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Science Review Report 

 
JDRC Year 4 – Objective 5.2 Modeling 

 
(Cord Heuer) 

 
1. Executive Summary 
 
Work completed in 2010/11 includes a diagnostic model evaluating the accuracy of 
faecal culture and Paralisa in deer (Stringer et al. 2012), a herd and flock JD-status 
models using pooled faecal culture and ELISA (Verdugo et al. 2012), a deer model 
(Heuer et al. 2012),and a sheep model (90%). 
 
Modeling work in the current year (2011/12) focused on the development of two single- 
species models for deer and sheep, and a two-species beef&sheep model. The deer 
model was published (Heuer et al. 2012). The full text is attached to this review in 
Annex I. Results suggested that for mixed infection by two strains, a 30% reduction in 
infectivity of one strain was sufficient to outcompete a strain with lower infectivity, 
suggesting that mixed infection of MAP strains with different infectivity may not be 
common in deer, or else that pasture contamination by a host infected with a well 
adapted strain may have low impact on another host with a different host specificity, 
hence explaining base-line study findings of host interactions when grazing the same 
pasture. The model showed that seasonal variation of MAP survival on pasture had little 
impact on transmission dynamics, and that rotational grazing with pasture spelling vs. 
permanent grazing of the same paddock reduced both infection prevalence and clinical 
paratuberculosis (PTB) by about 50%. Based on model outputs, early detection of young 
deer in a high-shedding state was the most effective means of controlling PTB among 
the tested scenarios.   
 
No mathematical continuous-time model for the infection dynamics of PTB in sheep was 
initially available. One discrete time model was described in an internal report in 
Australia (Sargeant 2002). The development of the sheep model therefore started with 
a literature review. The review suggested that, in contrast to cattle and deer, sheep 
were susceptible to MAP at any age, but that the progression to clinical disease slowed 
down with increasing age. Hence, sheep were differentiated by three age groups, each 
with rapid and slow progression route at different probabilities. This approach also 
facilitated the consideration of production effects. Similar to the approach in deer, 
infection states were stratified by two strains with equal or different infectivity and 
included shedding into and infection from the environment (pasture). The code can be 
modified to also consider different virulence of MAP-strains (i.e. different speed of 
progression to clinical disease) as more robust data may be generated to support a 
virulence-hypothesis. The inclusion of this feature was derived from hypotheses derived 
from the base-line studies to allow host-specific infectivity parameters to model multi-
species scenarios. In addition, it incorporates NZ-typical production groups (weaners, 
growers, 2-tooths, mixed age ewes) to allow an evaluation of production and financial 
outcomes in relation to PTB. 
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Results from the sheep model suggested an approximately 75% prevalence of infection 
and about 1% supershedders. Early detection and removal of such high shedders had 
strong negative impact on the dynamics of infection. 
 
A previously developed and reported two-species (cattle, sheep) model was 
parameterized as a prototype for multi-species simulation of the effect of interventions 
for JD control (e.g. rotational grazing management, early detection and removal of high 
shedders). This model is a chapter in an ongoing PhD thesis. 
 
Research during JDRC year 5 will be directed towards further development of models 
for the evaluation of interventions to control JD in single and multi-species farms.  
 
 
2. Introduction 
 
The first three years of the Epidemiology objective implemented two large scale surveys 
that aimed to describe the distribution, prevalence and incidence of MAP/JD in the 
target population of cattle, sheep and deer. Surveys were also designed to inform about 
interspecies transmission of MAP and associations between MAP/clinical JD and 
production parameters of herds and flocks. Strain typing information from MAP isolates 
generated from sampling multi-species mobs from commercial and Landcorp Ltd. farms 
contributed to information about transmission between species and allowed the testing 
of the hypothesis of strain dependent virulence variation. 
 
This information was key for modeling of herd status and strain dependent disease 
dynamics. During the past year, milestone 5.2 addressed the development of 

prevalence/incidence models for single and mixed species farms (beef, deer, sheep). 

 
 
3. Model development and Results 
 
3.1 Cattle-sheep model:  
A prototype of a mathematical, single-farm, multi-species animal prevalence model was 
developed to reflect changes in infection pressure and clinical disease in association 
with changes in the environment, host resistance and pathogen virulence. 
Environmental changes included human interventions for JD control. The model was 
described in detail in the Annual Science review 2011.  

 
3.2 Deer model: described in detail in annex 1. 

 
3.3 Sheep model: 
There is no peer-reviewed model of paratuberculosis transmission in sheep flocks. An 
internal report was made available to us about a fixed time model considering research 
findings in Australia about MAP survival and seasonal effects(Sargeant, 2002). Our work 
therefore started with a literature review of infection studies. This resulted is a 
continuous time model of infection dynamics of Johne’s disease in sheep considering 
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production groups, an age-dependent disease progression, seasonal lambing and 
culling, weaning, offtake for meat (Marquetoux et al, 2012).  
 
3.3.1 Population dynamics in the NZ seasonal production system 

Seasonal lambing and age-related management of animals are factors influencing 
production outcomes and transmission dynamics. Seasonal demographics were 
therefore considered in the model of paratuberculosis within a flock of sheep. This 
allows an accurate representation of the number of animals in each age or production 
group relevant to evaluate the prevalence of infected sheep, the annual incidence of 
clinically affected sheep, lambs sold for meat, hoggets retained for replacement and 
ewes culled.  
 
Demographic changes were modelled as follows (Figure 1): Lambs are born in the same 
month every year (August). Young lambs die due to natural causes until they are 
weaned at 4 months of age to become growers. Growers die due to natural causes or 
are drafted for productive offtake (slaughter) until 12 months of age. Drafting growers 
for meat depends on mortality with a goal of maintaining flock size at a set target. At 12 
months of age, all remaining hoggets become ewe-replacements and join the adult ewe 
flock. The model assumes mating at hogget age. No further age differentiation is made, 
hence, reproductive rates are assumed to be the same for hoggets, 2-tooths and mixed 
age ewes (Figure 1). Culling occurs 2 months after lambing, no culling is assumed to take 
place after scanning as most sheep flocks do not scan ewes for pregnancy. These 
assumptions are currently revised to reflect a system where the first lambing age is 24 
instead of 12 months. 
 

 
Figure 1 : Population dynamics and production groups: lambs (solid line) are born in 
August (8) and weaned at 4 months (Dec, 12); after weaning, growers (dashed line) are 
drafted for meat until 12 months of age (Aug, 20); following hogget-mating, 
replacement 2-Tooths enter the breeding flock of mixed age ewes (dotted line) in Sept 
(21) to reach target flock size of 120 adult ewes, culling  occurs in the first two months 
after lambing (Oct, 22). Negative slopes indicate deaths or draft for meat. 
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3.3.2 MAP infection dynamics based on published data  

The infection and disease dynamics were based on the following assumptions: animals 
orally exposed to an average infectious dose of MAP become infected at a constant rate 
but depending on the number of infectious doses of MAP on pasture. The only 
previously reported model considered an age-based resistance to infection with MAP 
(Sargeant 2002). Most experimental data in sheep, however, show a similar incidence 
rate of infection for lambs and adult sheep. All infected sheep may shed detectable 
quantities of MAP in their faeces following the infection. But only a small proportion of 
infected animals will later progress to clinical stage of disease developing a high grade 
of enteric, multi-bacillary lesions, shedding large amounts of bacteria (super-shedders), 
and are eventually detected with clinical disease and removed. This state is irreversible. 
Most sheep neither develop sub-clinical pathology nor clinical paratuberculosis during a 
productive lifespan. The infection state of these animals is characterised by transient 
and intermittent shedding for a period of time, followed by a return to non-shedding 
state or even bacteriological cure, hence they become ‘resistant’. The dose of MAP at 
exposure also determines the proportion progressing to disease. These considerations 
resulted in the compartmental model structure shown in Figure 2. 

 

 
Figure 2: Age groups (1,2,3, in months at far right) and age-associated infection states : (i) pauci-
bacillary, progressing (Pp), multi-shedding, pre-clinical (M) pathway (blue) ; (ii) pauci-bacillary, non-
progressing (Pnp), and resistant (R) pathway (green). Two MAP strains are considered to be present in 
the flock, i.e. type I ovine (s) and type II bovine (c). 

The structure to model infection dynamics according with the above assumptions is a two-
ways pathogenesis following infection. Infected animals fall in one of 2 possible tracks 
regarding disease progression (Figure 3): 



Page 6 of 35 

 

 The progressor track (track 1): these animals will rapidly progress to sub-clinical and 
clinical disease in the course of 5-10 months, as they become high shedders of 
MAP. They will ultimately die of the disease if not culled before, and will suffer 
production losses. 

 The non-progressor track (track 2): these animals are getting infected but will never 
progress to disease and will not suffer significant production losses. They become 
low, transient shedders following infection but later stop shedding, hence become 
latent or cured. For this reason they do not contribute to infection dynamics 
anymore, thus were labelled “recovered” or “resistant”.  

 

Figure 3: Model structure for infection/disease dynamics of paratuberculosis with Cattle strain (C) and 
sheep strain (S) in sheep where S represents susceptible sheep of a single production group (S1, S2, S3), 
Pp represents rapidly progressing paucibacillary (low shedding) sheep of a production group (Pp1, Pp2, 
Pp3), M represents multibacillary (high shedding) sheep of a group (M1, M2, M3), Pnp represents non-
progressing, paucibacillary sheep that were infected, started shedding and stopped shedding to become 
cured or resistant (R), again for each production group. 

Abbreviations in Figure 3: 
b = birth rate 

 = general death rate 

 = force of infection 

 = proportion of progressors among infected 

 = rate of progression from paucibacillary (progressor track) to multibacillary 

 = rate of progression from paucillary (non progressor track) to “removed” 

p 
=

 
 shedding rate of paucibacillary 

m 
=

 
 shedding rate of multibacillary 

 = mortality rate of MAP in the environment 

C
 = death rate due to clinical paratuberculosis 

 = rate of culling 

 = replacement rate depending on target flock size 
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Age at infection, and challenge dose are the two factors determining the probability to 
enter one or the other track. There is no age-based resistance to infection, but a higher 
probability to progress to disease when infected as a lamb compared with infection taking 
place at adult age. Parameter values and references or method of determination are listed 
in Table 1. 

Table 1: Parameter values for infection dynamics of sheep (Figure 3) 
 Parameter Details Value Reference 

b Birth rate number of lambs per ewe  1.3 expert opinion (AR) 

1 Mortality rate (lambs) 10% annual mortality at age 0-4 months 
(15% before tailing, less after that) 

0.026 expert opinion (AR) 

2 Mortality rate (hoggets) 5% annual mortality after weaning (age 
4-12 months) 

0.0064 expert opinion (AR) 

3 Mortality rate (adults) 10% mortality per year in adults 0.00878 expert opinion (AR) 

 Force of infection from the 
environment for hoggets 
and adults 

calibrated to observed prevalence   

1 Proportion progressing 
infected (lambs) 

Lambs with severe histologic lesions/ 
number infected 

0.5 (Delgado et al. 2012) 

2 Proportion progressing 
infected (hoggets) 

Hoggets with severe histologic lesions/ 
number infected 

0.33 (McGregor 2009) 

3 Proportion of progressing 
infected (adults) 

Ewes with severe histologic lesions/ 
number infected 

0.033 (McGregor 2009) 

 Rate of progression from 
paucibacillary to 
multibacillary (progressor 
track) 

1/median time animals are low shedding 
before progressing to M-state 
 1/time animals are low shedding before 
progressing to high shedders 

0.2 (Dennis et al. 2010; Kawaji 
et al. 2011) 

 Rate of progression from 
paucillary  to “resistant” 
(non-progressor track) 

1/median time that animals are in early 
"transient" shedding state before 
becoming they stop shedding 

0.2 (Stewart et al. 2004) 

p
   Shedding rate of pauci-

bacillary sheep 
number of infectious doses shed/d by 
pauci-bacillary shedders, intermittent 
shedding every other day 

5 (Whittington et al. 2000; 
Stewart et al. 2004; Begg 
et al. 2010; Kawaji et al. 
2011) 

m
  Shedding rate of multi-

bacillary sheep 
number of infectious doses shed/d by 
high-(super)shedders 

10^4 (Whittington et al. 2000; 
Stewart et al. 2004; Begg 
et al. 2010; Kawaji et al. 
2011) 

 Mortality rate of MAP in the 
environment 

Decay of 10% per month 0.105 (Sargeant 2002) 

C
 Mortality rate due to clinical 

paratuberculosis 
1/median time that animals stay multi-
bacillary before being removed due to JD 

0.125 (Dennis et al. 2010) 

 Rate of culling (pulse) Replacement rate of adults - mortality of 
adults = 30%-10% = 20% per year 

0.2*100 
/sN3 

expert opinion (AR) 

AR = Dr Anne Ridler (IVABS, Massey)
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Figure 4: Two years infectious disease dynamics for a target flock size of 100 mixed age 
ewes: susceptible (magenta), resistant (black), pauci-bacillary and progressing to 
disease (red), pre-clinical super-shedders (green), and pauci-bacillary, non-progressing 
(blue). 

 
Infection dynamics during two years at equilibrium are shown in Figure 4. At a target 
flock size of 100 ewes, the expected number of adult ewes in various stages of infection 
were: approximately 15 non-infected (susceptible), 40 infected and becoming cured or 
latent (Resistant), 14 pauci-bacillary and rapidly progressing (Pauci-progr), 28 pauci-
bacillary, non-progressing (Pauci-non-progr), and 1 multi-bacillary, pre-clinical (Super-
shedder). High shedding animals in pre-clinical state remained in the flock for 3 months 
before being removed due to clinical PTB. This was the situation in the absence of an 
intervention. 
 
 

 
Figure 5: Effect of the time that high shedding sheep remain in the flock until detection and removal on 
overall infection prevalence (blue), proportion shedders (red) and proportion supershedders (green) in the 
flock. 
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The strong impact of detecting and removing high shedders late or early is illustrated in 
Figure 5. If high shedders remained in the flock for more than 4 months, almost all 
sheep got infected at some stage. If this time could be reduced, for example by more 
intensive observation and testing suspect animals for faecal shedding, the number of 
shedding animals decreased rapidly with strong impact on decreasing overall infection 
in the flock. Similarly, whole-flock test&cull strategies could be evaluated. Cost of 
interventions and benefits from offtake will be evaluated in the next phase. Since deer, 
cattle and sheep models all communicate through an environmental infection source, 
the sheep model can be combined with any other species model for the evaluation of 
co-grazing in the presence or absence of MAP strains with varying infectivity in either or 
both species. 
 
 
3.3.3 Research outputs 

(i) Test validation model: Stringer LA, Jones G, Jewell CP, Noble AD, Heuer C, Wilson PR, 
Johnson, WO. Bayesian estimation of the sensitivity and specificity of individual 
faecal culture and Paralisa

TM
 to detect Mycobacterium avium subsp. paratuberculosis 

infection in young farmed deer. Preventive Veterinary Medicine (accepted, in final 
review), 2012 

(ii) Herd status model: Verdugo C, Jones G, Johnson W, Wilson P, Heuer C. Bayesian latent 
class prevalence estimation of herd level infection with Mycobacterium avium 
subspecies paratuberculosis. Proceedings 11th ICP Epidemiology, Sydney, Australia, 
p336, 2012 

(iii) Deer model: Heuer C, Mitchell RM, Schukken YH, Lu Z, Verdugo C, Wilson PR. Modelling 
transmission dynamics of paratuberculosis of red deer under pastoral farming 
conditions. Prev. Vet. Med. (in print), 2012  

(iv) Deer model: Heuer C, Verdugo C, Mitchell R, Lu Z, Wilson PR, Schukken YH. Modelling 
transmission dynamics of paratuberculosis in red deer under pastoral farming 
conditions. Proceedings 11th ICP Epidemiology, Sydney, Australia, p342, 2012 

 
 
4. Discussion 

Most models of Paratuberculosis are based on dairy cows in intensive farming systems, 
and thus focus primarily on direct transmission. Very few models incorporate indirect 
transmission via environment. MAP bacteria can survive for prolonged periods of time 
in the farm environment. Our model captures transmission of MAP via contaminated 
pasture (environmental). The latter depends on the density of animals on pasture that 
may vary with grazing management (set stocking vs. rotational grazing). This feature 
applies to New Zealand‘s pasture-based production system where all faecal material is 
deposited on pasture, and animals may be rotated between pasture blocks for varying 
durations (weeks to months). Indirect transmission through the environment is 
considered the main infection source for MAP for pastoral livestock species. 
 
A biological MAP infection prevalence model described by Mitchell et al. (2008) for dairy 
cattle was considered for beef cattle. A second species (sheep) was added and 
transmission between sheep and cattle was facilitated through the joint use of pasture. 
Transmission through the environment considered the amount of shedding at different 
stages of infection, the number of animals shedding, the stocking density and the 
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amount of grass ingested per day. The model was reviewed by an external collaborator 
from Cornell University. The review suggested modifying the code to include production 
groups and seasonal culling, offtake and replacement. This was realised in the described 
sheep model and will can be adopted for our available deer and beef cattle models. 
More beta-testing under different scenarios is required for further adjustments to 
improve the robustness of this prototype.  
 
The next step is the simulation of the effect of interventions (e.g. multi-species grazing 
management) on the prevalence of MAP infection and the incidence of clinical JD. The 
final step is to link infection dynamics to an economic module that converts prevalence 
and incidence and offtake to production loss, and considering the cost of control efforts, 
to cost-benefits discounted over time. 
 
The prevalence data generated in 2010 (JDRC 5.1) revealed significant associations 
between the risk of MAP infection and the mix of species on farm. Results suggest that 
contact through the joint use of pasture (co-grazing) facilitates transmission across 
species. Moreover, the incidence of farmer-observed clinical JD also depended on the 
presence/absence of other co-grazing species. However, the risk of infection or clinical 
JD was not uniform. For example, both sheep and deer were more likely to be infected 
when co-grazing with beef cattle than when grazing separately or on single-species 
farms. Co-grazing with beef cattle also increased the clinical JD incidence in deer, 
whereas co-grazing deer and sheep decreased clinical JD in both species. This finding 
confirms earlier observations in deer (Hunnam et al, 2011). It further suggests that 
reporting bias of farmers – i.e. one farmer observing  clinical JD in one species might be 
more likely to also observe JD in another species – were probably low or absent, else 
finding both positive and negative associations between species were unlikely. These 
findings propose that JD control may be facilitated, if not sufficient on its own, by co-
grazing different species, i.e. avoiding contact of deer or sheep with cattle, and 
increasing contact through joint grazing of sheep with deer. Such control options may 
be more cost effective than costly test-and-cull strategies. A large proportion of mixed 
species farms already graze different species together, either concurrently or 
sequentially. Extra effects like the control of worm burden may be brought into 
consideration when appreciating economic benefits of co-grazing different species. 
  
Modeling has delivered several anticipated outcomes. Firstly, a validation of the two 
tests of MAP/JD most frequently used in New Zealand deer at present (faecal culture, 
Paralisa©). The results suggested that the use of the Paralisa© for the classification of 
normal, unaffected yearling deer as MAP-infected has low accuracy (20% sensitivity, 
94% specificity). It is appreciated however, that the Paralisa© appears to perform much 
better when deer are clinically affected and/or are strong shedders. If used for test-and-
cull in herds with a low MAP prevalence, the low sensitivity may not be as much a 
constraint as the 6% false positive rate, because most animals would be non-infected on 
such farms, hence affected by this false positive rate and be unreasonably culled. 
Consequently, this test may be useful for a test-and-cull intervention of severely 
affected herds, i.e. deer with a high infection rate, high incidence of (confirmed) clinical 
JD and a likely high proportion of shedders. The logical next step is to validate the test 
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for such herds with the aim to predictive the level of shedding and the risk of future 
clinical disease. 
 
Another important outcome of modelling was a prototype of an infectious disease 
model to be used as a basis for simulating interventions. Collaborative agreements have 
been set up with the University of Sydney and the University of Cornell for further 
developing this model. The work is currently part of a PhD programme involving a 
candidate from France (Nelly Marquetoux). Follow-up is required and is subject to 
considering the acquisition of another PhD candidate. This may depend on further 
funding by JDRC. 
 
5. Conclusions 

The modeling objective has achieved its anticipated targets for year 4. Herd status and 
test validation models were completed and reported. Individual deer, cattle and sheep 
models are now available. A two-species model was developed for sheep and cattle. A 
report about outcomes of simulated scenarios of the sheep/cattle model is scheduled 
for end September 2012. 
 
Year 5 will focus more directly on the evaluation of interventions for the control of 
negative impacts of MAP/JD on infection prevalence, disease incidence and production 
outcomes.  
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Modelling transmission dynamics of paratuberculosis of red deer under pastoral 
farming conditions 
 
C. Heuer

a
, R.M. Mitchell

b
, Y.H Schukken

b
, Z. Lu

b
, C. Verdugo

a
, P.R. Wilson

a
 

a
EpiCentre, Institute of Veterinary, Animal and Biomedical Sciences, Massey University, Private Bag 11222, 

Palmerston North 4442, New Zealand, ph +64 6 3505948, fax +64 6 3505716, c.heuer@massey.ac.nz 
(corresponding author) 
b
Dpt. Population Medicine and Diagnostic Sciences, College of Veterinary Medicine, Cornell University, Animal 

Health Diagnostic Centre, 240 Farrier Road, Ithaca, NY 14853, yhs2@cornell.edu 

 
Abstract 
This study aimed to develop a mathematical model describing the dynamics of paratuberculosis 
(PTB) in red deer (Cervus elaphus) under pastoral farming conditions in New Zealand. The model 
examined infectivity differences between ovine and bovine strains of Mycobacterium avium 
subspecies paratuberculosis (MAP) and seasonality of MAP survival. We also evaluate variable 
use of pasture and the effect of management interventions on the infection prevalence and 
annual clinical incidence of PTB. A state-transition model was developed and calibrated to 
observed data on both prevalence of infection and incidence of clinical PTB. To accommodate 
specific PTB features for deer, the model included a fast and a slow track for progression of 
infection to disease. MAP on pasture was the source for horizontal transmission and infected 
dams for vertical transmission. In the presence of a single strain, an infectivity reduction of up to 
80% allowed MAP to persist in the herd (R0>1). For mixed infection by two strains however, a 
30% reduction in infectivity of one strain was sufficient to outcompete a strain with lower 
infectivity, suggesting that mixed infection of MAP strains with different infectivity may not be 
common in deer. The model showed that seasonal variation of MAP survival on pasture had 
little impact on transmission dynamics, and that rotational grazing with pasture spelling versus 
permanent grazing of the same paddock reduced both infection prevalence and clinical PTB by 
about 50%. Based on model outputs, early detection of young deer in a high-shedding state was 
the most effective means of controlling PTB among the tested scenarios.   
 
Key words: Paratuberculosis; Mathematical model; Deer; Strain type 
 
Introduction 
Clinical paratuberculosis (PTB) is a chronic-progressive enteric disease caused by 
Mycobacterium avium subspecies paratuberculosis (MAP). It is assumed that infection takes 
place in young animals with a subsequent incubation period that may last up to several years in 
domestic ruminant species. The long progression from infection to an infectious state and 
eventually to clinical disease, the one-year reproductive cycle of most domestic ruminants, and 
the poor accuracy of tests for detecting infected animals in early stages of infection constrain 
the development and evaluation of interventions. Intervention programs for MAP aim to reduce 
transmission of MAP and reduce negative impacts of PTB on production efficiency. Interventions 
may include a variety of control measures such as vaccination, management to reduce contacts 
between susceptible young stock and shedding adults, test-and-removal of MAP shedding 
animals, breeding for genetic resistance to MAP infection, quarantining animals in the clinical 
stages of disease, and testing animals before bringing them into the herd. Formally evaluating 
such interventions through randomised trials incurs high cost due to long study periods and 
large numbers of herds required to achieve adequate statistical power. 
 
A low-cost alternative to field studies is mathematical modelling of disease dynamics. Modelling 
can help to understand the driving forces for disease transmission and the impact of disease 
control on the prevalence of infection and incidence of clinical disease. Modelling intra-herd 

mailto:c.heuer@massey.ac.nz
mailto:yhs2@cornell.edu
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transmission of PTB in dairy cattle has been reviewed and proposed as an alternative to costly 
infection experiments and intervention trails (Marce et al., 2010).  
 
Whereas the pattern of MAP infection, MAP transmission and the development from infection 
to clinical PTB appears to be similar in sheep and cattle, these infection characteristics are quite 
different in farmed Red Deer (Cervus elaphus). MAP infected young deer either develop clinical 
disease rapidly within 5-7 months or they remain latent for long periods until developing clinical 
signs later in life (Mackintosh et al., 2007). Many deer that are MAP infected are culled before 
clinical signs have appeared. These two apparent pathways of disease progression give rise to 
clinical disease patterns where a higher clinical disease incidence is present in 8-12 months-old 
than in adult deer where PTB occurs only sporadically (Glossop et al., 2008). Outbreaks of PTB 
affecting 15-20% of young stock in a herd have been reported (Mackintosh, 2000).  
 
Mathematical models of MAP infection transmission are not available for deer populations. As 
described above, the specific infectivity of MAP in deer may require an alternative model 
formulation for MAP infection dynamics in deer compared to other ruminants. These models 
are expected to be substantially different from previously published infection transmission 
models for MAP in cattle (Mitchell et al. 2008, Marce et al. 2011).  
 
The specific characteristics of deer farming is an important factor to be taken into account in 
MAP transmission modelling . The population of approximately 1.1 million deer on 3,000 
domestic deer farms in New Zealand1 is the largest population of domestic deer worldwide. 
Deer are grazed on fenced pastures throughout the year, often in succession following or grazed 
together with sheep or cattle. Pasture blocks may be grazed for limited intervals allowing re-
growth of grass in the absence of grazing animals, or they may be grazed by the same herd of 
animals over an entire production season. Due to the system of mixed species farming and year-
round grazing, the major source of horizontal MAP transmission is considered to be the 
environment (pasture). Deer, sheep, cattle, and to some extent wildlife (rabbit, possum, 
hedgehog), may contribute to pasture contamination with MAP, potentially causing 
transmission across species. Deer are considered to be susceptible to infection by both ovine 
and bovine strains of MAP, but the infectivity2 for deer of bovine MAP strains appears to be 
greater than that of ovine strains (O'Brien et al., 2006; Mackintosh et al., 2007). Due to contact 
with sheep, which are mostly infected with ovine strains, or contact with cattle, which are 
mostly infected with bovine strains, strain type may be an important determinant for infection, 
MAP transmission characteristics and clinical disease. Thus, strain type should be taken into 
account in a mathematical model of MAP transmission in deer. 
 
This study intended to evaluate the impact of interventions (e.g. test and cull, rotational 
grazing), seasonal effects on MAP survival on pasture, and infection with either a single or 
multiple MAP strains with different infectivity using a modelling approach. The model 
developed in this study considered the specific infectivity of MAP in deer, allowing for mixed-
species pastoral farming conditions involving deer, and infectivity differences of species-specific 
MAP strain types in deer in a deterministic state-transition model. For validation, model outputs 
were compared to observed data of MAP prevalence and clinical PTB incidence.  
 

                                                 
1 Source: Deer Industry NZ 
2 ‘Infectivity’ is used to describe the force of a MAP strain for infecting a susceptible host, hence a synonymous 
term would be infectivity; we use infectivity in this context throughout the manuscript. 
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Material and Methods 
Model development 
A state-transition model was developed that included a susceptible (state S) and an age-
dependent resistant state (state R). Susceptibility to infection was assumed to wane from 12 
months of age (Mackintosh et al., 2010). Susceptible deer could become infected with sheep-
type (s) or cattle-type (c) strains and enter either the ‘fast’ or the ‘slow’ tracks (Figure 1). Fast-
track infected deer started shedding (State Y) soon after infection (Y1c,Y1s) and became high 
shedders/clinical within six months (Y2c,Y2s), whereas slow-track infected deer became latent 
(State L) infected with either cattle or sheep strains (Lc, Ls), and progressed to low-shedding 
(aY1c,aY1s) and subsequently high-shedding states (aY2c,aY2s) at very low rates (Table 1). The 

probability ( ) of newly infected susceptible deer (S) entering the fast track was assumed to be 
0.3 (Mackintosh et al 2007). The impact of all parameters on prevalence and incidence was 
tested in a sensitivity analysis. Parameters were modified to fit simulation results to both 
experimental data and survey estimates of prevalence and incidence. 
Horizontal transmission depended on dry matter intake (DMI), the cfu of MAP organisms on 

pasture, and the transmission parameter ( ) which encompasses both rate of contact (between 
susceptible animals and MAP in the environment) and infectiousness of contacts. These 
parameters were combined to render the proportion (Pc, Ps) of susceptible deer calves getting 
infected per unit time as follows: 

Pc  =  * [1 – exp(-  * path-c * MAPc * DMI/(pasture area*DM growth))] (equation 1) 

Ps  =  * [1 – exp(-  * path-s * MAPs * DMI/(pasture area*DM growth))] (equation 2) 
 

where  was the probability of an infected animal to enter the fast track, MAPc and MAPs were 
the total number of MAP bacteria of type s and c, respectively, on pasture, and the expression 
DMI/(pasture area*DM growth) was the proportion of total dry matter (DM) consumed by one 
animal, thus  equivalent to the proportion of total bacteria on pasture ingested by one animal. 
We assume a DMI per month of 87.6kg3 for all age groups including susceptible young animals 
0-12 months old. Probabilities (Pc,Ps) had a logistic S-shape association with the number of MAP 
organisms on pasture at the logarithmic scale (Figure 2). The shape suggested that the infection 
risk increased slowly at low exposure to MAP and increased exponentially (or linear at normal 
scale) at critical levels to a threshold of one at high level of bacterial load on pasture. Thus, the 
relationship mimics a dose response effect of exposure to MAP.      
 
The parameters path-c/path-s in equations (1) and (2) were weighting factors for the 

transmission parameter ( ) to explore MAP-strain dependent infectivity in scenarios where one 
factor was kept constant (path-c=1) and the other variable (path-s = 0, 0.1, 0.2,…,1,…,5). Since 
no published evidence on mixed infections exists, the model excluded mixed infection of 
individual animals with both strains. 

Clinically affected deer were removed or died within one (yearling, 1=1) or two months (adult, 

2=0.5). The number of cases of clinical PTB in each month was calculated as the integer of 

1*(Y2c+Y2s) for young and 2*(aY2c+aY2s) for adult deer. The annual incidence of clinical cases 
was the number of cases accumulating in 12 months divided by average herd size. Shedding 
deer contaminated the environment (MAPc, MAPs on pasture); MAP perished on pasture at 

rate ( ) equivalent to an average survival time of 4 months (Rowe et al 2006). This was later 
modified to 2.5 months in summer and 5 months in winter (Whittington et al., 2004). Infection 

also occurred through vertical transmission with probability ( ) affecting calves in fast-track (Y1) 

with probability ( ) and latent animals in slow track with probability (1- ). The proportion  was 
variable, calculated as the proportion of high shedders among all shedders because it was 
assumed that the more high shedders were present, the higher the infection pressure, thus the 

                                                 
3 http://www.diaa.org/deer_resources.htm#Deer Farmers Handbook 
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more rapidly would vertically infected deer progress to clinical disease. Vertical transmission 
was not differentiated from pseudo-vertical transmission, thus includes the pseudo-vertical 
pathway throughout the manuscript. The sensitivity of model outputs to changes of all fixed 
input parameters was evaluated as part of the model validation. 

 
The herd size remained constant and was determined by the total pasture area for 
replacements and adults, and averages for dry matter production (DM) by growth of grass and 
dry matter intake (DMI). Weaned deer to be used for slaughter were assumed to be grazed 
away from the breeding herd without contribution to pasture contamination of MAP by 
shedding. The herd was initially almost free from infection with only two of 3,054 animals being 
infected, one with each MAP-type (‘c’ or ‘s’). Prevalence of MAP infected deer and annual PTB 
incidence at equilibrium were then used for model validation. The state at equilibrium of the 
default model was the starting point for simulating intervention scenarios.  
 
The time unit for rates in parameter estimates was one month. The model was updated for up 
to 80 years (1000 months) using a time step changes of 0.3 days (0.01*1 month).  A fourth order 
Runge-Kutta approximation (RK4) was applied in Berkeley Madonna4 to solve the ordinary 
differential equations listed in the annex. Since animals (not proportions) were calculated for 
each time step, this was a density type model (Begon et al., 2002) where stocking density was 
held constant.  
 
Model validation 
Available information indicated that the annual incidence of clinical PTB was highest (2%) in 
yearling hinds and stags (1-2 years old) and about half as high in adult hinds and stags (1%) 
(Glossop et al., 2008). Moreover, observed incidences of 3-5% in weaners and 2% in adults were 
not uncommon and a few herds experienced incidences of up to 20% in individual age groups 
(Glossop et al., 2008). Based on the population prevalence of culture positive mediastinal lymph 
nodes (45%, 95% confidence interval 30-60%) of carcasses of mostly clinically normal 12-months 
old deer and an estimate of the between herd infection prevalence of 59% (Stringer, 2011), the 
prevalence of tissue-culture-positive carcasses was approximately 75% in yearling deer in 

infected herds. By varying the transmission parameter ( ), transition rate ( 2) from latent (L) to 

low shedding (Y1), rate ( 3) from low to high shedding clinical state, and proportion ( ) splitting 
the infected into fast and slow tracks, the default model was calibrated to approximate these 
rates after reaching the equilibrium state where prevalence and incidence would remain stable 
over time. 
 
The sensitivity of prevalence and incidence to changes in these parameters was tested by 
repeated model runs varying one parameter at a time. Additionally, a possible dependence of 

prevalence and incidence on a range of values for the vertical transmission rate ( ) for calves 

born from moderate shedders ( 1), or high shedders ( 2), was evaluated where 1 was assumed 

to be a quarter of the value of 2. The range of values and the relationship between 1 and 2 
was based on findings in foetuses from serologically and culture positive, slaughtered hinds 
(Thompson et al., 2007). The study reported a much higher rate of vertical transmission (75%) 
than reported from cattle. In cattle, vertical transmission was reported as  25% from dams with 
clinical PTB and 18% from dams with subclinical PTB (Whitlock, 2005).  
 
Model scenarios 
To evaluate the change in both MAP infection prevalence and annual clinical PTB incidence, the 
model was run for different scenarios over time starting with the numbers of animals and 

                                                 
4 Berkeley Madonna, version 8.0.1, © Robert I. Macey & George F. Oster, University of California, 
Department of Molecular and Cellular Biology, Berkeley, CA 94720 (USA)  
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bacteria on pasture at equilibrium of the default model. The default model assumed an 
(average) farm size of 500ha effective pasture area, a mean monthly DM production of 
535kg/ha and an average dry matter intake (DMI) of 87.6kg/animal/month. The size of the total 
herd was therefore 500 x 535 / 87.6 = 3,054 deer. The total breeding herd size of 3054 deer 
excluded young weaners for slaughter that were assumed to be grazed on a separate paddock 
until slaughter without contact to the breeding herd.  
 
Critical outcome criteria were (1) the change in MAP infection prevalence, (2) the number of 
shedding animals and (3) the annual incidence of clinical PTB. In addition, the number of MAP 
on pasture was evaluated to demonstrate the impact of the seasonal variation of MAP survival 
or the change in MAP infectivity. 
 
The following scenarios were evaluated:  
1. Effect of rotational grazing vs. permanent use of pasture 

Two typical scenarios were compared, (i) set-stocking where deer remained on the same 
pasture block throughout the year, and (ii) pasture rotation where deer where shifted onto 
a new pasture block every three months, and pasture was allowed to re-grow for one 
month. While the stocking density may be higher under rotational grazing, the amount of 
dry matter per hectare would also be higher. Therefore, the rate of contact with infected 
material from pasture was assumed to be similar.   
 

2. Seasonal variation of MAP survival on pasture 
MAP survival on pasture was allowed to vary, being 2.5 months in summer and 5 months in 
winter (Whittington et al 2004), and this was compared with a constant survival of 4 months 
(Rowe and Grant, 2006) with respect to prevalence and incidence.  
  

3. Effect of the presence of two MAP-strains with equal or different infectivity on the 
persistence of the lesser virulent strain 
Strain persistence was approximated by the strain specific basic reproduction ratio (R0) 
depending on equal or different infectivity of two MAP strains. R0 was calculated as the 
dominant (largest) eigenvalue of a matrix R calculated as R = F * V-1, where F was the 
transmission matrix of infectious processes, and V-1 was the inverse of the transition matrix 
of non-infectious, demographic changes such as aging and culling. Strain persistence was 
inferred when R0 of a strain was equal or above 1. In the modelled scenarios, the infectivity 
for MAP strain type ‘c’ was held constant (path-c=1). The infectivity of MAP strain type ‘s’ 
(path-s) was initially set to zero reflecting an infection scenario where MAP-type ‘s’ was 
absent. In subsequent model runs, path-s was altered by increments of 0.1, indicating a 9-
fold lower, to a final value of 5 times higher infectivity compared to the ‘c’ strains. The 
interest was in identifying the relative infectivity of the lesser transmissible strain that 
allowed the strain with the lower infectivity to also persist in the herd. The MAP infection 
prevalence and annual clinical PTB incidence at equilibrium of deer infected with either 
strain was plotted against the infectivity of MAP-s strain to evaluate the relative 
contribution of each strain to overall prevalence and incidence.     
 

4. Early detection and removal of high shedding/clinical animals 

The parameter estimating the rate of detection and removal of clinical PTB ( 3) defines the 
period that high shedding/clinically affected deer remain in the herd before removal. To 
evaluate the effect on prevalence and incidence, this period was decreased from 12 weeks 
to 1 week in steps of 1 week. Default values were 8 weeks for weaners/yearlings and 4 
weeks for adult deer. 
  



Page 18 of 35 

 

 
Results 
Model development 
The default parameters for the basic, single-strain model are listed in table 1. This basic model 
resulted in a MAP infection prevalence of 62% and clinical annual PTB incidence of 5.3% in 
weaners/yearlings and 3.8% in adult deer. Starting with 1% latent and 1% low shedding 
yearlings, the equilibrium of clinical incidence was reached after approximately 200 months (16 
years), and infection prevalence at about 250 months (21 years; Figure 3). At equilibrium, there 
were 6% susceptible, 31% resistant, 38% latent, 25% low or high shedding animals, and 1.2% 
calves were infected vertically. All subsequent permutations started with the model at 
equilibrium state. 
Model validation 

The model-predicted endemic infection prevalence of 63% was somewhat below the 
prevalence of 70-75% expected from observations in slaughter stock (Stringer, 2011) and a field 
study (Glossop et al., 2008), but was well within expected confidence limits of carcass infection 
prevalence of 30-60% at a given average herd prevalence of 59% (Stringer, 2011), thus resulting 
in a wide within herd prevalence of infected herds of 51-100%. The predicted annual clinical 
incidence rates were about 2-fold higher than observed rates in table 2, allowing for an 
assumed lack of sensitivity of farmer detected PTB. The predicted MAP prevalence and PTB 
incidence outputs of the base model were therefore within acceptable limits of the natural 
pattern of PTB of deer on pastoral farms in New Zealand. 

A sensitivity analysis of the impact of model parameters used for calibration on 
prevalence and incidence outputs revealed that the two major determinants were the 

transmission parameter ( ; Figure 4a) and the proportion of young deer entering the fast track 

of rapid progression to clinical state ( ; Figure 4b). A transmission parameter of 2.5 x 10-11 was 
selected for the base model because it resulted in outputs that reflected observed prevalence 
and incidence data best. In the base model, the transmission parameter was the same for slow 
and fast track animals and for both strain types (c,s). The proportion of horizontally infected 
deer entering the fast track was necessary to be greater than 0.3, else the clinical PTB incidence 
was larger in adult than 8-12 months-old deer. This would be contrary to the observed 

incidences. A value of 0.3 was therefore selected providing the best fit. Higher values of  
caused an exponential increase of PTB in weaners/yearlings, far higher than the observed 
incidence. 

Two combinations of vertical transmission (VT) probabilities from low ( 1) and high 

shedding dams ( 2) were evaluated: in the first instance (Figure 4 c), 1 was calculated to be a 

quarter of 2, and in the second (Figure 4 d), 1 was half of 2. The relative size of 1/ 2 had no 
measurable impact on model outputs of prevalence/incidence. Vertical transmission from high 
shedding dams had a four-fold greater effect on PTB incidence in weaner/yearling deer than on 
PTB incidence in adult deer but overall, PTB incidence did not change by more than 14% when 
VT was as extreme as 0 or 1 compared to the default value of 0.5.  

A moderate impact on prevalence and clinical PTB incidence was attributable to 

transition rates from latent to low shedding adults ( 2), and low to high shedding adults ( 3) in 
slow track (Figure 4 e,f). The rates were calculated as the inverse of the duration of animals 
being in these states. Both durations had little impact on infection prevalence and moderate 
impact (change of -9 to +32% compared to the base model) on PTB incidence of 
weaners/yearlings. However, both parameters had strong impact on PTB incidence in adults 
causing a change of +119% when reducing the latent period from the default of 60 to 12 
months, and of -30% when increasing the latent period from 60 to 96 months.  
Model scenarios 
1. Effect of rotational grazing vs. permanent use of pasture: The model predicted that PTB 

infection caused an almost two-fold higher MAP contamination of pasture when deer were 
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kept on the same paddock permanently compared to bi-monthly grazing rotation (Figure 
5a). A change from permanent grazing of pasture to rotational grazing led to a 50% 
reduction in the number of MAP after approximately 2-3 years. The impact on prevalence 
and incidence was similar: MAP infection prevalence decreased by one half from 61% to 
30% (Figure 5b), and clinical incidence from 7.6% to 3.0% in weaners/yearlings and 3.6% to 
1.8% in adult deer. The oscillating change shown in Figure 5a is attributable to rotational 
grazing where MAP loads decreased by decay during re-growth of pasture. 

 
 
2. Seasonal variation of MAP survival on pasture: seasonally changing MAP survival had only 

a very small impact on seasonal infection prevalence. The long term effect shown in Figure 
5c was caused by the change from the endemic default situation of permanent grazing at 
time zero to rotational grazing (Figure 5b). There was no notable effect of seasonal MAP 
survival on clinical incidence of young or adult deer under typical climatic conditions in New 
Zealand.   

 
3. Effect of the presence of two MAP-strains with equal or different infectivity on the 

persistence of the lesser virulent strain: the basic reproduction ratio increased linearly 
when the infectivity was increased from 0, indicating complete absence of infectivity, to 1, 
indicating full infectivity of strain ‘c’. At a value of 0.2, R0 was 1.15, thus higher than the 
epidemic threshold of R0=1, suggesting that a MAP would persist in the herd (Figure 6a). In a 
population with dual infection where infectivity of the ‘c’ strain was 1, persistence of strain 
‘s’ was predicted to be possible as long as the infectivity of strain ‘s’ was above 0.7 (Figure 
6b). At infectivity of 0.7 or lower, strain ‘s’ was out-competed by strain ‘c’ (Figure 6c). Strain 
‘s’ persisted at a lower prevalence than strain ‘c’ when path-s was 0.9 (Figure 6d). Because 
both strains were present in these situations. the total MAP prevalence was 10% higher 
than in the absence of strain ‘s’, and approached to but did not increase over a level of 0.86 
(Figure 6b). Annual clinical PTB incidence of yearling and adult deer infected with one of the 
two strains followed the patterns of change in prevalence with increasing infectivity of type 
‘s’ (not shown). 

 
4. Early detection and removal of high shedding/clinical animals: rapid detection and 

removal of clinically affected weaners/yearlings had substantial effects on overall 
prevalence and incidence (Figure 7a). The overall prevalence decreased from 63% in the 
default situation, when clinical PTB was detected after 8 weeks in 8-12 months-old deer, to 
4% when clinical cases were left in the herd for an average of only one week. The 
corresponding decrease of clinical incidence, facilitated by a lower risk of new infection, was 
from 7.9% to 0.5%. Early detection of clinical cases among adult had relatively little effects 
on overall prevalence and clinical disease incidence (Figure 7b).  

 
 
Discussion 
 
The purpose of this work was to model the dynamics of infection and clinical disease of 
paratuberculosis (PTB) in deer farmed under year-round pasture conditions. We developed a 
model that included two infection sources (infected dams, environment), considered two types 
of pasture management (all year set stocking, pasture rotation), and allowed for the presence 
and competition of two strains of MAP with equal or different infectivity. Transmission 
parameters were derived from experimental observations or adjusted to fit observed clinical 
PTB incidence and infection prevalence. The model was used to understand the driving 
determinants of MAP transmission, the relationship between infectivity and persistence of 
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infection and to explore the impact of interventions on infection prevalence and incidence of 
clinical cases. This is the first published model for MAP infection dynamics in deer.  
   
Field and experimental observations indicated that MAP develops differently in deer than in 
other species. Notably, progression of infection to clinical disease is earlier in life than in sheep 
and cattle, and there appears to be a large proportion of animals in the herd that are infected 
but either not shedding (latent) or low shedding, hence not easily recognised as infected. Deer 
are susceptible to both ovine and bovine strains of MAP, but ovine strains may have lower 
infectivity for deer (Mackintosh et al., 2007) and appear to infect deer at lower frequency than 
cattle strains (Delisle et al., 1993). When permanently kept outdoors, the major infection source 
is assumed to be pasture where MAP survives for generally 2-12 months, and particularly well in 
shaded locations, at low or moderate temperatures, in water and in sediment (Whittington et 
al., 2004; Whittington et al., 2005).  
 
We attempted to consider these deer-specific observations and circumstances in a 
mathematical state-transition model. To be able to reproduce low clinical PTB incidence and 
high MAP infection prevalence, an infection was assumed to follow one of two pathways, a fast 
or a slow track. The fast track involved deer progressing rapidly to high shedding and clinical 
state at a young age (12-24 months), the slow track included a large proportion of infected but 

clinically normal animals, with only few developing clinical PTB. The transmission coefficient ( ) 
was scaled to fit observed disease and infection frequencies (Table 2) specific to the species and 
pastoral farming conditions of deer in New Zealand. Experimental data showed that 5/16 (30%) 
weaners infected with a relatively high dose (109 CFU orally, 4 consecutive days) developed 
clinical disease or gross-pathology consistent with PTB whereas infection with 107 CFU did not 
result in PTB in 16 infected weaners, but 1/16 (6%) of the latter developed gross pathology 
consistent with PTB (Mackintosh et al., 2007). The value of 0.3 assumed by the model for the 

proportion of infected weaners progressing to fast track ( ) was therefore consistent with a 
situation of relatively high experimental challenge even though higher oral infection doses have 
been used for experimental infections in cattle, sheep and goats (Stewart et al., 2007).  
 

The value for  of 2.5 x 10-11 must be viewed in relation to the scale of the numbers of MAP shed 
by the entire herd in the course of one month. In this model, unlike previously published models 
(Marce et al. 2011), all contacts other than vertical transmission are assumed to be indirect. The 
model-predicted number of bacteria on pasture was larger than 2.5 x 1011 by magnitude of 102-
103 suggesting that the majority of MAP was not consumed by deer and decayed over time. 
Thus, the model predicted that about 99.0 – 99.9% of MAP on pasture eventually did not 
contribute to new MAP infections. The value of beta was calibrated to reflect observed 
prevalence. Higher beta-values resulted in more, lower values in less stable prevalence, hence a 
calibration might appear somewhat arbitrary. However, since all other model parameters were 
based on published information, we believe that the calibration of the beta-value was 
reasonable for the described system. 
The process of a new MAP exposure from bacteria on pasture was modelled as an S-shape 
infection probability (Figure 2) representing a non-linear dose-response relationship. The other 
transmission routes was vertical transmission, which appeared to be higher in deer than cattle 
(Thompson et al., 2007). The division of vertical infection to fast and slow track was considered 
to depend on the proportion of high shedders among shedding animals [Y2/(Y1+Y2), Figure 1] as 
the dose at initial infection was regarded as a determinant for progression to clinical state 
(Mutwiri et al., 1993).  
 
We intended to consider that a herd could be infected with two strains where strains were 
competing for hosts. The model assumed that an individual animal could only be infected by 
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one strain. Once infected, it was not susceptible to super-infection with another strain. The 
inclusion of a second competing strain was motivated by observations of epidemiological and 
experimental studies and an infection study of cell cultures: a survey of deer herds resulted in 
lower rates of clinical PTB when deer were in contact with sheep (usually infected with ovine 
MAP), and higher rates of clinical PTB when in contact with cattle (usually infected with bovine 
MAP) compared to deer in isolation (Glossop et al 2011); patho-histological lesion scores were 
lower in yearling deer experimentally infected with ovine strains than in deer infected with 
bovine strains (Mackintosh et al., 2007); and infecting bovine monocyte-derived macrophages 
with bovine MAP resulted in stronger cytopathic effects than infection of such cells with ovine 
MAP (Gollnick et al., 2007). These observations led to the hypothesis that the infectivity or 
infectivity of MAP strains may vary. It is not clear however, whether infectivity affects infection 
per se or also impacts on progression to high shedding and clinical disease. Our model assumed 
total cross-immunity between two strains against infection, and that progression to disease was 
the same in deer infected with one or the other strain. Total cross-immunity might be sufficient 
to explain a decrease in clinical disease incidence when a deer herd infected with high-virulent 
bovine strain is super-infected with a low-virulent ovine strain, for example through contact 
with co-grazing sheep. In fact, an additional consideration of virulent dependent disease 
progression (including the term alpha*path-s) resulted in similar changes in clinical disease 
incidence and infection prevalence as in a situation with only infectivity being strain dependent 
(results not shown).  

The next question was whether a low-infectivity strain would successfully compete with 
a highly virulent strain for susceptible hosts when assuming complete cross immunity. Epidemic 
models generally do not allow two strains of a pathogen with different R0 to persist in a 
population (White et al., 1998). However, our model’s reliance on indirect transmission with a 
bacteria-dependent force of infection dependent on total volume of infectious material. In our 
simulations this model formulation allows two strains with different R0s that are both bigger 
than the threshold value of 1 to survive at endemic equilibrium. Infectivity was parameterised 
as the proportion infectivity of an ovine relative to a bovine strain with respect to the 
transmission of infection. A basic reproduction ratio was calculated for both strains at increasing 
levels of ovine MAP infectivity. In this situation, a strain would cause persistent infection in a 
fully susceptible herd when its infectivity was at least 20% of that required to achieve an 
endemic level of infection and clinical disease similar to that observed in the population (Figure 
6a). However, if a herd was already infected, a lower infectivity strain would have to be about 
80% as virulent as a fully virulent (bovine) strain in order to compete successfully and persist in 
a deer herd with dual infection (Figure 6c vs. 6d). Thus, a relatively small reduction in infectivity 
caused the dominant strain to outcompete a second strain. A similar relationship was found in a 
two-strain/one-host model comparing the relative competitiveness of genetically engineered 
viruses to be used as environmentally benign insecticides vs. wild-type strains (Dushoff and 
Dwyer 2001). Our model also suggested that the total prevalence of infection increased by up to 
10% in the presence of two highly virulent strains (Figure 6b).  
 
Mixed infections of deer herds with MAP may not be uncommon when contact with other 
species exists such as in the pastoral farming systems in New Zealand. Survey and slaughter data 
from studies in New Zealand showed that deer herds had a higher risk of being infected or to 
show PTB-like lesions at slaughter when other ruminant livestock were present on farm than on 
deer-only farms(Verdugo et al., 2008; Heuer, 2010).  
 
Previously published observations (Glossop et al., 2008) and recent survey data could be 
interpreted to the effect that MAP was transmitted between species and that deer with contact 
to sheep had a lower incidence of clinical PTB, and deer with contact to cattle had a higher PTB 
incidence than deer farmed in isolation (Glossop, 2011). Our model allowed for mixed herd, but 
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excluded mixed animal infection with more than one strain. Evidence of mixed MAP infections 
of individual deer is lacking, possibly due to insufficient rigor in standard laboratory procedures 
of isolating multiple MAP strains from the same sample. Exposure to a MAP strain with low 
infectivity may render deer less susceptible to super-infection with a more virulent strain due to 
induced immunity. The existence of such mechanisms would be of interest in a situation where 
deer are farmed together with other livestock species. For example, if a low-virulent sheep 
strain would naturally immunise against high-virulent cattle strain, co-grazing with sheep might 
be an option to control PTB in deer. Moreover, co-grazing may positively impact on other 
determinants of health and production such as parasite load. Incorporating immune response 
into multi-pathogen/single host species was demonstrated. Thus, modelling mixed infections in 
the same animal presents a future challenge. We strongly believe that further evidence about 
strain interactions within and between animals is warranted as this might impact on MAP 
transmission and inform the development of novel protective measures against PTB through the 
use of strategic co-grazing of different species. Further development of the model will be 
undertaken to include more management variables and the model will be updated as more 
research data about the infection and disease in deer becomes available. 
 
 
Conclusions 
 
This study has developed and tested a model for PTB dynamics in farmed deer based on a New 
Zealand farming environment, with MAP infection prevalence and clinical disease as outcomes. 
Inclusion of two MAP strains with different infectivity suggested that coexistence of two strains 
was possible when their infectivity was within approximately 20% of each other. The model 
showed that prevalence and incidence fell rapidly when rotational grazing compared to 
continuous grazing was adopted. It showed that early culling of high shedders resulted in a rapid 
decline in infection and prevalence.  
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Table 1: Parameter values for the default model calibrated to reflect observed MAP 
infection prevalence and annual incidence of clinical disease, no seasonality of MAP-
survival, no rotational grazing (all rates based on one months) 
 

Symbol Description Value Reference/source 

path-c virulence of MAP-strain c (scaling 
parameter) 

1 defined 

path-s virulence of MAP-strain s (scaling 
parameter) 

0  

α1 Time (months) for young high shedding 
deer to remain in the herd before death or 
removal 

2 assumed 

α2 Time (months) for adult high shedding 
deer to remain in the herd before death or 
removal 

1 assumed 

Transmission parameter (no unit) 2.5 x 10-11 calibrated 

1
Probability of vertical transmission from 
low shedding dams 

2/4 calculated 

2
Probability of vertical transmission from 
high shedding dams 

0.5 Thompson et al 
2007 

δ1 , δ2 , 
δ3 

Proportion tested deer removed = test 
sensitivity 

see text scenario based 

1
Culling/death rate of young deer 1-12 
months (10% per year) 

0.00833 assumed 

2
Culling/death rate of adult deer >12 
months (20% per year) 

0.01667 assumed 

Proportion horizontally infected deer 
entering fast track 

0.3 Mackintosh et al 
2007 

Proportion vertically infected deer 
entering fast track 

#high 
shedders/total 

shedders 

model dependent 

1
Rate low shedding young, fast track deer 
progressing to high shedding state (1/6 
months) 

0.16667 Mackintosh et al 
2007 

2
Rate latent adult, slow track deer 
progressing to low shedding state (1/60 
months) 

0.01667 calibrated 

3
Rate low shedding adult, slow track deer 
progressing to high shedding state (1/60 
months)  

0.01667 calibrated 

Rate of susceptible 1-12 months old deer 
becoming resistant (1/12 months) 

0.08333 Mackintosh et al 
2010 

Shedding rate of low shedders 
(MAP/months) 

2.4 x 107 Whittington et al 
2000 

Shedding rate of high shedders 
(MAP/months) 

2.4 x 1011 Whittington et al 
2000 

Rate of decay of MAP on pasture in 
summer (1/4 months) 

0.25 Rowe et al 2006 
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Table 2: Distribution of farmer-observed clinical PTB by age class of deer (Glossop et al., 
2008) 
 

Age-class Herds (n) Herd size Min 25%ile 50%ile 75%ile Max 

Weaned deer 71 372 0.10% 0.4% 1.2% 2.7% 21.5% 

Yearling hinds 45 50 0.20% 1.3% 2.0% 4.6% 20.0% 

Yearling stags 19 136 0.20% 1.1% 2.0% 3.7% 13.2% 

Adult hinds 64 260 0.10% 0.5% 0.9% 1.7% 20.8% 

Adult stags 10 56 0.20% 0.8% 1.3% 2.4% 8.9% 

Total 96 506 0.04% 0.4% 1.0% 1.8% 11.9% 
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Figure 1: Deer are born at rate ( ) to susceptible (S, proportion 1- ) or born infected through vertical 

transmission (proportion ); susceptible deer age to become resistant (R) at rate ( ) or get horizontally 

infected by sheep (s) or cattle (c) type of MAP on pasture at rate ( ) either to enter the fast-track at 

proportion ( ) or the slow-track. Fast-track infected deer enter the low-shedding class (Y1c, Y1s) and 

progress to high-shedding/clinical class (Y2c, Y2s) at rate ( 1). Slow-track infected deer become latent (Lc, 

Ls), progress to slow-shedding class at rate ( 2) and high shedding class at rate ( 3). MAP die on pasture 

at rate ( ), deer calves up to one year die at rate ( 1), deer older than one year die at rate ( 2), and PTB 

clinically diseased deer die at rates ( 1, 2) for deer in fast or slow-track, respectively. Test&cull 

interventions removes latently infected deer at rate ( 1, equivalent to test sensitivity at time of testing 

once/twice a year), low-shedders at rate ( 2) and high shedders at rate ( 3). False positive deer were 
removed from states S and R at rate 1-specificity (not shown). Dashed, angular arrows denote shedding of 
MAP into the environment, dotted arcs denote the impact of MAP-contaminated dry matter intake from 
pasture on new infection rates.  

 

 

Figure 2: Shape of the relationship between the bacterial load of pasture (MAP) and the 
probability of infection (equations (1) and (2)).   
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Figure 3: Model outputs using the described default parameters showing prevalence and 
incidence (y-axis) of young (weaner/yearling) and adult deer and the time to reach equilibrium 
after introduction of MAP into a herd (x-axis). 
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Figure 4: Sensitivity analysis of parameters for model calibration to fit observed MAP prevalence and PTB 

incidence y-axis): (a) transmission parameter ( ); (b) proportion infected entering fast track ( ); (c) 

vertical transmission (VT) from high shedding dams ( 2) where VT from low shedding dams 1 =  2 / 4; (d) 

vertical transmission (VT) from high shedding dams ( 2) where VT from low shedding dams 1 =  2 / 2; (e) 
duration of latency of deer in slow track; (f) duration of low shedding deer in slow track. 
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Figure 5: Comparison of pasture contamination with MAP when deer were grazed permanently on the 
same paddock or were rotated every 3 months to paddocks spelled for 1 month (a); decrease of infection 
prevalence after changing from permanent to rotational grazing with constant (b); and with 6-months 
seasonal variation of MAP survival on pasture (c) (summer 2.5 months; winter 5 months; Whittington et al 
2004). 
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Figure 6: Basic reproduction ratio for strains ‘c’ (Ro-c) and ‘s’ (Ro-s) when the infectivity of strain ‘s’ 
relative to strain ‘c’ was increasing from 0 to 1 and that of strain ‘c’ was held constant at 1 (Threshold = 
epidemic threshold of Ro) (a); the equivalent change in infection prevalence of strain ‘c’ (Prev-c), strain ‘s’ 
(Prev-s) and total prevalence (Prevalence) at increasing infectivity of strain ‘s’ (b); Prevalence over time 
where strain ‘s’ gets extinct (c: path-s = 0.7), or persists (d: path-s = 0.9). 
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Figure 7: Effect of the number of weeks before detecting and removing clinically affected young (a) and 
adult deer (b) in high-shedding/clinical state on overall MAP infection prevalence and annual incidence of 
clinical PTB in young and adult deer. 
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ANNEX 

Differential equations for deer population infected with MAP (2-strain model) 
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Where 

 
1 1 2 2 1 1 1 1 1 3 2 2 2

1 1 2 1 1 2 3 2 2 2

(( ) ( ) ( )( ) ( )( )

      +( )( ) ( )( ) ( )( )) /

c s c s

c s a c a s a c a s

XSP X SP X Y Y Y Y

L L Y Y Y Y N

 (1.2) 

 
1 1 2 2 2

1 1 2 2 2

( ( ) ( )) /

( ( ) ( )) /

c s

c c a c c a c

s s a s s a s

L Y Y Y N

L Y Y Y N
 (1.3) 

 2 2 2 2( ) /c s a c a sY Y Y Y N  (1.4) 

To find the reproduction ratio of this 2-strain model, we need to calculate the next 

generation matrix. The next generation matrix is the product of two matrices, F and V
-1

, 

where F is defined by the new infections via transmission and V is defined by moving 

infectious individuals/materials by other, non-infectious means.  

 

In the following, we set p1=1, p2=0, Summer=1, Winter=0, and ψsummer= ψwinter= ψ. Other 

scenarios can be similarly considered as well.  The basic reproduction ratio for cattle 

strain can be calculated as following four steps 
1-3

 (for sheep strain it can be also found 

similarly):  

 

1. The equilibrium state of MAP infection-free: 

* *2

1 2

2 2

* * *

1 1 2 2

,    ,

(( ) ( ) ) /

XSP
X N X N

XSP XSP

XSP X XSP X N
 

2. Evaluation of F and V matrices for only cattle strain. The matrices F and V for 

only cattle strain are:  

2 1 1 2

1

2

1 2 1 2

0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0

,   V ,0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0

c a c

b

v v v v cc c

d

e

c c c c

f V f

V

f f f f f V

F V

V

 
Some entries in the matrices F and V are defined as: 



Page 35 of 35 

 

  

*

1 1

*

2 2

*

1

*

1

1 1

1 3 2

1 2

2 1 2

2 3 2

,    

,  

,    

(1 ) ,    

( ),  

( ),   

( ),

( ),    

( ).

v

v

c c

cc c

a

b

c

d

e

f N

f N

f X path

f X path

V

V

V

V

V

 

 

3. The next generation matrix for only the cattle strain is: 

 
1 2 2 1 1 1 2

1 2 2 2 2 1 2 1 2 2 1 1 1 1 1 1 1 2 2 2 2

1

( )
0

0 0 0 0 0 0 0

( ) ( ) (

c b c c c c c c c c c c c

a b b c d e d e e

b cc c v cc c c v cc c d e v e v e cc c e v e cc c v cc c

a b b c d e

f V f f f f f

V V V V V V V V V

V f f f f f V V f V f V f V f V f f f

V V V V V VF V

2)
0

,   

0 0 0 0 0 0 0

0 0 0 0 0 0 0

0 0 0 0 0 0 0

0 0 0 0 0 0 0

c cc

d e e

f

V V V

 

where  

1 1 2 2

2 2 2

,    

. 

c e c c

c v cc c

V

f f

 

4. The basic reproduction ratio for only the cattle strain is derived by finding the 

largest enigenvalue of the matrix FV
-1

: 

1

0 ( ,   =0). cR Max Eig FV Eig
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