefected heifer or from
the moment 2 clinically affected animals are présgvie did not wait the
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prevalence to reach high levels before implementiregprogramme. In our
model also, hygiene levels have a higher impacthenprevalence than the
test programme implemented.

There is little financial incentive for dairy procirs to invest in controlling
Map infection except in particular circumstances (Stetal., 2005). Often,
those initiatives are focused on herds alreadyctate withMap (prevalence
higher than 20% in above study). The above cormtusiould then need to be
tested in non-infected herds which could purchdse infection. It is
necessary to remind that paratuberculosis is asksthat causes losses even
when not clinically affected animals are obsenad it will not just go away
without some efforts. Our aim was here to assestheh an early systematic
test-and-cull control programme could notably daseesetting of the disease
in a herd, as it is difficult and expensive to gdtof the disease once it is
present. However, even with an early action, timarfcial incentive in the
short term remains small and at least several y@araecessary in herds with
standard hygiene to reach a positive value addetiédoprogramme (at least 7
years in the conditions simulated here). ControMalp infection requires
persistence, patience and motivation from the fasme

The scope of this study is limited by the momerfingel to implement the
systematic test programme compared to the momehieahtroduction of an
infected animal in an initially susceptible hercheTcomparison between
systematic implementation and implementation follmyv a clinical
surveillance are highly dependent on the beginmihghe simulation. We
chose to select a specific optimal situation fas 8tudy: systematic test-and-
cull was indeed implemented from the day an infé@eimal is introduced.
In reality, it is not known whether a purchasednaali is infected or not.
Further step is to take into account the probaftgliof introducing an infected
animal. Depending on the value pf the conclusions of this study could
change. Furthermore, a specific test scheme iseimghted (annual ELISA
test performed on all cows). This scheme has betscted based on its
tractability, cost and rapidity of results collegti It corresponds to the current
procedures recommended in Western France. Moreagtiation with milk
quotas is studied here, milk quota achievementngaa large impact on
culling rules especially. Finally, most of the ritsuare obtained in herds with
low prevalence of concomitant health disorders,cwhis not common in the
field. It has been demonstrated that estimatin@si of a disease might be
underestimated if the indirect costs such as ise@ar decreased risk of
associated health disorders and increased risk uliing are ignored
(Kossaibati and Esslemont, 1997; Ostergaadal., 2003). The results
obtained here cannot be generalised to all tesensek, and all herd
management types.

The model described and used here is a tool thadl die used to study other
control programmes. Tests at herd level (pooledstes test of targeted
population within a herd) could also be implementamtentially reducing test
costs (van Schajlet al., 2003). Vazquez et al. indeed report that sampling
within the 3-4 years of age group could improve ¢hance of herd infection
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detection with a minimum number of samples (Vazqaeal., 2009). Finally,
birth clusters ofMap infection have been shown to be an important
component of maintaining endemic infection levefsdairy farms (Van
Genugtenet al., 2009; Woodbinget al., 2009). Assessing the effectiveness of
culling all the calves born at the same moment @annfectious cow gave
birth could also be assessed with the model inrdaéenprove the impact of
Map infection control programmes.

5 Conclusions

Implementing a test-and-cull programme (either esysttically from the
introduction of an infected cattle in a susceptibéxd or based on clinical
surveillance) always improves the situation from apidemiological
perspective. The persistence and prevalence imprewes do not correlate to
a marked improvement of profitability in all theesarios tested. Economic
improvement when implementing a control programrae lbe noticed when
the level of hygiene of the herd decreases. A mstie test-and-cull limits
the persistence dflap infection and maintains low within-herd prevalerate
a lower cost than doing nothing. There is no vadded of culling the last
two calves of test-positive cows. The impact oftporing the culling once an
animal is detected positive is null dap prevalence and persistence and
negative on gross margins. Whatever the programmpéeimented, obtaining
both better epidemiological and better economialtegakes time.
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The aim of this thesis was to investigate the epidgical and economic
effectiveness of control measures dflycobacterium avium subsp.
paratuberculosis (Map) infection for limiting the prevalence and persiste
of the infection in dairy herds. To achieve thismmaa modelling approach has
been used linking an epidemiological with an ecoicommodel. Three
objectives were defined to reach the overall object

1/ to develop a computer model that takes into @atthe current scientific
knowledge on epidemiological attributesMép infection andMap infection
control within dairy herds;

2/ to better understand the transmission Mép within a dairy herd
specifically in terms of prevalence and persisteoicéhe infection, relative
contribution of the different routes of transmisgiand impact of the contact
between susceptible and infectious animals;

3/ to obtain insight into the economic and epiddagizal effects of selected
control programmes foMap infected herds by linking the epidemiological
with an existing economic model adapted to studgtpderculosis.

The general discussion summarizes in section Inth@r findings of the

thesis. Section 2 discusses the general reseaprbaa followed Section 3

deals with uncertainty and variability and how betare considered in this
thesis, while section 4 focuses on the linking @idemiological and

economic models. In section 5, the validity of fimal model and its results
are discussed. Finally, in section 6, implicationserspectives and
recommendations for future research are provided.

1 Major findings

Two new models are now available to studgp transmission in a dairy
cattle herd and the economic effectiveness of iiffecontrol programmes.

A review of previously existing epidemiological nedsl of within-herdMap
transmission in dairy cattle showed that assumgptiahout the routes of
transmission and their contribution within a heettywgreatly among authors.
Gaps of knowledge such as variation of susceptibilith age and variability
of pattern of shedding were identified and showddtdrgeted to improve the
validity of models. There was a need for new moedigch consider indirect
transmission via the environmentjap survival, and possible direct or
indirect contacts between animals in a herd. Ths® was a need for outputs
on persistence and relative importance of the soatéransmission in order to
be able to provide critical features for the camdion of future Map
transmission models in terms of herd management e structure
characteristics.

Therefore, we developed a new epidemiological madeich takes into
account these recommendations (ChapteM2p infection in a herd in the
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absence of control measure is described. In a ibasedcenario for
transmission parameters, herd management and iotmiilities, fadeout
occurred in 70% of the runs whereas persistentctioie was established
within 11 years, with no later fadeout, in 30% bé tremaining runs. Runs
with future fadeout or future persistent infectiomere differentiated by the
number of clinically affected animals which was etgrabove one when
fadeout spontaneously occurred. In persistentlgcteid herds, the two main
routes of transmission were transmission via thé@remment of the farm
mainly contaminated by adults, and utero transmission. Calf-to-calf
transmission was minor, as well as milk and colostrcontributions to the
transmission of the infection. Aerosol transmissimas not specifically
considered as this route of transmission only hagnbhypothesized
(Eisenberget al., 2010).

The contacts between calves did not influemdap transmission in the
conditions modelled hereMap transmission in the herd was mainly
influenced by the exposure of calves to the enwiremt contaminated by
adults’ faeces. Delaying this exposure is thusmenended as a measure for
decreasingMap prevalence. This can be achieved through systemati
separation of adults from calves in addition toeetifve hygiene measures.
Early culling of clinically affected adults led ta lower prevalence of
infectious adults over time. Early culling of sughimals should thus also be
targeted as this will decrealstap environmental contamination.

In a herd with limited incidence of reproductiondamastitis disorders, a
systematic implementation of a test-and-cull progre towardsMap
infection was more effective than performing a iclh surveillance where
screening is triggered by the occurrence of cadésatever the moment of
implementation, the same herd screening and cwlks implemented. It was
profitable 7 to more than 15 years after the intaitbn ofMap, depending on
the exposure of calves to adult faeces via theremwient. Several factors that
could influence the conclusions have been explsteth as the delay before
culling execution, the action performed after aifpas test, or the level of
hygiene. Similar conclusions could be done in altenere health disorders
other than paratuberculosis occur at the exceptiahmilk quotas were not
fulfiled anymore and that herd size decreased dtmmlly. A specific
situation was studied here: the systematic impleatiom of the programme
begins the day an infected animal is introducea ifully susceptible herd.
The probability of introducing an infected purchésmimal or the length of
the period during which the test-and-cull progranismiémplemented before
the introduction of an infected animal should nog donsidered to further
evaluate economically such a programme.

2 General approach

A modelling approach which allows studying a compégstem such as the
transmission of an infectious disease in a herd sedescted as the basis for
this thesis. Both, epidemiological and economictuiess were considered
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during this process. Modelling can indeed be a pfuléool for the analysis
of infectious disease spread and the evaluationoofrol programmes, by
optimizing the use of limited resources or by térgecontrol measures more
efficiently (Keeling and Rohani, 2008). Assumptiara be tested, outcomes
of the host-pathogen interactions in a populatiam de predicted, and
available knowledge on transmission can be reptedeand summarized
thanks to dynamic models (Anderson and May, 199@xlly, models can be
used not only as a predictive tool but also to wstded, to provide
explanation, and to identify new research questiamd important gaps of
knowledge (Epstein, 2008; Lander, 2010).

Another alternative approach to investigating the af this research project
would have been to perform epidemiological studiesinfected herds.
However, such an approach is time consuming antllycpsirticularly for the

study of paratuberculosis which is characterizedabyery long incubation
period and poorly discriminative diagnostic te3tse use of modelling allows
for testing a large number of scenarios as wellhgpotheses on the
transmission oMap. Actually, both approaches (epidemiological stadied

modelling) are complementary and ideally shouldcbmbined. Models are
very suitable for identifying gaps of knowledge tasting hypotheses of
epidemiological relationships that can then be stigated through
epidemiological studies. The knowledge generated tigse studies is
essential for constructing and parameterising tbdets.

Two different modelling approaches can be usedlyacal modelling or
simulation modelling. Simulation is defined as thecess of designing a
model of a real system based on a set of assurmsptmal conducting
experiments with this model with the purpose oheaitunderstanding the
behaviour of the system or evaluating various egiias for the operation of
the system (Shannon, 1975; Winston, 1987). Whildyical models provide
exact mathematical solutions, simulation modelsdn&® run the model
several times to generate representative samplesea$ures of performance
(Winston, 1987; Frigg and Hartmann, 2006). When ef®dre complex,
simulation is the only possibility. The integrateplproach we chose required
representing the whole system (population dynaraias infection process),
resulting in a complex simulation approach. Thisndation approach
necessitates defining simulated scenarios.

The construction of both models presented in thesis (epidemiological and
bioeconomic) was guided by our specific researchestions. First,
discussions with stakeholders revealed that wheerd is infected biap, it

is difficult to eradicate the bacteria. We therefehose to focus our work on
infected herds before the prevalence reached albigh and more precisely
on the early stage of the disease, when a herdmmrdinfected. Then, in
order to prioritise the various control measureg thould be studied (should
we focus on hygiene measures, or feeding measusesjn utero
transmission?), we decided to assess the contiibafithe different routes of
transmission. This required representing all knaoutes of transmission in
our model. Finally, calf-to-calf transmission wasently demonstrated. We
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therefore attempted to assess the contributiohigfroute of transmission and
whether the contact pattern had an impactMap transmission during the
first weeks of age. Studying the impact of calf $iag (direct contact / shared
environments) the first weeks of age required usage an individual-based
model for calves in individual pens and a detailepresentation of housing
facilities (compartmental model) until animals aesistant. These research
questions were studied with the epidemiological ehdd order to improve
the understanding of the disease dynamics andeterrdinants at the herd
level and to identify current lack of knowledge.

Here, we chose a stochastic approach. While thermdetistic representation
is appropriate for large populations where varigbibetween individual
animals have little impact on the population-sadymamics, the stochastic
representation is more appropriate for small pdpra and rare events, and
allows approaching the variability in the systenrenmeaningfully. Here, the
stochastic approach allowed distinguishing fadeand persistent infection.
Control measures that would decrease the persistehthe infection were
thus targeted. However, as paratuberculosis was ishee, population
dynamics did not include stochastic componentsveered based on the most
common European dairy herd dynamics and on thatsituin French herds
when specific parameter values were necessary.

The models presented in this thesis are flexibldstdghat can be easily
adapted to study other research questions. Ottwcashand decisions taken
during the modelling process could be necessanya#t indeed necessary to
decide on the timing of implementation of seleatedtrol measures. In our
simulations, we chose to study more specifically thitial infection of a
susceptible herd and not already persiskéap infected herds in order to be
able to provide also recommendations to farmerschvlare currently not
infected but exposed tilap introduction: will it be possible to remove the
infection if one infected animal is introduced vah the infection persist over
time? With the model, we could implement control asiees when an
endemic situation (equilibrium of prevalence) isaaleed. However, this
would assume that, in the field, equilibrium is alyireached. This is only a
hypothesis, and available knowledge does not alitesiding whether it
generally is the case. Observed prevalence intedeaerds is generally (but
not always) low, suggesting detection before elppiilim is reached. We could
also implement control measures modelling a hett wispecific prevalence
level (for example 5, 10 or 20% of infected animalsd then study hoMap
spreads according to the chosen value. We decidedonselect these two
options as it has already been studied (Groenengtaall, 2002; Kudahl et
al., 2007a). Our modelling study was conducted fosetbdairy herds where
a single infected animal had been introduced. Opeds could have been
studied, but it was preferred to limit the introtlao of infected animals to a
single event to better understand the mechanisrapfspread. The model
presented here can also be used to examine hypsetheselation to infection
dynamics other than the ones tested in this the&ismore accurate
explanation of within-herd infection dynamics couiitleed be possible if
infection states were more discriminated. Thisastipularly true for super-
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shedders for which several biological hypothesést:esuper-shedders could
be specific animals (a specific compartment is o&red for super-shedders)
or it could only be an intermittent state of subidally infected animals (a
few Is cattle can sometimes shed a large amoumilag). The model could
thus be adapted for the study of the 2 correspgndoenarios in order to
assess the influence of super-shedder®ap transmission for example. In
the first case, targeting super-shedders with obmireasures could highly
influence Map transmission. This modelling study would need te b
completed by a comparison of both scenarios’ ostpiith field data.

In addition to the epidemiological outputs, an ea#ion of the economic
effectiveness was performed. Epidemiological ar@hemic effectiveness of
a control strategy can indeed differ. An intengest-and-cull programme can
potentially rapidly reduce the prevalence but btoathigh an economic cost
for the farmer. To help decision makers, both epidéogical and economic
results are necessary. Two options were possible ifdegrating
epidemiological and economic outputs: adding annecuc layer to the
epidemiological model, or adapting a more compleanemic model to the
study of Map infection. While the first option would have beeasier to
implement (for example by adding losses and corttosks) provided major
simplifications are performed, the second optiors walected in this thesis
specifically, since it allowed to study the impadtthe farmers’ decisions
(culling and replacement), of detailed simulatidribee production process in
the herd, of the herd management, and of milk qudtar example, the study
performed in chapter 5 showed that the differernééasses were not directly
differences of revenues and they did not resukkdqaivalent differences of
gross margins. An  existing bioeconomic  simulation odel
(ECOMAM/ECOMAST) was adapted to studyingap transmission. In
contrast to the epidemiological model, the popatatdynamics and herd
management are represented in this economic msibeh@stic components)
in some detail, while the infection process is kejptple. This individual-
based economic model allows to consider suboptou#ling of cows and
milk quotas. In order to consider possible intemat of culling for other
reasons than paratuberculosis control, the cullings represented in that
model are more complex than in the epidemiologicatiel, where cows are
grouped in compartments based on their parity dmir fparatuberculosis
infection status. The epidemiological model does include any detailed
information about individual milk production or Hémdisorders other than
paratuberculosis. Moreover, in ECOMAM/ECOMAST, tbeucture of the
model enables the study of measures targeting tolwr dam and calf
couples (for example culling a test-positive dard @s calf, or all the calves
born at the same period of time). However, it i$ passible to specifically
study the effect of measures based on milk or telbsmanagement as only
two routes of transmission are represented fortplaeaculosis:in utero
transmission, or transmission during the first yefaage (whatever the route).
The costs of studied control measures were quedgtifiver time in order to
integrate the possible changes of effectivenessintdrvention and to
determine the time to return on investment. Onlking at the initial and
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final situations would not have allowed understagdithe mechanisms
implemented and only provided an incomplete impdtie costs of
intermediate steps can be very high.

Different choices were performed in terms of sédecbf scenarios. It was
indeed necessary to select the type of measurdermpted, the delay before
their implementation, their consequences, and offaetors that could
influence the results. A wide variety of scenanesre selected, even if not
realistic, to assess the potential impact of themdint measures. Studied
control programmes are based on control measuneenmented in the field
such as the use of diagnostic tests followed blingubf any test-positive
animal. However, to assess the relevance of stgdgarly detection, we
chose to study the systematic implementation df sumeasure from the time
of introduction of an infected animal into a hdrdthe field, the true infection
status of a purchased animal is not known by thewda Mainly for the
economic part, the modelling study performed hereds to be followed by
another study in which we consider the probabdityntroducing an infected
animal and compare scenarios in which tests ardeimgnted for a certain
period of time (possibly years) before the timamfoduction of an infected
animal into the herd. Furthermore, the impact &fedent risk of transmission
within a herd has been assessed by studying ditfdevels of hygiene
implemented in a herd, resulting in different caisgbns. This pinpoints the
importance of controlling the exposure of calvesattult faeces. Studied
levels have been arbitrarily defined. It is againypothetical scenario as we
do not know which cleaning-disinfection measuresiid@llow reaching such
levels. Finally, we assumed that the time necedsargt farmer to detect and
cull a clinically affected animal does not changerothe simulated period.
This was done to study a situation with absolutety control measures
implemented, when the epidemiological model showleat early culling
clinically affected animals had a dramatic impactiMeap prevalence. Such a
scenario in which no control measure is implemeigeabt realistic. Indeed,
from the time a farmer notices a disorder of diagdn on his farm, he will
preferably cull these animals and will not, for exde, delay similarly the
culling of the £ and the 19 clinically affected animal. However, range of
model outputs for prevalence reached 8 to 10 yafies the introduction of
one infected cattle into an initially susceptiblerdh fitted with range of
corrected observed prevalence in the field whemdas decide to begin a
control programme. Interestingly, at this time, ameous fadeout is almost
null in our outputs when no control measure is enpénted. In the
bioeconomic model, spontaneous fadeout occurredfieguently compared
to the epidemiological model, either when no cdntmeasures or when test-
and-cull programmes were implemented. This mayXmaged by the fact
that cullings were considered in a different waybimth models (see below
part 4.).
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3 Uncertainty and variability

Biological systems are characterized by their v@litg and uncertainty. Such
characteristics need to be considered to obtainltsethat can be used for
decision making.

Uncertainty is related to the lack of knowledge hese on fixed parameters
that characterise a disease (Harwood and Stok88).2 is not an effect of
chance. For example, uncertainty exists in the kedge we have on the
upper limit in age for susceptibility t¥lap infection, or on the transmission
rates ofMap within a herd via the different routes of transsios.

Variability can be measured, analysed and possikpyained. It is composed
of both the variability between individuals in aputation and within an
individual (Banks and Potter, 2004). An example \@driability for
paratuberculosis is the amount\ép shed by individuals, which differs both
between individuals and within an individual ovene. Variability can also
be a consequence of randomness. For an animalndiageon the sample of
faeces performed, the countMép differs (as well as the diagnostic). This is
also known as the stochastic variability. Such togteneity should be
considered, especially when specific categorieanifnals are targeted by a
control programme. When it comes to susceptibility shedding,
heterogeneity can be modelled by considering asymeategories of
individuals (compartments) as necessary to desedliability.

Both uncertainty and variability represent the eaictability of the system
and reflect the variations of the outputs that ddug expected. Uncertainty
can be limited using expert opinion or availabl¢éad@election of plausible
intervals). Variability can be quantified and mdddl thanks to repeated
observations. Sensitivity analysis allows asses$ingg a model behaves
towards uncertainty or variability of parameter®ider to define whether it is
possible to trust the prediction of this model lfgiey of the conclusions)
(Hyman et al., 2001). Indeed, sensitivity analysis investigdtes effect of a
change in any of the input parameters on the owtcdirs thus possible to
determine which input parameters have the biggdlsieince on the outcome.
If the outcome differs depending on the value ofiaknown input parameter,
the model cannot be used as a predictor (at leaistgnantitatively). If
interactions exist between unknown parameters, eguetiitative predictions
(e.g. ranking of control measures) are risky.

If there is complete knowledge on the system and vadability, a

deterministic model can be used. Otherwise, a afiith model should be
used. A stochastic approach has been chosen haeptesent variability
(probability of occurrence) in both the epidemiotay and the economic
models. In the epidemiological model, the stoclggért was limited to the
infection process (Table 1). For the population awics, a deterministic
approach was used as uncertainty and variabilitg Wmnited for the purpose
of our study (a specific situation was indeed chosar the population
dynamics). We chose to express the stochastic salehour model by using
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Table I: Differences in terms of how variability and uncertainty are taken into account

in both models and the simulations

Model Epidemiological model Economic model
component (compartmental model) (individual based model)
Variability Uncertainty Variability Uncertainty
Population Deterministic  Not considered Stochastic Not
dynamics model processfor the  considered
and dairy Variability of herd dynamics  No variation
herd housing and and production  (variability
management’  contact (parameters and
structure chosenin uncertainty)
studied by distributional on prices
simulation laws) and 2
levels of other
heslth
disorders
influencing
replacement of
the herd
Map Stochastic Sensitivity analysis Cf epidemiological model
infection process performed on the following The time spent in the different
process (probability  uncertain parameters: upper  infection states are drawn in
distributions  limit in age susceptibility, distributional laws (mean and
applied to age-dependent relationship, standard deviation provided in
fixed survival of Map in the Chapter 5)
parameters) environment, vertical and Three different levels of
horizontal transmissionrates  hygiene modifying the
Lack of or limited knowledge transmission parameters are
in terms of : studied
= Upper limit in age
susceptibility
» Age-dependent dose-
response relationship
= Map transmission
parameters
= Survival of Map in the
environment
» Shedding levels
= Existence of super-shedders
and passive shedding
Initial = 25initia Not considered = 1initial Not
conditions susceptible susceptible considered
herds herd
» Theinfected = Theinfected
catleis cattle
introduced in introduced is
the same the same for
compartment al simulations
(same parity (same length
and infection in the | s status
status but especidly)
different
lengthin I5)

French dairy herd population dynamics are specifically studied
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likelihood of occurrence of events (fixed paramgtdinked to the infection
process. We did not use distributions on inputsrofer to better control the
variability of the system, and because such digions are poorly or not
known. Moreover, 25 initial herds (without infeatjorepresentative of a usual
herd from Western France were selected to reprakentariability of the
system. This limited the chance of selecting aipadr herd for the initial
condition before introducing an infected animaltte economic model, the
population dynamics included more stochastic coraptsbut all scenarios
were run from the same initial herd. Variability sMémited in the economic
model as the same infected animal was introducedlfscenarios. This was
possible because the economic model is an indildolased model in which
the characteristics of each cow can be definedigalyc This is not the case
for the epidemiological model.

Uncertainty in the epidemiological model was stddibrough a sensitivity
analysis. Several uncertain parameters were idehtiis influencing the
results: the percentage bfap removed from the environment, the level of
exposure of calves to adult faeces, and the imfecprobability if one
infectious dose is shed by any animal in the emwvivent (between-group
transmission rate via the environment). More knolgke on these uncertain
parameters would be of interest.

As the outputs of the epidemiological model weredugo define the
parameters of the economic model fidap infection process, the uncertainty
existing in the first model was assumed to be #mesin the second one.

Inclusion of variability gives a more realistic fuice and allows appreciating
the variation of the situations in terms of epidelogical and economic
consequences dflap infection control. However, modelling is a compieen
between simplicity, tractability, and realism ofettsystem we want to
represent and study. Interaction between biologlyrandelling is essential to
identify and represent uncertainty and variabilityjnterpret the outputs, and
to define the scenario that are relevant to beesud

4 Linking epidemiological and economic
models

Linking epidemiological and economic models addii@do the decisions
based on the outputs notably when conclusionsrdiffpending on the model
outputs used.

While epidemiological models take little or no agob of economic

constraints or incentives (such as milk quotas amiting decision rules),

economic models mostly ignore the temporal dynand€sthe disease.
Linking models can be done by adding economic &toeidentified losses
and costs in existing epidemiological models. Thas been up to now the
most frequent approach used in animal health ecmsonfartial budget
approach is a simplified approach looking at tHeedénces between an initial
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and a final situation. Following the economic otpover time and regulating
the comportment of the model depending on econotiguts as it is done in
this thesis is more complex. Following economic¢pots over time while
adapting the associated epidemiological model éoettonomic outputs is an
original approach that has not been often used aotv (Kudah)] et al.,
2007b; Rat-Aspert and Fourichon, 2010). We hereselo allow regulations
of the behaviour of the model depending on econaroitstraints such as
milk quotas and culling decision rules.

A metamodel was built in order to describe theti@tabetween prevalence of
infectious adults and incidence ®lap infection in susceptible animals,
without looking specifically at the routes of tramssion after birth, as they
are not specifically represented in the economidehoTwo other research
teams working on paratuberculosis (Groenendaal., 2002; Kudahlet al.,
2007a) did a similar choice when adapting an exgstimodel to
paratuberculosis, or when building an epidemiolagimodel in which the
economic part is particularly developed. Howevke time step of 6 month
used in the Dutch model does not allow as finefig as our model in terms
of economic outputs and management decision infingriMap transmission
(Groenendaal et al., 2002). Furthermore, this model does not consider
explicitly the management of culling and replacetwvelnich is expected to be
strongly influenced by the disease and vice-vessaell as by other diseases,
and to strongly influence the economic results.

A difficulty in the process chosen comes from tladéidation of the economic
model in terms of paratuberculosis progressionciblzox approach based on
incidence and prevalence only). The persistencehef infection in the
epidemiological and in the economic models diffeistably. The main
difference between the two models lies in how nogllis performed. In the
economic model, culling decision rules are complaxthe epidemiological
model, there is no preferential culling of subdailly affected animals due to
the decrease in milk production while it is theecasthe economic model in
which culling decisions are more refined. In thasitvity analysis of the
epidemiological model, the time spent in the hexd dinically affected
animals before culling was found to largely afféloé persistence, with a
lower persistence when clinically affected aninst#sy during a shorter period
of time. While one could expect that clinicallyedfed animals stay less time
in the economic model notably because of the logsemilk production,
persistence occurred to be higher in this last mddés could be explained
by the fact that in the epidemiological model, ithial case (infected animal
introduced) is rapidly culled, preventing the tnanssion of the infection from
the beginning. In the economic model, the introdudefected heifer is
relatively protected from culling because of iteand of increased genetic
merit due to average improvement observed betweemergtions (as
parameterized in the rules of the model). As thémah introduced is
subclinically infected, the milk losses are low add not induce the
immediate culling of this animal.
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5 Mode validation and validity of the
results

Simulation models of a complex system can only henpkfied
approximations of the system. Depending on aval&bbwledge and on the
guestion to be answered, models can be used erdiff manners. First, they
can be used to summarise available knowledge etttifgt lack of knowledge
and to construct a formal representation of a sydte better understand it.
Second, they can be used to test biological hygetheThird, they can be
used to compare different scenarios and if theyalidated against data, they
can be used to predict future states of a systesh 8ifferent uses necessitate
different levels of validation of a model.

When it comes to paratuberculosis, the epidemiokdginodel of the thesis
has been used in different manners: to summariadable knowledge, to
identify lack of knowledge, to test biological hypesis and finally to
evaluate scenarios of control. The internal anéres validity of the results
has indeed been assessed as well as the choibe assumptions. Internal
validity corresponds to the trust in the models aimdulation outputs that is
assessed thanks to the validation process. Exteatidity corresponds to the
possible extrapolation of all or part of the resiift a broader frame than the
one studied.

Model validity needs to be assessed for the mooldbet used (validation
process). This can be performed through a sengitarialysis, by verifying
the hypothesis performed and by confronting theouist with field data or
expert opinions. Quantitative validation is seldguossible. It is indeed
difficult to obtain field data for situation withbucontrol measures
implemented, especially due to ethical and econageasons. Furthermore, it
can be difficult to know the real status of animaispecially when diagnostic
tests are poorly discriminative as it is fofap. Moreover, such field
observations can take a long time to collect. Furtiore, if variability is
high, a huge number of observations need to beoeeid for a similar
situation, everything else being constant. If medate not quantitatively
validated they cannot reliably be used for predictiHowever a partially
validated model can be used for other purposes asidecision making. If so,
all model users need to be aware of the modeldienitd be critical towards
the outputs and the hypothesis on which the outprgsbased. There is no
perfect model and no definite answer (Epstein, 2@@®&der, 2010). Model
outputs should always be reported with the asswmpton which they are
based, the objective targeted, and the conditionghich the work has been
performed. Here again, a trade-off between avalatdnowledge,
assumptions, objective and outputs needs to balfoun

Both models were validated by comparing simulatedpuats such as
prevalence of infected adults with field data. Tia@ge of prevalence of
infected adults found in both models was up to 98fter 25 years of
simulation without any control measure. Even if lsuealues can be
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considered to be high, it is necessary to remiatittie prevalence is reported
in the models and again that no control measurapemented. Furthermore,
field studies report also high individual withinfdeprevalence such as 60%
before the start of a control programme (Benedjctisal., 2008). The
conclusion that if calves were not exposed to amngrenment contaminated
by adults, the other routes of transmission aresnfficient to maintain the
infection was confirmed by the results of two sasdiBenedictust al. (2008)
indeed reported thah utero transmission was not sufficient to maintain the
infection, while calf-to-calf transmission was aleported not to be sufficient
neither (Van Roermundt al., 2007).

Different assumptions have been set and shoulémeded when looking at
the outputs.

= Simplifications that could decreaddap transmission compared to
reality have been done. It is indeed assumed theat & we consider
the existence dflap survival in the environment, pastures are free of
Map when animal go grazing every year in April. Th&seno Map
residual from one year to the following one. Theamtity of Map on
pastures is perhaps under-estimated, notably thipssare fertilized
with bovine slurry fromMap infected herds. However, only animals
above 6 months graze in our dairy cattle model,levitthe most
susceptible animals are younger. This is corroledrdby recent
studies on the persistence Mbp in pastures fertilized with bovine
slurry that reported that the contamination risk field dry hay,
although possible, is of limited importance for tinéection spread
(Arrigoni, et al., 2009; Kruzeet al., 2009). However, this could be
adapted to study beef herds or dairy herds graalhgear long
(Grewal et al., 2006; Salgadgcet al., 2009). It is furthermore assumed
that during the grazing season, calves are not sexpdo any
environment contaminated by adults even if aduwitse inside twice
a day for milking. It is considered that the milgiparlour is not close
to calf housing facilities or that milking cows doaot result in an
exposure of calves to adult faeces.

= Culling rates are fixed in the epidemiological miode reality, if
there is more culling because of paratuberculagigr usual culling
(random process, low milk production, reproductialisorders
notably) decreases, and thus culling rates can dapending on
parities in order to keep a constant herd sizeoofuffil the milk
quota. Also, from the moment a farmer realizes has h
paratuberculosis in his herd, he will preferablil the affected cows.
Thus, affected animals will stay a shorter timehia herd than at the
beginning of the infection. This is not considered the
epidemiological model, but it is in the economic deb Different
objectives are indeed targeted depending on theeimadd such
precisions are not equally useful.
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»  We made simplifications: i) on infection states ahédding. A recent
genetic study refutes the ‘pass through’ (passaexdl shedding of
Map) assumption (Pradhanet al., 2009) while another study
corroborates the assumption based on faecal asdetisulture
(Whitlock, et al., 2009). By comparing the results bfap strain-
typing and shedding levels, Pradhetnal. concluded that very few
cows had characteristics of a possible pass-thranghal, and many
more cows were actively infected. However, the isigaof the same
strain by low shedders with the contemporary sgbedders
suggested that low shedders may be infected assaululthe super-
shedders. It would thus probably be relevant tosmr such
categories of animals; ii/ on horizontal transndesiand more
precisely on the influence on indirect faecal comteation of
colostrum and milk of the level of hygiene implertezh on farm
(cleaning measures). Milk and colostrum indireattamination only
depended here on the level of shedding of cowsptaem the farms;
iii/ on Map impacts on reproduction. Literature is contradigton
this issue, and recent studies did not report Bgmit negative impact
of Map infection on reproduction (Marcét al., 2009; Smithet al.,
2010).

= It should be reminded that tha utero transmission considered in
both models in fact takes into accountutero transmissionsensu
stricto and transmission during the 24-48 hours aftehtbefore the
calf is separated from its dam. Information werdeed lacking to
model separatelyn utero transmissiorsensu stricto and transmission
around birth. It was also considered that the Belityi of a control
measure targeting the separation of dam and ctifwdne hour after
the birth was low.

= Several assumptions have been set on animal simligpto Map
infection: the slope of the susceptibility functionuld be changed.
However, the sensitivity analysis performed on sp#8bility did not
point out a strong influence on the results. Noegienvariability has
been considered for susceptibility.

Finally, to improve the internal validity of the uhels, the main knowledge
gaps that need to be addressed are the followhegretsistance dflap in the
environment, the existence of pass-through, and #xéstence and
characteristics of super-shedders.

A sensitivity analysis has been performed on thdespiological model for
parameters linked to contact patterns (ChapteiTBg¢n, outputs have been
confronted to field data in order to perform a j@nalidation (Chapter 2). A
better validity of the model could be reached byplementing an
epidemiological study adapted for model validatibfowever, this would
necessitate several years of follow-up and a laibservations. That was not
possible within the time available for the thesisl @o data corresponding to
the modelled situation are available as it is yegdle that a farmer does not
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implement anything in an infected herd. Anotheri@pivould be to compare
the outputs of a scenario in which control measamesimplemented with

field data where the same control measures arecimgaited. However, it is
difficult to control whether the measures are viglplemented in the field.

And most importantly, observed individual and tidep prevalences differ

because of the low sensitivity of currently avaiabests. Conversely, it is
possible to compare observed and simulated disibifg by stochastic

modelling. More easily, it also is possible to fethat observed outputs are
in the range of credible simulated outputs.

The transmission rates of the epidemiological madel here based on one
experimental study (Van Roermured al., 2007). The next step would be to
validate these parameters from other experimertalies when they will
become available. A sensitivity analysis was penft on these parameters
(results not shown). It showed that the betweenygrpansmission rate via
the environment (infection probability if one infeus dose is shed by any
animal) had an influence on the outputs while othemsmission rates had no
influence. Dividing by ten these different infectigorobabilities had no
impact on the prevalence and persistence, andeoatkier conclusions of our
work. For the economic model, the population dyranhias been validated
through previous studies done with this model. paetuberculosis infection
process is based on the outputs of the epidemaabgnodel. While it is
possible to compare prevalence outputs with fieldh dwith the limitations of
the difference between true and observed prevaleria to the difficulty to
detect animals owing to the low sensitivity of dable tests), it is not possible
to get field data on persistence. Fadeout probekists without any control
measure is implemented, but it is usually not regazbor observable.

Based on these validation steps, the two modetgepted in this thesis can be
used to test assumptions and to qualitatively coengaenarios. They have
been used to quantify the submerged part of theerceby providing the
repartition of the animals in the different infecti states such as latent or
subclinical infection (Chapter 2). However, all tbenclusions of this thesis
do not have the same external validity. While défé herd sizes have been
studied, only one contact structure was assessedxmmple. It would be
necessary to perform similar scenarios adapteceé&b berds, to other dairy
farming systems, to other breeds to conclude foertypes of cattle farming
systems in terms of contribution of the differentites of transmission, of
influence of contact structure, of stochastic dyitanof Map infection, or on
test-and-cull strategies impact. For the econorait, guantitative results are
linked to the prices chosen. The ranking can beapgtated, but not the value
itself of the economic effectiveness. By multiplyithe scenarios studied, a
range of quantitative conclusions could be given.

6 Implications

Several studies have reported a low compliancenfral programmes when
several measures are advised to farmers withountipgi out priority

193



measures (Coursaget, 2009; Taisne, 2009; NielsénTafi, 2010; Sorgeet
al., 2010). The outputs of the research performedhduitiis thesis can help
defining priority measures. It has indeed been shthat the two main routes
of transmission are transmission via the globalirenment of the farm
mainly contaminated by adults, arid utero transmission (Chapter 2).
Furthermore Map transmission in a dairy herd is mainly influendsdthe
exposure of calves to any environment contamindigdadults’ faeces.
Delaying this exposure is thus recommended to dsefdap prevalence.
This can be obtained through systematic strictesmtly separation of calves
from adults in addition to effective hygiene measur

Return on investment (ROI) was never below 7 yearsaverage in the
scenarios simulated in this thesis. This minimuml R@s reached in herds
with impaired hygiene when systematic test-and-dasll implemented.
Thereby, farmers need to be warned from the sfaa control programme
that controllingMap takes time and that they will need to implemerg th
measures for 5 to 10 years to obtain profitableilt®s A communication
effort is necessary to keep the farmers motivatedyoidMap reintroduction
when purchasing cattle, and even to create a dekigetting involved in a
control programme. Furthermore, it appeared that ribsults in terms of
prevalence and incidence were better in herds wigiroved hygiene, while
the ROI was longer for such herds. However, itrisbpble that the hygiene
measures implemented towarli&ap infection also are profitable for other
diseases and induce a decrease in their inciddinc®was not considered in
the bioeconomic model used here. It appeared theas better to implement
a test-and-cull strategy than doing nothing in tdemditions studied here
(infected herds). This was all the more accurate gtudied herd presents
other concomitant health disorders. Further workilddhowever be relevant
to study the impact of the concomitant health discg both on
epidemiological and economic outputs in situatianith and without milk
production quota. In herds with improved hygierestdand-cull strategies
were not economically efficient (really long timeglbefore ROI). Actually, a
decrease of transmission had more impact thanatestull strategies.
However, the variation of parameters with hygiesenbt known. Thus,
guantitative conclusions should be taken carefulijle qualitative results are
to be considered. Observed differences betweenadosnin terms of ROI
were small.

Economic values on gross margins and return orstment would need to be
adjusted if the prices of sale products (milk, leagspecially) depended on the
herd status foMap. This is currently not the case in the bioeconomadel
but could become accurate on the field in the tut&inally, in order to assess
the relevance of test-and-cull strategies for ayner (with a non-infected
herd especially), it would be necessary to consalso the probability of
purchasing an infected cattle (both for the prolitgbdf a unique Map
introduction and for the probability dap reintroduction).

We here performed a cost-effectiveness analysisnMalues of discounted
gross margins were provided especially. Other datpould be of interest for
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decision making. The variability of the gross margiould be relevant.
Knowing the shape of the distribution of this outpwould indeed enable
considering risk aversion. For 2 scenarios reggllimthe same mean gross
margin, a farmer can indeed chose one or the sesiratbgy based on the
minimum / maximum expected gross margins and tipeobability of
occurrence, depending on his risk aversion. Suehribility of the output
can be considered in our stochastic bioeconomic eindgurthermore, a
farmer can base his decision not only on the redudt cost-benefit analysis,
but also on the costs alone which can prevent himplamenting one
expensive strategy. Such outputs are availablehénbioeconomic model.
Lastly, non-monetary outputs such as the work Igeat considered in our
model) or the frequency of the disease can inflaeaadecision. Here, for
example, strategies implemented in herds with iwgdohygiene were not
economically profitable, but decreased the frequeridlap infection.

Both models can now be used for immediate or longen purposes. An
immediate utilization can be for research. An asialyof the influence of
super-shedders is scheduled. The epidemiologicdetmaill serve to test the
two following biological assumptions: are superdihers specific animals
which always shed a larger load Mfp, or are they animals that sometimes
shed a large amount Map in their faeces, whatever the load they shed the
time step before? Depending on the conclusion ef study and after
confronting outputs to field data, conclusions auyised control measures
could differ. If it is acknowledged that super-stierts are specific animals, it
would then be necessary to try to characterizeettsmals in terms of
shedding (especially how much and from when) ampbssible to target such
animals in order to cull them as soon as posstbtkerwise, it will be more
difficult to define targeted control measures. Cme tother hand, the
epidemiological model can also be adapted to stuelyassumption of passive
shedding if new biological knowledge confirms tlaissumption. Impact of
selective culling of most susceptible calves ouffeitsuper-shedders can also
be studied when information on genetic markers bgttome available as well
as the impact of herd size. To meet farmers’ demigwedeconomic model can
be adapted to test other detection strategiesaifeatess expensive, such as
pooled tests or tests targeting only specific caieg of animal. For example,
parity 2 and older cows could be targeted in otddimit the cost of the tests
as young animals are difficult to detect. Test #imity for parity 1 cows is
currently really low, and the costs of using suektg on young cattle are
probably higher than the advantages. Environmetdgsis could also be
implemented. However, the model is currently desiio study individual
testing and would need to be adapted to study lbeal outputs.

Another perspective could be to study cohorts anldatl the calves that are
born close to the calving of an infectious cow (Bdictus et al., 2008; Van

Genugtenet al., 2009). It has indeed been reported recentlylitmtt clusters

of Map infection are an important component of maintajnipersistent
infection levels of dairy farms (Van Genugtest al., 2009). Vaccination
strategies could also be studied.
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Finally, working at herd level and considering firebability of introducing
an infected animal can influence the individualisien of a farmer. A larger
scale could also be targeted with measures atdhetry or regional levels
having impacts on prevalence and on transactionweea farms (joint
programmes).
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General Conclusion

In the research project of thisthesis, we aimed at increasing, thanks to the use
of stochastic modelling, the understanding of the epidemiologica and
economic consequences of selected paratuberculosis control measures in
infected dairy herds. Motivated by the review of the literature and current
knowledge on paratuberculosis, a new dynamic epidemiologica model has
been built. In a baseline scenario for transmission parameters, herd
management, and housing facilities, fadeout was frequent. After several years,
persistent infection was established and never followed anymore by fadeout,
in the absence of control measures. The cumulated number of clinically
affected animals appeared to be a good indicator of the progression of
Mycobacterium avium subsp. paratuberculosis (Map) infection dynamics
towards persistent infection, and it furthermore is very easy to usein the field.
A threshold of 2 clinically affected animals seemed adequate to trigger control
measures in a herd. The evaluation of control measures limiting the early
exposure of calves to any environment contaminated by other caf or adult
faeces was possible since epidemiological and zootechnical aspects were
taken into account. Classifying the different routes of transmission in terms of
their relative contribution to the infection within a dairy herd was aso
possible. In persistently infected herds, the two main routes of transmission
were transmission via the environment of the whole farm (contaminated by
adult faeces) and in utero transmission. Calf-to-calf transmission was minor
as well as other known routes of transmission. As a priority, exposure of
calves to any environment contaminated by adult faeces should be reduced,
particularly at and just after birth when calves are the most susceptible.
Culling rapidly clinically affected animals (shedding a large amount of Map)
should also be targeted. This model has then been coupled to an existing
bioeconomic model to compare the effectiveness of implementing a
systematic test-and-cull programme from the introduction of an infected
heifer in an initialy susceptible dairy herd or the same test-and-cull
programme for which the implementation is based on clinical surveillance.
Limiting the persistence of Mycobacterium avium subsp. paratuberculosis
infection and the prevaence of infectious animals a reasonable costs was
targeted. Implementing a test-and-cull programme always improved the
situation from an epidemiological perspective. From an economic perspective,
it improved the situation for systematic test-and-cull but neither improved nor
impaired the situation for standard herds when clinical surveillance was
performed. However, economic improvement could be noticed when the level
of hygiene of the herd decreased. A systematic test-and-cull programme
limited the persistence of Map infection and maintained lower within-herd
prevalence at a smilar cost than doing nothing. If nothing was done, the
prevalence reached a high level. There was no value added of culling the last
two calves of test-positive cows. The impact of postponing the culling once an
animal is detected positive is null on Map prevalence and persistence and
negative on gross margins. Whatever the programme implemented, obtaining
both better epidemiological and better economic results took time. With the
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flexible tool constructed here, it is possible to take into account new
knowledge, to test hypothesis in relation to infection dynamics, or to study
other control scenarios.
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Summary in French / Résumé Substantiel en Francgais

La paratuberculose est une maladie inflammatoirenihue et progressive des intestins des
ruminants due &ycobacterium avium subsp paratuberculosis (Map). Elle est présente dans la

plupart des régions d’élevage. Il n’y a actuelletmaocun traitement. La paratuberculose
entraine des pertes économiques dans les explosatitteintes. La production laitiére est
effectivement limitée par la diminution de I'abstiop des protéines et cela avant qu’'un animal
infecté ne puisse étre détecté avec les tests riidps actuellement. Les signes cliniques
caractéristiques sont des diarrhées profuses ammanigrissement pouvant conduire a la mort si
'animal n'est pas réformé avant. Dans les élevagkstés avec signes cliniques, les pertes
peuvent étre si grandes qu'un élevage productijeng plus étre maintenu. Il y a donc un réel
besoin de mettre en place des actions de maigisafection parMap.

La modélisation épidémiologique est une voie déeethe qui permet d’étudier la dynamique
d’infection d'un troupeau, sous différents scérnade maitrise. Une approche par modélisation
est adaptée a I'étude de la transmissioMdp au sein d’un troupeau et a I'étude de I'impact de
programmes de maitrise. Il est effectivement diffide mettre en place des études de terrain
évaluant la transmission diéap du fait du développement progressif de cette nl&kuls les
bovins de moins de un an semblent sensibles al@rdeg signes cliniques n’apparaissent qu’au
bout de quelques années (2 a 12 ans). Les étudesrdi@ sont d’autant plus difficiles que les
tests de diagnostiques actuellement disponibleseptént une tres faible sensibilité (entre 0.13
et 0.94 pour les tests indirects) et ne permefpent ou pas de détecter les jeunes animaux
infectés. Par ailleurs, les signes cliniques ne pas spécifiques de la paratuberculose et un
diagnostic différentiel doit étre établit. EnfinJupieurs actions de maitrise peuvent étre
combinées : évaluer l'effet de ces différentestétiias nécessiterait de comparer de multiples
situations. La modélisation permet au contraireégdiser une telle comparaison pour un codt et
un temps raisonnables. Une telle approche peutuiteepour les prises de décisions lors du
développement de programmes de maitrise.

De facon a répondre a la demande des consommatetesme de produits sains a un prix bas,
'organisation du programme de maitrise le plustaiele semble fondamentale dans notre
industrie. Dans ce contexte, I'objectif de ma thésed'évaluer I'efficacité épidémiologique et

la rentabilité économique d’'un nombre restreintctitms et programmes de maitrises de la
paratuberculose en troupeau bovin laitier infedtéffet sur la persistance de l'infection et le

niveau de prévalence d’'un programme de tests sde/igzformes appliqué systématiquement
dés l'achat d’'un animal infecté dans un troupedtialament sensible est particulierement
étudié grace a une approche par modélisation.

Une revue des différents modéles de transmissioa-iroupeau délap a d’abord été réalisée
de fagon a évaluer s'il était nécessaire de coinstun nouveau modéle pour atteindre notre
objectif (Chapitre 1). De facon a représenter landmission indirecte deMap via
'environnement et la transmission veau a veaumgdéle épidémiologique a ensuite été
construit (Chapitre 2). Ce modele a été utilisé rpoueux comprendre commeidap se
transmet au sein d’un troupeau bovin laitier, noteamt en terme de contribution relative des
différentes voies de transmission et de persistageeus extinction de linfection lorsque
aucune action de maitrise n'est mise en place &u den troupeau. Dans ce modéle
épidémiologique, la dynamique de population d’'wupreau bovin laitier est représentée. Il est
effectivement nécessaire de considérer précisénenstructure de contact lorsqu’une
transmission indirecte via I'environnement exidi®. troupeau laitier, les veaux et les adultes
sont élevés dans des logements séparés, entrainantine séparation des animaux sensibles
(veaux) et des principaux excréteurs (adultes).dystemes de logement des veaux laitiers les
plus couramment rencontrés en Europe ont été &vgltéee a un questionnaire (Chapitre 3).
Cette étude nous a permis de valider les choixssigsatans le modéle épidémiologique en terme
de logement des veaux. L'impact de la structurea®#act sur la transmission téap a été
évalué grace au modéle épidémiologique précédememmtruit (Chapitre 4). Engin, un
modele bioéconomique a été construit a partir dimulateur économique de troupeau pré-
existant et le modéle épidémiologique construit lde ma these (chapitre 5). Ce modeéle a été
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utilisé pour évaluer la rentabilité économique 'efficacité épidémiologique d'actions de
maitrise sélectionnées.

Deux nouveaux modeles sont maintenant disponildes étudier la transmission déap en
troupeau bovin laitier et la rentabilité économigieeprogrammes de contrble. La revue de la
littérature a révélé le besoin de construire unveau modele épidémiologique de transmission
de Map prenant en compte la résistanceMigp dans I'environnement et la structure de contact
entre les animaux d’'un troupeau. L'étude grace adéie épidémiologique construit lors de ma
thése de la transmission W&p en troupeau bovin laitier a révélé qu’en I'absedestions de
maftrise, une extinction de l'infection survieninda70% des cas sur un horizon de simulation
de 25 ans. Quand au moins deux animaux infectéis|eés ont été présents successivement ou
simultanément en 5 ans, l'infection devient endémidans 96% des cas, alors qu’en I'absence
de cas cliniques, elle le devient dans seulementd®% cas. Dans les troupeaux infectés
persistants, la transmissiamutero et via I'environnement contaminé de I'élevage desatdeux
principales routes de transmission. Empécher leacbentre veaux lors des premiéres semaines
n'a pas dimpact sur la transmission §ap. Il est recommandé de limiter ou retarder
I'exposition des veaux aux adultes et de réforrapidement les animaux cliniguement infectés
pour réduire la prévalence de linfection. Selonbjectif ciblé en terme de contrdle de
l'infection et le niveau d’hygiéne du troupeau féliEntes stratégies de tests et réformes peuvent
étre recommandées. L'utilisation de tests puisrnéés semble rentable s'il est mis en place de
fagon systématique dés lintroduction d’'un animafecté dans un troupeau initialement
sensible.

Les deux modeles présentés dans cette these penaiienant étre utilisés pour des objectifs
a courts et longs termes que ce soit pour desuxagta recherche fondamentale ou appliquée.
Ces ouitils flexibles permettront effectivement diéer d’autres actions de maitrise en troupeau
bovin laitier.
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Abstract

Paratuberculosis is a worldwide incurable dise&sarninants resulting in a decrease in
milk production and slaughter value. The aim ofstlinesis was to evaluate the
epidemiological and economic effectiveness of getecparatuberculosis control
programmes in infected dairy herds. A stochastiwuition model has been developed
to represent both the population dynamics withindary herd and the indirect
transmission ofMycobacterium avium subsp. paratuberculosis (Map). It has been
coupled to an existing bioeconomic model. The spedus within-herd progression of
Map infection after the introduction of one infectedttte in an initially susceptible herd
was studied in the absence of control measure.€effieet of within-herd contacts on
Map spread in a persistently infected herd was ingastd. The cost-effectiveness of
test-and-cull strategies to contidbp infection in dairy herds was assessed. Simulation
outcomes put forward that, even when no controlsmeais implemented, fadeout can
occur if less than two clinically affected animale present. In persistently infected
herds, the two main transmission routes are tressom via the environment of the
farm andin utero transmission. Isolating calves from their herd esaduring the first
weeks of age has no significant impacthMap transmission. Limiting or delaying calf
exposure to adults and early culling of clinicadlffected adults are thus recommended
to decreas®lap prevalence in infected dairy herds. Dependinghentéargeted objective
in terms of infection control and the level of hggé implemented in the herd, test-and-
cull strategies can be prioritized. Systematic-test-cull appears cost-effective both in
epidemiological and economic terms if implementexhf the day one infected cattle is
introduced in an initially fully susceptible her@ihe tool designed here is flexible and
enables studying other control options within ayherd.

Résumé

La paratuberculose est une maladie incurable demats présente a travers le monde
entrainant une diminution de la production laitietede la valeur de carcasse des
animaux infectés. L'objectif de ma thése est d'égall’efficacité épidémiologique et
économique d’actions de maitrise de la paratubeseukn troupeaux bovins laitiers
infectés. Un modele de simulation stochastiqueassrtant la dynamique de population
d’'un troupeau bovin laitier et la transmission nedte deMycobacterium avium subsp.
paratuberculosis (Map) a été élaboré puis couplé a un simulateur bicEoue
existant. L'évolution spontanée de l'infection apténtroduction d’'un animal infecté
dans un troupeau initialement sensible est étudédabsence d’action de maitrise.
L'effet de la structure de contact sur la transioissle Map est exploré. La rentabilité
de stratégies de maitrise de I'infection est éwalliéen résulte qu'une extinction peut
survenir lorsque moins de deux animaux cliniquemarfectés sont présents
successivement ou simultanément en cing ans, mériabsence d’action de maitrise.
Dans les troupeaux infectés persistants, la tragssomin utero et via I'environnement
contaminé de I'élevage sont les deux principalege® de transmission. Empécher le
contact entre veaux lors des premieres semaingsas’a’'impact sur la transmission de
Map. Il est recommandé de limiter ou retarder I'exposides veaux aux adultes et de
réformer rapidement les animaux cliniquement ifegbour réduire la prévalence de
l'infection. Selon l'objectif ciblé en terme de dodle de linfection et le niveau
d’hygiéne du troupeau, différentes stratégies detsteet réformes peuvent étre
recommandées. L'utilisation de tests suivis de rm&s mis en place de facon
systématique dés lintroduction d'un animal infecténs un troupeau initialement
sensible semble rentable. L'outil développé ici #skible et permettra d'étudier
d’autres actions de maitrise en troupeau laitier.
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