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1.1 Introduction

First described in the late 19th century (Johne 
and Frothingham, 1895), Johne’s disease (JD) 
or paratuberculosis is a chronic, progressive and 
untreatable disease, mainly affecting ruminants 
and caused by Mycobacterium avium subspecies 
paratuberculosis (MAP). This bacterium enters 
through the gastrointestinal tract and can per-
sist within the host for extended intervals (years) 
before clinical signs arise. Infected animals may 
excrete MAP prior to detection (diagnostics or 
clinical manifestations). MAP has demonstrated 
the ability to survive for extended periods of  time 
in the environment, 152–246 days in pastures, 
and in water for up to 6–18 months (Lovell et al., 
1944; Whittington et  al., 2004; Singh et  al., 
2013). This persistence poses concerns for the 
application of  contaminated manure on feed 
crops (Obasanjo et  al., 1997). Disease charac-
teristics of  paratuberculosis as well as prolonged 
environmental survivability of  MAP have made 
this a challenging pathogen to study and control.

1.2 Transmission

The main mode of  transmission for MAP is faecal- 
oral, although cows in late stages of  infection 

may excrete MAP in colostrum and milk (Pithua 
et  al., 2011; Stabel et  al., 2014). Furthermore, 
late- stage cases can transmit infection in utero, 
with 20–60% of  calves born to clinical dams 
being infected (Donat et al., 2016). Although di-
rect excretion of  MAP from the mammary gland 
does occur, it is believed that poor udder hygiene 
and inadequate milking routines result in sig-
nificant contamination of  milk and colostrum 
with faecal material, and are thus the mecha-
nism for potential transmission (McAloon et al., 
2016a). Calf- to- calf  transmission can occur; ex-
perimentally inoculated calves infected exposed 
pen mates, causing faecal shedding, highlight-
ing the utility of  individual housing of  calves 
as a means of  decreasing the risk of  infection 
(Mortier et al., 2014; Corbett et al., 2017). It is 
believed that young animals are at greater infec-
tion risk due to their ‘open gut’, specifically the 
presence of  specialized lymphoid tissue (Peyer’s 
patches) that accept maternal antibodies early 
in life. Although very young animals are still 
believed to be most susceptible to MAP infec-
tion, there is an apparent dose dependence, with 
older animals being susceptible to infection with 
higher doses (Windsor and Whittington, 2010; 
Mortier et al., 2013). There is also evidence that 
mature cows can become infected by exposure to 
clinically affected animals, with newly infected 
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cows diagnosed by tissue culture at slaughter 
(Schukken et al., 2015). The infective dose also 
seems to affect onset of  clinical paratuberculo-
sis; high- prevalence herds with high infective 
doses in the environment usually have a faster 
onset of  clinical disease than low- prevalence 
herds (Lombard et al., 2005; Weber et al., 2010).

Recent evidence that MAP may be able to 
sporulate under certain conditions (Lamont 
et  al., 2012), be carried in dust and infect ani-
mals through the respiratory tract (Rowe and 
Grant, 2006), suggests alternate transmission 
routes. Infected animals may not manifest clini-
cal signs until 2–10 years after infection, often at 
times of  physiological stress, e.g. calving (Tiwari 
et al., 2006). This long period between infection 
and clinical signs allows subclinical animals that 
were infected early in life to excrete the organism 
intermittently in their faeces; thereby acting as 
carriers, exposing their herd mates and avoiding 
detection until their immune system reacts and 
they either produce detectable antibody or dis-
play clinical signs. As infection progresses, the 
rate of  faecal excretion increases, with advanced 
clinical cows representing a large source of  in-
fectious material (Mitchell et al., 2015).

With clinical cows representing a major 
source of  contamination for an infected herd, 
test and cull can be useful for paratuberculosis 
control programmes. In addition, based on sus-
ceptibility of  young stock to infection, manage-
ment practices, biosecurity and biocontainment 
also have important roles. However, the more 
recent evidence that mature cows are also sus-
ceptible to infection may reduce effectiveness of  
traditional control practices.

1.3 Stages of Paratuberculosis

Paratuberculosis infection has been described 
in four stages: silent, subclinical, clinical and 
advanced clinical (Tiwari et al., 2006). Of  note, 
a recently proposed reclassification suggests 
that the silent and the subclinical stages can be 
binned together, as these first two stages both 
represent MAP infection without any noticeable 
clinical signs. However, the classical proposal of  
four stages is detailed below.

Animals in the silent stage have been in-
fected with MAP but do not shed the bacteria, 

nor do they have a detectable immune response. 
Therefore, diagnosis is based on tissue culture/
histology/polymerase chain reaction (PCR) 
(Whittington et al., 2017). Animals in the sub-
clinical stage may be detected through diagnos-
tic tests that detect presence of  the organism, 
but these methods often yield a high proportion 
of  false- negative test results, due to intermittent 
shedding of  low amounts of  MAP. Enzyme- 
linked immunosorbent assays (ELISAs) can also 
be used at the subclinical stage but have lower 
sensitivity; however, sensitivity improves as the 
animal approaches the clinical stage (Tiwari 
et al., 2006). Subclinically affected animals have 
decreased milk production that is positively as-
sociated with ELISA status and test optical den-
sity (OD) (Sorge et al., 2011). The clinical stage 
is characterized by decrease in body condition 
despite a normal or increased appetite, inter-
mittent to persistent diarrhoea with increased 
thirst, decreased milk production and reduced 
fertility. Diagnostic tests evaluating antibody 
responses are most reliable for animals in the 
clinical stage of  infection (Tiwari et  al., 2006). 
Reduced productivity plus other clinical signs 
(diarrhoea, weight loss) often prompt the re-
moval of  these animals from the herd before 
they enter the final stage. Animals entering 
the advanced clinical stage of  infection are of-
ten weak, lethargic and emaciated with ‘pipe 
stream’ diarrhoea. Eventually they may develop 
mandibular oedema (bottle jaw) from enteric 
protein loss and the subsequent loss of  oncotic 
pressure (Tiwari et al., 2006).

Often paratuberculosis is referred to as a 
disease that exhibits the iceberg phenomenon: 
for every advanced clinical case, there are one or 
two clinical cases, four to eight subclinical cases 
and 10–14 in the silent stage of  MAP infection. 
However, based on models by Magombedze et al. 
(2013), the proportion of  silent infections may 
be greatly overestimated. They reported that the 
calculated ratio was highly dependent on how 
long the disease had been present on the farm, 
but in all instances, the number of  animals in 
the silent stage was much less than that in the 
subclinical stage. This could possibly be due to 
past studies misclassifying subclinical animals 
as silent infections (Magombedze et  al., 2013). 
This has implications for disease modelling and 
control, in that the iceberg ratio has been used 
to provide a rough estimate of  disease burden 
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and disease risk. With misclassification of  sub-
clinical shedding animals into a silent stage of  
disease, we underestimate the risk for disease 
spread. More recently, two distinct types of  shed-
ding patterns of  paratuberculosis have been 
described, progressive and non- progressive 
(Schukken et  al., 2015; Beaver et  al., 2017). 
These non- progressive shedders shed low num-
bers of  MAP in their faeces intermittently and 
do not mount any appreciable humoral immune 
response, in contrast to progressive shedders, 
which slowly increase the amount of  MAP shed 
in their faeces and have seroconversion of  im-
munoglobulins. Proportions of  these progressive 
and non- progressive shedders within an infected 
herd may be important in future paratuberculo-
sis research and control programmes.

1.4 Tests Used in Prevalence 
Studies

An essential step in understanding and quanti-
fying the magnitude of  the problem with para-
tuberculosis requires identification of  infected 
animals. Diagnostic tests mainly approach iden-
tification of  MAP infection with two distinct 
methods. The first method is detection of  the or-
ganism itself  (bacterial culture or PCR), whereas 
the other is detection of  immunological response 
to the organism using ELISA, agar gel immuno-
diffusion (AGID) or complement fixation tests 
(CFTs). The latter two tests are less commonly 
used compared with ELISA (Tiwari et al., 2006; 
Whittington et  al., 2019). Further details on 
these specific tests are described in Chapters 18, 
19 and 20 of  this book. These tests can either be 
performed as individual tests on single animals, 
or as tests on pooled samples (including bulk 
milk). The high cost and long diagnostic wait-
ing time are disadvantages of  faecal culture; to 
offset costs, a pooled sampling approach with 
five cows/sample is used (Collins et  al., 2006). 
There is also the approach to using ELISA tests 
in pooled milk samples such as the bulk tank 
milk (BTM) ELISA. The major limitation in the 
use of  these diagnostic tools for identifying MAP 
infection is low sensitivity. That diagnostic test 
evaluations are often done in comparison to fae-
cal culture, which has variable sensitivity (19–
70%) (Whitlock et al., 2000; Tiwari et al., 2006; 

Nielsen and Toft, 2008), represents a challenge. 
Lack of  a standardized test with 100% sensitiv-
ity makes it difficult to assess true prevalence of  
disease.

The use of  the ELISA on its own results 
in only 10–25% of  infected animals being de-
tected; therefore, most estimates of  animal and 
herd level prevalence based on these numbers 
are likely underestimates (Whitlock et al., 2000; 
Barkema et  al., 2010). Collins et  al. (2006) re-
ported higher sensitivities for milk and serum 
ELISA between 25 and 35%. The sensitivity of  
faecal culture is slightly higher at 55–65% and 
faecal PCR tests have reported sensitivities in 
the same range as ELISA (25–35%) (Collins 
et  al., 2006). To maximize sensitivity, the rec-
ommended time to conduct milk ELISA is either 
within the first 2 weeks or after the 45th week 
of  lactation (Lombard et  al., 2006). This is an 
attempt to capture increased immunoglobulin 
production in colostrum or to avoid the dilution 
effects of  peak milk production. Sensitivity of  
ELISA does increase as disease progresses, with 
a positive correlation between ELISA OD and 
MAP faecal shedding (Lombard et  al., 2006). 
The probability of  detecting infected animals 
also increased with age (Nielsen and Toft, 2008; 
Zare et  al., 2013; Sun et  al., 2015). Due to the 
overall low sensitivity of  ELISA, it is often rec-
ommended that positive ELISA animals are con-
firmed with faecal culture. Apart from imperfect 
sensitivity, a limitation of  faecal culture for iden-
tifying paratuberculosis is intermittent shedding 
(Donat et al., 2015). It is important to note that 
the performance of  these tests is dependent on 
within- herd prevalence; therefore, as prevalence 
decreases during a control programme, diagnos-
tic test performance also decreases.

The use of  faecal culture and PCR on en-
vironmental samples has been proposed to help 
identify a herd’s paratuberculosis status, but 
there are false- negatives when within- herd prev-
alence is low (Donat et al., 2015). To maximize 
sensitivity, site selection of  samples is important; 
therefore, it is recommended to collect from ma-
nure storage and high- traffic areas (Raizman 
et  al., 2004; Smith et  al., 2011; Lavers et  al., 
2013; Wolf  et al., 2015). Klawonn et al. (2016) 
reported that environmental cultures had a 
sensitivity of  ~64% for beef  cow- calf  herds. 
Whereas specificity is often cited to be 98–100%, 
there is some concern over cross- reactivity with 
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other mycobacteria and ‘passive shedding’ of  
MAP (Nielsen and Toft, 2008; Nielsen, 2014).

BTM ELISA tests have also been evaluated 
for paratuberculosis monitoring/screening. 
However, results will be influenced by the num-
ber of  shedders relative to the overall herd size, 
the proportion of  BTM that infected cows con-
tribute and the stage of  lactation of  the infected 
animals. The reported range in sensitivity of  
bulk tank ELISA is similar to that of  individual 
ELISA (25%) (Stabel et  al., 2002). To address 
this low sensitivity, there have been modified 
techniques of  current bulk tank ELISA tests pro-
posed (Nielsen et al., 2000; Slana et al., 2008). It 
is recommended that these BTM tests be used for 
monitoring regional/national prevalence, but 
their interpretation on an individual- farm basis 
should be used with caution.

Interferon-γ assays are a newer diagnostic 
approach for detection of  cell- mediated respons-
es to paratuberculosis. Estimates for the sensi-
tivity ranged from 13–85% (Nielsen and Toft, 
2008; Nielsen, 2014).

1.5 Global Prevalence

Paratuberculosis is on the World Organisation 
for Animal Health (OIE) list of  notifiable 

animal diseases, despite a lack of  surveillance 
programmes in many countries. Most countries 
that have identified paratuberculosis as an en-
demic disease have a herd prevalence ranging 
from 10–70% (Figs  1.1–1.3); however, a few 
countries have been declared free (Whittington 
et  al., 2019). Control of  this endemic disease 
has been particularly difficult due to poor test 
performance and subclinical animals intermit-
tently shedding the pathogen. Pooled sampling 
techniques, e.g. BTM ELISA and environmental 
cultures, have promise for estimating nation-
wide prevalence (Raizman et  al., 2004; Wilson 
et al., 2010).

1.6 Herd-Level Prevalence

1.6.1 Dairy cattle herd-level prevalence

Due to the intensive nature of  dairy farming and 
the long incubation period of  paratuberculosis, 
MAP infection is prevalent and increasing in the 
dairy industry. Very few countries have estab-
lished low prevalence (<1%) in their dairy herds 
(Thailand, Norway, Sweden), with many having 
herd level prevalences >20% (Belgium, Canada, 
Chile, Denmark, France, Germany, India, Israel, 

Fig. 1.1. Global dairy cattle herd- level prevalence of MAP infection. (Adapted from Whittington et al., 
2019.)
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Italy, the Netherlands, New Zealand, Panama, 
Republic of  Ireland, Spain, UK, USA, Uruguay) 
(Whittington et al., 2019). Lombard et al. (2013) 
reported an apparent herd- level prevalence of  
70% among American dairy farms in 2007, 
with Bayesian estimates being closer to 91%. 
A true herd- level prevalence was determined 
to be 46% for Canadian dairy farms using en-
vironmental cultures (Corbett et  al., 2018). 

Elsewhere, true herd- level prevalence of  MAP- 
infected herds was estimated to be 85% of  dairy 
herds in Denmark, 20–71% of  herds in the 
Netherlands and approximately 28–43% of  UK 
herds (Geraghty et  al., 2014). Some regions in 
Germany have an apparent herd- level seroprev-
alence of  up to 85% (Khol and Baumgartner, 
2011). Channel Island breeds are often con-
sidered at an increased risk for MAP infection; 

Fig. 1.2. Global goat herd- level prevalence of MAP infection. (Adapted from Whittington et al., 2019.)

Fig. 1.3. Global sheep herd- level prevalence of MAP infection. (Adapted from Whittington et al., 2019.)
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however, it is unclear whether this is due to in-
creased susceptibility or due to increased expo-
sure due to other farm- level factors (Sorge et al., 
2012).

1.6.2 Beef cattle herd-level prevalence

Research investigating the prevalence of  MAP 
infection in beef  cows is limited. Prevalence is 
believed to be lower than that of  dairy herds, 
possibly due to more extensive management, re-
ducing transmission risk. Furthermore, lifespan 
of  feedlot cattle (15–28 months) (Drouillard, 
2018) is often much shorter than that of  dairy 
cattle (5–7 years) (Hare et al., 2006) providing 
less opportunity for the infection to progress to 
clinical manifestations. In contrast to this, cow- 
calf  herds may keep brood cows much longer 
(8–12 years) (Rae et al., 1993; Selk, 2018), po-
tentially allowing for the manifestation, persis-
tence and spread of  paratuberculosis. The use of  
cull dairy cattle as either nurse cows or embryo 
transfer recipients may be a potential risk factor 
for introducing MAP into beef  herds (Roussel 
et  al., 2005). Herd- level prevalence is often es-
timated near 7% (7.9% Canadian and US beef  
herds) (Geraghty et  al., 2014); however, these 
are likely underestimates (Dargatz et al., 2001). 
Current estimates are even higher for purebred 
cattle, with ~44% of  American and British 
beef  herds being positive (Roussel et  al., 2005; 
Lawson and Caldow, 2014). This breed effect 
may be due to genetic susceptibility or the trade 
in purebred genetic stock.

1.6.3 Within-herd prevalence

A lower proportion of  beef  cattle is thought to 
be infected with MAP than dairy cattle; in a 
Western Canadian study, there was an appar-
ent cow- level prevalence of  0.8% (Pruvot et al., 
2014a). By comparison, apparent cow- level 
seroprevalence in Canadian dairy cows ranges 
from 1.3–7% (Tiwari et  al., 2006). This lower 
prevalence in beef  cattle could be due to the ex-
tensive management style of  beef  herds (Dargatz 
et al., 2001). Infected herds with older animals 
can be expected to have more visible clinical signs 
than herds who remove animals earlier than the 

typical MAP incubation period. Herds with more 
intensive management may expect more trans-
mission between animals and contamination of  
the environment. Cow- level prevalence is under-
estimated due to imperfect diagnostics. Where 
2.2% of  cows were detected as faecal shedders, 
17% of  them were tissue culture- positive at 
slaughter (Beaver et al., 2017). A regional study 
in the USA estimated a true prevalence of  8.8% 
of  all beef  cattle in a brucellosis certification pro-
gramme (Hill et al., 2003). Similar results were 
reported from Missouri (USA) with an estimated 
true prevalence of  8% in beef  cattle and 16% in 
dairy cattle, based on serum ELISA (Thorne and 
Hardin, 1997). In another regional US study, 
9.6% of  cull dairy cows and 4.0% of  beef  cows 
were serum ELISA- positive (Pence et al., 2003).

1.6.4 Sheep, goats and other ruminants

Mortality due to paratuberculosis in Australian 
sheep flocks is considerable, ranging from 6–8% 
(Bush et al., 2006). Regional herd- level prevalence 
in Australia ranges from 0–60%, with >5% of  their 
national herd believed to be infected (2117 known 
MAP infected flocks in 2011). Australia is success-
fully using vaccination in paratuberculosis control 
(Windsor, 2015). There has been a relative lack of  
data on risk factors for paratuberculosis in goats 
(Gautam et  al., 2018). However, there has been 
a successful eradication of  MAP infection from a 
goat herd using extensive testing and removal of  
positive animals (Gavin et  al., 2018). Similarly, 
through an intensive national campaign, Norway 
was able to eradicate MAP infections in their goat 
herds (Whittington et  al., 2019). Infection with 
MAP in small ruminants often does not result in 
the same progressive diarrhoea as in cattle. These 
animals usually have progressive weight loss and, 
in sheep, impairments in their wool production 
(Salem et  al., 2012). In New Zealand, 76% of  
sheep flocks and 46% of  deer flocks are considered 
infected. In Ontario, Canada, true herd- level prev-
alence was 67% for dairy sheep and 83% for dairy 
goats, whereas within- herd prevalence was 35% 
for MAP- infected goat flocks and 48% for infect-
ed sheep (Bauman et  al., 2016). Without many 
large- scale studies on regional prevalence of  MAP 
infection, comparisons are difficult; however, with 
its lack of  pathognomonic clinical signs it may be 



7Epidemiology, Global Prevalence and Economics of Infection

reasonable to expect similar findings of  relatively 
high prevalence within small ruminant popula-
tions without appropriate biosecurity or paratu-
berculosis control programmes in place (Windsor, 
2015; Bauman et  al., 2016). Consequences of  
paratuberculosis could be more troubling in de-
veloping countries that are heavily reliant on 
small ruminants for nutrition and trade but lack 
adequate infrastructure for detection and control.

1.6.5 Wildlife

Mycobacterium avium subspecies paratuberculosis 
has been identified in  >100 vertebrate species, 
of  these, five (white tailed deer, roe deer, red 
deer, fallow deer, wild hare) are considered po-
tential reservoirs for domestic cattle (Carta et al., 
2013). MAP was also isolated from rabbit faeces 
and urine; contaminated pastures could act as a 
potential reservoir for infection of  cattle grazing 
(Daniels et al., 2003; Shaughnessy et al., 2013). 
There has also been a proposed risk for cattle and 
elk comingling (Pruvot et  al., 2014b). Further, 
mature deer seem to be equally at risk for infec-
tion as younger counterparts.

1.7 Economic Consequences

Monetary losses due to paratuberculosis have 
been difficult to quantify. Due to the unknown 
magnitude of  subclinical effects, as well as the 
inability to determine true prevalence, economic 
studies have been at best rough estimations 
and likely underestimate true costs. Economic 
losses because of  the disease are usually at-
tributed to either milk loss, early culling, de-
creased carcass weight, increased susceptibility 
to other diseases or reduced fertility (Johnson 
et  al., 2001; Mckenna et  al., 2006; Raizman 
et  al., 2009; Vázquez et  al., 2012). For the US 
dairy industry, losses due to paratuberculosis 
have been estimated to be ~US$200 ± 160 mil-
lion per year (Losinger, 2005), whereas for the 
Canadian dairy industry, costs would be close to 
CA$15 million per year (Mckenna et al., 2006). 
Milk loss due to paratuberculosis are estimated 
to be ~2 kg/cow/day for MAP- infected animals 
(Sorge et  al., 2011; McAloon et  al., 2016b). 
Faecal culture- positive cows are removed from 

the herd 124 days earlier and produce 11% less 
milk than faecal culture- negative herd mates 
(Raizman et al., 2007). Interestingly, there was 
increased milk production in cows prior to test-
ing positive, suggesting a genetic susceptibil-
ity component to high producers (Sorge et  al., 
2011; Garcia and Shalloo, 2015; McAloon et al., 
2016b).

Cost estimates of  paratuberculosis are main-
ly based on the reduced milk production, reduced 
carcass weights and increased disease susceptibil-
ity; there is, however, also a potential public health 
concern. There have been numerous studies on 
the viability of  MAP in processed food. MAP has 
been detected in both milk and meat products and 
can survive both high temperature short time 
(HTST) pasteurization and desiccation (Savi et al., 
2015; McAloon et al., 2019) as well as processing 
of  some meat products and, although it has been 
demonstrated that cooking meat to well done will 
render it free of  the bacterium (Mutharia et  al., 
2010), its presence in the raw product is a con-
cern. MAP has long been associated with Crohn’s 
disease in humans, and there have also been stud-
ies that have demonstrated links to type 1 diabe-
tes (Barkema et al., 2010). The current theory is 
that there is a genetic susceptibility to MAP and 
the development of  autoimmune disorders (Sechi 
and Dow, 2015). If  this theory is supported, this 
could harm future success and growth of  the 
dairy industry. With a perceived public health risk, 
consumer confidence and demand for dairy will 
decline, resulting in potentially enormous eco-
nomic losses (Groenendaal and Galligan, 2003). 
There are similar concerns in beef  herds; however, 
the main economic consequence is reduced wean-
ing weights, due to decreased milk production and 
direct effects of  MAP infection (Roy et al., 2017). 
Estimated losses from these adjusted weaning 
weights amount to US$57/calf  from cows with 
elevated ELISA titres to US$157/calf  from cows 
that are heavy shedders (Bhattarai et al., 2013).

Costs of  implementing a paratuberculosis 
control programme must be balanced with dis-
ease cost (Pillars et al., 2009). The most effective 
control programmes at reducing disease preva-
lence are sometimes not the most economical 
(Webb Ware et  al., 2012; Smith et  al., 2017). 
Cost–benefit analysis often shows poor eco-
nomic benefit to utilizing control programmes 
especially in low- prevalence herds (Collins and 
Morgan, 1991; Wolf  et al., 2014; Kirkeby et al., 
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2016). Some economic models predicted only 
minor benefit in instituting control measures, 
even with subsidies (Groenendaal and Wolf, 
2008; Wolf  et al., 2014). Chiu et al. (2018) re-
ported that utilizing a test and cull strategy to 
control paratuberculosis was less economically 
beneficial compared with culling based off  low 
production in herds known to have MAP; how-
ever, these herds did not achieve eradication. 
Costs of  culling cows as well as the low apparent 
prevalence of  disease within the herd and the 
long lag until benefits of  required management 
changes are evident are barriers to the adop-
tion of  paratuberculosis control programmes 
(Arrigoni et  al., 2014; Cardwell et  al., 2016; 
McAloon et al., 2017; Ritter et al., 2017).

1.8 Knowledge Gaps

There are still many questions left unanswered 
with regards to paratuberculosis and its control 

or eradication (Barkema et al., 2018). With such 
an endemic disease and decades of  attempted 
control programmes, is eradication a reasonable 
goal? There remains a need for more accurate 
diagnostic tests, especially to detect early stages 
of  infection. Performance of  current diagnostic 
tests hinders accurate estimates in regional and 
global prevalence. A better understanding of  the 
significance of  the global prevalence of  para-
tuberculosis is required to better estimate eco-
nomic losses. Further research is also required 
in development of  control programmes with 
good economic returns. What role can vaccines 
play in the control of  paratuberculosis? How 
much risk does wildlife have in MAP transmis-
sion to livestock? More answers are needed as to 
the role of  genetics: the importance of  genetic 
susceptibility and genotypes involved in the 
two observed shedding patterns. Further, more 
complete understanding of  psychosocial deter-
minates of  producer behaviour and producer 
participation in control programmes must be 
acquired.
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